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Uvodné slovo

Vedecko-technicka konferencia "Material v inzinierskej praxi 2011" sa uz od roku 1984 uskutociuje po osmy
raz. Doterajsich sedem vedecko-technickych konferencii a ich zavery potvrdili, Ze myslienka vymeny skiisenosti ve-
decko-vyskumnych pracovnikov a pracovnikov z technickej praxi je potrebnd a prospesna pre obe strany. Mozno
konstatovat, ze okrem riesenia ,, akutnych* materialovych problémov pozaduju pracovnici praxe materialové riese-
nia novych vyrobkov a casti pri rekonstrukcii zariadent.

Vysoko aktudlna je aj problematika bezpecnej prevadzky a zvySkovej Zivotnosti zariadeni, co si vyzaduje pozna-
nie degradacnych mechanizmov materialov v danych podmienkach ako aj metodiku ich hodnotenia.

8. Vedecko-technicka konferencia, “Material v inZinierskej praxi 2011°. Svojim obsahom je zamerand na pre-
zentdaciu inovovanych materialov na moznosti zvySovania vlastnosti materialov na vplyv vnutornych a vonkajsich
vilastnosti na kvalitu materialu, ale aj na degradaciu jeho vlastnosti pocas prevadzky. Pozornost je venovana aj
predikcii mechanickych a technologickych vlastnosti materialov ako aj modernym metodam skusania viastnosti ma-
teridlov.

Organizatori konferencie su presvedcent, ze v diskusii a vo vzajomnych rozhovoroch ucastnikov hlavny ciel kon-
ferencie t.j. vvmena poznatkov z oblasti materialového inZinierstva bude splneny.

Prajeme ucastnikom konferencie nerusené jednania, k comu by malo prispiet aj prostredie ucebne-vycvikového
zariadenia Technickej univerzity v Herlanoch.

garanti konferencie

s419



Chem. Listy 105, s420—s423 (2011)

Material v inzinierskej praxi 2011

STRUCTURE OF SILVER BASE COMPOSITE FOR ELECTRIC CONTACT
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1. Introduction

Contact materials used in low voltage electric equipment
are mainly silver based'?. These are usually well known silver
graphite, silver-nickel, and silver-metal oxide materials'™.
The metal oxide used is often cadmium oxide (CdO), but
because of its considerable toxicity, it should be replaced by
other materials®. Silver-based refractory contact materials
produced by powder metallurgy are used extensively as con-
tact materials due to their high conductivity, good resistance
to welding and corrosion properties, high melting temperature
and hardness®™. Silver— and domestic circuit-breaker applica-
tions where particularly the tungsten refractory materials are
used predominantly in industrial products with good weld and
erosion resistant properties of these materials are employed.
Ag-65 wt.% W composite is the most widely used in air cir-
cuit breaker**. It contains enough silver to be a good conduc-
tor. It has less change of welding and greater resistance to arc
erosion. Silver—tungsten carbide refractory contact materials
are an extension of the silver—tungsten range with similar
weld resistance, but more stable contact resistance throughout
the life of the contacts®~> The purpose of this paper is to inves-
tigate the microstructure of electrical contact materials based
on Ag—W and Ag—amorphous composite based on zirconium
easy glass forming alloy®. The structure of milled powders
within Ag-W system is interesting due to complete immisci-
bility of tungsten in silver in the solid and liquid state’ and
therefore there is a good electrical conductivity of composites
reported in’. The stability of the amorphous part during hot
pressing as well as the effect of ball milling on the grain re-
finement and the mechanical properties was also investigated.

2. Experimental procedure
Two types of materials were investigated; the first one

consisted of silver with additions of 20 or 40 % of tungsten
and the second one consisted of 20 or 50 % of the amorphous
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alloy based on zirconium quaternary near eutectic quaternary
composition-Zr48.5Cu32Til0ONi9 (numbers indicate at. %).
Ball milling process of alloys was performed in a planetary
mill “Pulverisette 5” at 200 rpm in argon atmosphere using
bearing steel balls. High purity elemental powders (> 99,7 %)
were handled in a glove box under a purified argon atmos-
phere. The 15 min of milling was followed by 45 min of
pause for cooling down to avoid overheating of powders. The
elemental powders were initially blended to the required com-
positions and then subjected to ball milling. Composites were
obtained by hot pressing in vacuum of ball milled powder
mixtures composed either of 40 hours ball milled mixture of
silver and tungsten in amount of 20 or 40 % or of amorphous
powder obtained by 40 hours ball milling of the earlier men-
tioned composition Zr48,5Cu32Ni9Til0 and 20 % or 50 % of
silver powder, previously 40 hours ball milled to obtain
nanocrystalline structure. Compacting was performed under
vacuum of 1072 bar at a pressure of 600 MPa and temperatures
several degrees below the crystallization temperature. Struc-
ture was studied using HRTEM (Tecnai G2F20 S-Twin),
Philips XL 30 SEM and X-ray diffractometer PHILIPS PW
1840. Thin foils from composite interfaces for TEM were
obtained using Gatan dimpler and then ion beam thinning
Leica instrument instrument.

3. Results and discussion

Fig. 1 shows X-ray diffraction curves form the amor-
phous powder and from 40 hours ball milled composites. Ag
+ 20 % W. One can see a very small grain size of silver and
tungsten estimated at 50 nm for silver. Broad halo indicate
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Fig. 1. X-ray diffraction curves from compacted ball milled pow-
ders of Ag +20 % W and Ag + amorphous ZrCuTiNi
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that most of the amorphous phase is preserved after consoli-
dation at temperatures of 490 °C below the crystallization
temperature estimated using DSC studies.

Table I shows hardness of investigated composites. One
can see that both types of composites i.e. with the addition of
tungsten hardness of the composite increases, however it is
lower than that of the composite with the amorphous phase
addition which is of the order of 100 HV and at similar con-
ductivity have good perspectives for less erosion than com-
posite with tungsten. In order to see the microstructure of
composites SEM structure observations were performed.

Fig. 2a shows a microstructure of the silver base com-
posite containing 20 % W. One can see that milling caused

Table I
Hardness of composites

Composite Hardness [HV]
60 % Ag+40 % W 87
80 % Ag+20% W 75
80 % Ag+20% 109

amorphZr48.5Cu32Ni9Til0

Fig. 2. Silver base hot pressed composite containing 20 % W in
secondary electron SE image and (b) Composite with 40 % W in
back scattered electron BSE image

s421
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refinement and elongation of tungsten particles, however at
higher magnification and at back scatter electron image one
can see very small tungsten particles placed in a rows proba-
bly due to knocking of fine tungsten particles of size below
one micrometer into the silver powder particles. The low po-

¥

Fig. 3. BSE SEM image of the silver base composite containing
20 % of the amorphous ball milled Zr48.5Cu32.5Ni9Ti10 alloy

Fig. 4. TEM micrograph and Selected Area Diffraction Pattern
SADP from the composite containing 50 % of the amorphous
ZrCuTiNi alloy
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rosity (much less than 1 %) can be seen in the SE SEM image.
Fig. 2b The microanalysis confirmed this observation that
only particles of tungsten exist in silver and no solubility was
detected. A small amount of a fine tungsten particles explain
rather low hardness of alloys, however it is still much higher
than that of pure silver and therefore more suitable for con-
tacts.

Fig. 3 shows BSE SEM image taken at higher magnifica-
tion of the hot pressed in vacuum silver base composite con-
taining 20 % of the amorphous ball milled
Zr48.5Cu32.5Ni9Til0 alloy. However, the silver and the
amorphous powders were milled together only for several
minutes to obtain a good mixing one can see that due to
a high brittleness of the amorphous powders some fine amor-
phous particles can be seen within the silver powder particles.
However the EDS analysis from the points marked 1 and 2 in
the micrograph did not detect silver in the amorphous part and
neither of 4 components of the amorphous powder within
silver. Only fraction of the percent of iron was detected in
silver due to prolonged milling.

Fig. 4 shows a TEM micrograph and selected area dif-
fraction pattern SADP from the hot pressed composite con-
taining 50 % of the amorphous phase and 50 % of silver.

In the place marked by an arrow one can see growth of
the new phase at the interface of thickness of a few hundred
nanometers. Microanalysis performed from this area shows
presence of all elements of the amorphous phase mixed with
silver. However, not much of such a phase was observed
probably due to a short time of hot pressing and immiscibility
of silver and nickel. A small grain size and several twins can
be seen within silver part of the composite, resulting from
initial milling of silver, prior to consolidation. A selected area
diffraction pattern from the amorphous part shows a typical
halo from the amorphous structure, and some rings most
probably from the intermetallic phases formed during hot
pressing like Zr,Cuor CuyoZr;. Some darker particles within
the amorphous part giving dark diffraction contrast are most
probably these crystalline intermetallic inclusions grown dur-
ing hot pressing.

Fig. 5. TEM microstructure of the silver part of the composite
containing 20 % W

Material v inzinierskej praxi 2011

Fig. 5 shows a microstructure of the silver part of the
composite containing 20 % tungsten. One can see a very fine
grain size of the composite, estimated at the average size of
200 nm. Selected area diffraction pattern shows presence of
rings typical for the nanocrystalline material. Within grains
one can see darker points which could be very small tungsten
particles precipitated after hot pressing at 490 °C. As results
from composition measurements of silver after milling,
a small part of tungsten is transferred to a solid solution and
most probably precipitates after hot pressing. A tungsten part
was too thick after ion beam thinning to obtain an image or
diffraction pattern. It is astonishing that in spite of a small
grain size and some precipitation effects the hardness of the
composite is rather small.

4. Summary

The silver base composites prepared with 20 or 40 % W
consolidated from milled powders known as good electric
contact materials show an increase of hardness with an in-
crease of the addition of tungsten, however it is lower than
that of the composite with the amorphous phase addition
which is of the order of 100 HV. Structure studies have shown
some refinement of tungsten particles at their surface which
form layers of small particles. Small amount of tungsten goes
into solid solution after milling and precipitates after hot
pressing. It forms a similar structure like that of the composite
with the amorphous phase, showing fine amorphous particles
with nanocrystalline intermetallic inclusions within silver.

The cooperation project granted by the Polish and Slo-
vak Ministry of science and Higher Education Nr SK-PL-
0011-09/8154/2010 and research Grant of Polish Ministry of
Science and Higher Education Nr NN507348035 is gratefully
acknowledged.
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A. Kovacova® (“Institute of Metallurgy and Materials Science
of the Polish Academy of Sciences, Poland, ® Faculty of Meta-
llurgy, Technical University of Kosice, Slovakia): Structure of
Silver Base Composite for Electric Contact Materials

The structure of silver base composites with additions of
20-40 % W or 20 % of amorphous phase of composition
Zr48,5Cu32,5-Ni9Til0 consolidated from milled powders
intended for electric contact materials was investigated. using
X-ray diffraction and TEM. The consolidated samples show
an increase of hardness with an addition of tungsten, however
it is lower than that of the composite with the amorphous
phase addition which is of the order of 100 HV. Structure
studies have shown some refinement of tungsten particles at
their surface which form layers of small particles. Small
amount of tungsten goes into solid solution after milling and
precipitates after hot pressing It forms a similar structure like
that of the composite with the amorphous phase, showing fine
amorphous particles with nanocrystalline intermetallic inclu-
sions within silver.
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VYVOJ MIKROSTRUKTURY A FAZOVA TRANSFORMACIA SOL-GEL
PREKURZOROV BEZOLOVNATYCH FEROELEKTRICKYCH

(K, Na)NbO; TENKYCH FILMOV

HELENA BRUNCKOVA,
LCUBOMIR MEDVECKY, JURAJ DURISIN

Ustav materidlového vyskumu, Slovenska Akadémia vied,
Watsonova 47, 040 01 Kosice, Slovenska republika
hbrunckova@imr.saske.sk

Klucoveé slova: sol-gel, prekurzor, (K, Na)NbO; tenky film,
perovskitova faza

1. Uvod

Enviromentalne prijatelné bezolovnaté feroelektrické
(KosNags)NbO; (KNN) tenké filmy s perovskitovou fazou
predstavuju progresivny technologicky prinos pre svoje die-
lektrické, elektrooptické a piezoelektrické vlastnosti umoziu-
juce miniaturizovat’ senzory, aktuatory a snimace mikroelek-
tromechanickych systémov (MEMS)'. KNN s ortorombickou
Strukturou pri obyc€ajnej teplote je tuhy roztok feroelektrickej
KNbO; (KN) fazy s tetragonalnou S$truktirou a antifero-
elektrickej NaNbO; (NN) fazy s ortorombickou §truktarou®” .
St zname fyzikalne a chemické metddy pripravy tenkych
filmov na rézne substraty: sputtering, pulsed liquid deposition
(PLD), physical vapor deposition (PVD) a chemical solution
deposition (CSD, sol-gel). K $tandardnym sol-gel syntézam
prekurzorov KNN tenkych filmov patri: alkoxidova, polymér-
neho komplexu (PC) a oxalatova>*®. PC metoda (Pechini)
pontika spdsob nanesenia tenkého filmu hribky (~ 150-800
nm) na rézne substraty zo sélov pri teplotach nizsich ako je
konvenény alkoxidovy proces.

Transformaciou prekurzorov (s6lov) pyrolyzou pri 400 °C
vznika amorfny KN film s nanokrystalickou pyrochlorovou
(py) fazou (15-20 nm), pri 550 °C nastava nukleacia perov-
skitovej (pv) fazy a pri 625 °C nastava transformacia py na pv
fazu®, Py faza K4Mn¢O;7.3H,0 vznika pri 300 °C, jej transfor-
mécia na K;MngO,; nastiva Zihanim pri 600 °C (cit.%”). Bolo
ukazané, ze py faza KuMngO,; sa transformuje pri 650 °C na
pv KN ortorombickt a pri 800 °C bolo pozorovnané aj malé
mnozstvo parazitnej py fazy K;NbO,.

Vyvoj mikro$truktiry 1-4 vrstvovych tenkych filmov
zavisi od fazovej transformacie kvapalnej fazy na py interfazu
na rozhrani film-substrat. Zo SEM mikrostruktar KN filmov
vyplynulo, ze sférické nanocastice sa skladaju z malych py
K4MngO,7 Castic, ktoré sa pri 700 °C transformuju na vicsie
pv KN ¢astice” .

V tomto prispevku boli Studované metody syntézy poly-
mérneho Nb-komplexu a modifikovanej sol-gel syntézy KN,
NN a KNN prekurzorov (s6lov) z uhli¢itanov K a Na, rozpas-
tadla (kyselina octova) a vplyv stabilizatora (n-propanol) na
morfologiu Castic a fazové zlozenie KNN tenkych filmov,
pripravenych nanesenim spin-coating metédou na Pt/Al,04
substraty a spekanim pri 650 °C.
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2. Experimentalna cast’

Polymérny Nb-etylénglykol-vinny komplex pre KNN
syntézu filmov bol pripraveny modifikovanou Pechini PC
metédou®. KN, NN a KNN prekurzory (sély) boli syntetizova-
né sol-gel metédou zmieSanim z uhli¢itanov K a Na (nahrada
alkoxidov) v rozpustadle kyseline octovej a s Nb-kom-
plexom s moélovym pomerom K:Na:Nb = 0.5:0.5:1 pri 80 °C.
Zakladny KNN sol bol zriedeny so stabilizaénym roztokom
(n-propanol : 1,2-propandiol v mélovom pomere 10:1) na 1.0
M koncentraciu. Pt/Al,O; substraty boli povlakované s KNN
s6lom pri 2000 otackach pocas 30 s a naslednou kalcinaciou
pri 400 °C/3 min. Tento proces bol opakovany dva krat. Final-
ne 2-vrstvové KNN tenké filmy boli spekané pri 650 °C/1 h
na vzduchu. KN a NN filmy boli pripravené podobnym sp6-
sobom.

Fazové zlozenie tenkych filmov bolo uréené RTG dif-
rakénou analyzou (Philips X" Pert Pro). Morfologie castic
povrchov a rezov tenkych filmov boli charakterizované REM/
EDX analyzami (Jeol-JSM-7000F) a energiovo-disperznym
(EDX) analyzatorom.

3. Vysledky a diskusia

Sol-gel metdédou boli pripravené 2-vrstvové KN, NN
a KNN tenké filmy, nanesené na Pt/Al,O; substrate a spekané
pri teplote 650 °C. Na obr. 1 je RTG difraktogram 2-vrstvo-
vych tenkych filmov po spekani pri teplote 650 °C. Z RTG
difrakénych ¢iar difraktogramu KN. 1a), NN obr. 1b a KNN
obr. 1c filmov bola identifikovana pritomnost’ perovskitovej
(pv) KNbO; fazy (JCPDS 32-0822), NaNbO; fazy (JCPDS
33-1270) a pri K¢sNagsNbO; filme pv KNbO; a NaNbOs
fazy.

Na obr. 2 je REM mikrostruktira povrchu a EDX analy-
za 2-vrstvového KNN tenkého filmu, naneseného na Pt/Al,O3
substrate a spekaného pri teplote 650 °C. EDX analyza pre-
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Obr. 1. RTG difraktogramy 2-vrstvovych tenkych filmov (a) KN,
(b) NN a (¢) KNN, nanesenych na Pt/Al,O; substrate a spekanych
pri 650 °C (pv - perovskitova faza, o - Pt a neoznacené - ALLOs)
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Obr. 2. REM mikro$truktira povrchu a EDX analyza 2-
vrstvového KNN tenkého filmu naneseného na Pt/Al,O; substrate
a spekaného pri teplote 650 °C

zentuje pritomnost’ K, Na a Nb prvkov vo filme a Al, Pt je zo
substratu. Na obr. 3 je ukazand morfoldgia povrchu KNN
filmu na priereze 2 vrstiev s hribkou 100 nm po spekani pri
teplote 650 °C (AL Os/Pt/KNN film).

Obr. 5. REM mikrostruktira povrchu 2-vrstvového NN tenkého
filmu po spekani pri 650 °C

Mikrostruktary povrchu 2-vrstvovych KN, NN a KNN
tenkych filmov nanesenych na Pt/Al,O; substrate a spekanych
pri 650 °C je vidiet' na obr. 4, 5 a 6. Morfologia Castic na
povrchu KN filmu obr. 4 bola charakterizovana bimodalnou
velkostou distribucie castic, obsahujucej mensie sférické
Castice (~30-50 nm) a vicsie tyCinkovité Castice perovskito-
vej fazy (~80—150 nm). REM pozorovanie povrchu 2-
vrstvového NN tenkého filmu ukazalo, ze vécsie tyCinkovité
Castice reprezentujui aglomeraty mensich sférickych castic
obr. 5. Vyvoj mikro$truktary KNN tenkych filmov zavisi od
transformacie pyrochlorovej fazy (KsMngO;; a Na,NbgOy;
~10-20 nm), ktora pravdepodobne vznika v prvej faze rozkla-
du polymérneho Nb-vinneho komplexu a ovplyviuje krystali-
zéciu perovskitovej fazy v sol-gel procese. Z analyzy mikro-
Struktar povrchu 1-vrstvového KNN vyplyva, ze vacésie sféric-

SEl 100KV X40,000 1.=||||||T WD 10.0mm

Obr. 3. REM mikrostruktiira rezu 2-vrstvového KNN tenkého
filmu naneseného na Pt/AL,O;substrite a spekaného pri teplote
650 °C

s425
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Obr. 6b se nezobrazuje!!!

Obr. 6. REM mikroS$truktira povrchu (a) 1 a (b) 2-vrstvového
KNN tenkého filmu po spekani pri 650 °C

ké castice sa skladaju z individualnych malych nanocastic,
ktoré sa pri 2-vrstvovom KNN filme pri 650 °C transformuju
na kubické perovskitové &astice®. KNN tenké filmy maju
heterogénnu $truktiru a obsahuju dve formy castic: sférické s
vel'kost'ou ~50—80 nm a kubické (~ 100—150 nm).

4. Zaver

Bezolovnaté feroelektrické 2-vrstvové KN, NN a KNN
tenké filmy boli pripravené modifikovanou sol-gel metdodou
z enviromentalnych K, Na a oboch uhli¢itanov v rozpustadle
kyseline octovej a zmieSanim s Nb-vinnym polymérnym
komplexom a nanesené spin-coating metdédou na Pt/Al,O;
substraty a spekané pri 650 °C. Z naSich experimentov sme
zistili tieto skutocnosti:

Z RTG difraktogramov bolo potvrdené, ze v KN, NN
a KNN tenkych filmoch st pritomné pozadované perovskito-
vé KNbO3, NaNbO3 a K0_5Nao_5NbO3 félZy

V mikrostruktirach KN, NN a KNN tenkych filmov na
povrchu boli pozorované castice perovskitovej fazy
a v priereze hrubka vrstiev ~100 nm. Morfoldgia Castic ten-
kych filmov je bimodalna, obsahujuca mensie sférické Castice
perovskitovej fazy s vel'kost'ou ~30—50 nm) a vicsie kubické

s426
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a tyCinkovité Castice perovskitovej fazy (~80—150 nm) vo
forme aglomeratov mensich ¢astic (~50—-80 nm).

Tento prispevok bol napisany s podporou Grantovej
agentury SAV prostrednictvom projektu VEGA - 2/0024/11.
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Environmental accetable lead-free ferroelectric KNbO;
(KN), NaNbO; (NN) and (K, sNays)NbO; (KNN) thin films
were prepared using modified sol-gel method by mixing of K,
Na, and both acetates with polymeric Nb-tartarate complex at
80 °C and spin-coating method on Pt/Al,O; substrates. In
KNN thin films, the desired perovskite KN, NN and KNN
were revealed after sintering at 650 °C.The surface morphol-
ogy and cross-section of thin films were investigated by SEM
analysis. In the microstructure of KNN thin films with
100 nm of thickness, the bimodal particle distribution was
observed with the small spherical particles and larger cuboidal
particles of the perovskite phase.
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1. Uvod

Kombinaciou materialov s Gplne odlisnymi vlastnostami
vznikaju materialy — kompozity, ktoré dosahuji jedinecné,
inak nedosiahnutel'né vlastnosti. Magneticky mékké kompozi-
ty (SMC), zalozené na casticiach feromagnetika pokrytého
elektro izola¢nou vrstvou, su izotropné elektricky nevodivé
materialy s nizkymi energetickymi stratami pri premagnetiza-
cii v striedavom magnetickom poli'. Pri vyrobe kompozitov
sa velmi Casto vyuzivaji vyhody poskytované technolégiou
praskovej metalurgie’. Z technicky &istého pragkového Fe
(ASC 100.29) a komer¢nej termosetovej zivice (ATM) boli
pripravené SMC s perspektivnou kombindciou mechanickych
elektrickych a magnetickych vlastnosti’. S ciefom zlepsit
mechanické vlastnosti a znizit’ koercivitu pri nizkej elektrickej
vodivosti, boli syntetizované fenol-formaldehydové zivice
(PFR) pre pripravu SMC jednoosovym lisovanim za studena
a vytvrdzovanim.

PFR sa syntetizujii polykondenzaciou fenolu pripadne
substituovanych fenolov s roztokom formaldehydu®. Ak sa
pouzije kysly katalyzator vznika NOVOLAK, ak sa pouzije
bazickd katalyza vznikne REZOL. Vyslednd S§truktira
a mechanické vlastnosti fenol-formaldehydovych Zivic zavisia
od mnohych faktorov, napr.: teplota a ¢as kondenzacie, ph,
typ a mnozstvo pouzitého katalyzatora a predovsetkym molo-
vy pomer fenolu k formaldehydu. Hlavnym ciel'om bolo na-
syntetizovat’ PFR, ktora by zodpovedala poziadavkam vyho-
vujlicim pre napovlakovanie zivice na praskové Castice zeleza
s naslednym spracovanim klasickymi technikami praskovej
metalurgie.

2. Experimentalna cast’
2.1. Chemikalie

Fenol — krystalicky > 99.0 % (Aldrich), formaldehyd
37 % roztok (Aldrich), NaOH >98.0 % (Aldrich), amoniak p.a
26 % (Slavus), aceton p.a. (ITES), HCI 35 % (ITES), kyselina
octova p.a. (ITES), etylénglykol p.a. (ITES).
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2.2. Vseobecny postup pripravy fenol — formaldehydo-
vych zivic

Aparatiira na syntézu PFR je zndzornena na obr. 1. Do
varnej banky sa navazi zvolené mnozstvo fenolu, prida sa
37% roztok formaldehydu a zvoleny katalyzator. Ak sa pri-
pravuje novolak, prida sa kyselina napr. HC1, H,SOy, kyselina
Stavelova a i. Ak sa pripravuje rezol prida sa baza napr. Na-
OH, K,COs;, KOH, Na,COs, NHj; atd’. (obr.2). Reakéna zmes
sa refluxuje pri teplote v rozmedzi 60-100 °C po dobu nie-
kolkych hodin az dni. Vysledny produkt prepolymér sa zbavi
H,0 odsavanim za zniZeného tlaku.

Fenol

Iy

Formaldehyd
(37% vodny roztok)

Iy

Katalyzator
(Baza, Kysdina)

v

ohrev pri 60 - 100 °C

Obr. 2. Chemicka Struktara (a) novolakovej (b) rezolovej
Zivice®

2.3. Priprava kompozitu

Pripravena zivica bola rozpustend v acetone. Do roztoku
PFR bol dispergovany Fe prasok ASC 100.29. Zmes bola
mieSana do odparenia acetonu ¢im bol pripraveny homogénny
kompozitny prasok 97 %Fe/3 %PFR (w/w). Jednoosovym
lisovanim v uzavretej zapustke tlakom 600 MPa boli priprave-
né valéeky ¢ 10 mm. Kompozity boli vytvrdzované na vzdu-
chu do 180 °C na finalny produkt. Morfoldgia praskovych
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Castic bola pozorovana na elektronovom mikroskope JEOL
7000F a Tesla BS 340, mikrostruktira PFR a kompozitov
pomocou optického mikroskopu OLYMPUS GX71. Tvrdosti
HV10 boli merané na tvrdomery typu VICKERS HP 250.

3. Vysledky a diskusia

Pripava roznych fenol-formaldehydovych zivic, vzajom-
ny pomer fenol/formaldehyd/katalyzator, typ katalyzatora
a struény charakter syntetizovanej zivice je popisany v Tab. L.
V prvej sérii /-3 pripravenych zivic bol ako katalyzator pou-
zity 40% roztok NaOH. Reakcia bola opakovana niekolkokrat
so zmenenymi reakénymi parametrami. Vznikli Zivice, ktoré
nezodpovedali poziadavkam vhodného povlaku na Zelezné
Castice. Boli rozpustné vo vode a nerozpustné v acetone ani
v inych organickych rozpustadlach. NaOH ako katalyzator
nie je vhodny na syntézu PFR ako povlaku na Zelezné Castice,

Tabul'ka I
Syntetizované Zivice a ich charakterizacia

Syntéza  Molovy pomer Typ Vysledna
fenol- katalyzatora Zivica
formaldehyd-
katalyzator
1 1:1.2:0.25 40% NaOH  tmavocervena,
rozpustna vo H,0,
nerozpustna
v acetone
2 1:1.5:025 40% NaOH tmavohneda, roz-
pustné vo H,0,
nerozpustna
v acetone
3 1:2.5:0.25 40% NaOH tmavohneda, ne-
rozpustna vo H,O
ani v acetone
4 1:1.57:2.57 HCl ruzova, nerozpust-
na vo H,O
ani v acetone
5 1:2.5:0.58 NH; svetlozelena, ne-
rozpustna vo H,O
a rozpustna
v acetone
6 1:1.5:035 + NH; svetlozlta, neroz-
CH; COOH pustné vo H,O
a rozpustna v
acetone
7 1:1.5:0.35 NH; svetlozlta, neroz-
+ CH; COOH + pustna vo H,O
etylénglykol a rozpustna
v acetone
8 1:1.5:0.35 NH; svetlozlta, neroz-

pustna vo H,O
a rozpustna
v acetone
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ked’ze reakciou NaOH s fenolmi vznikéd sol’ fenolat sodny,
ktory je rozpustny vo vode a nerozpustny v organickych roz-
pustadlach. DalSou uskutoénenou reakciou bola syntéza 4
kyslo katalyzovanej PFR. Po pridani HCI vznikol biely roz-
tok, v ktorom sa po chvili vytvorila ruzova tuhd hmota. Bola
nerozpustna vo vode ani v acetéone. Vhodnym katalyzatorom
sa ukézala vol'ba 26% vodného roztoku NHj. Vsetky ziskané
zivice katalyzované NH; boli nerozpustné vo vode
a rozpustné v acetone.

Zaznam z OM Zzivice ziskanej syntézou 6 je na obr. 3a.
Bola pozorovana amorfna $truktura, ktora je u PFR bezna. Na
obr. 3b je zdznam ziskany syntézou 8, kde boli v niektorych
oblastiach pozorované usporiadané oblasti — krystality.

|

av

e b

Obr. 3. OM zaznam Zivic v polarizovanom svetle a) syntézou 6 b)
syntézou 8

Zo Zivice ziskanej syntézou 8 bol pripraveny kompozitny
praskovy material Fe/PFR. Na obr. 4 je pomocou SEM pozo-
rovand distribucia zivice na Fe prasku.

a b
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Obr. 4. Morfolégia SEM a) ¢isté Fe b) Fe/PFR

Z kompozitnych praskov boli vylisované vzorky, ktoré
boli vytvrdené s linedarnym nabehom teploty do 180 °C po
dobu 10 min. Po vytvrdeni doslo k zna¢nej deformacii vzorky
a vzniku makropdrov. Podla C. Kaynaka pri polymerizacii
dochadza k uvolneniu vedlajSich produktov hlavne H,O,
vytvaraju sa bubliny vodnej pary, ktoré sa zachytavaji pocas
vytvrdzovania vo vzorke a vznikaji mikro a makro pory®.
Riesenim tohto problému bola dlhsia doba vytvrdzovania
Tab. 11, pripadne pouzitie takej latky, ktora zabranuje vzniku
porov, resp. umoziiuje 'ahsie uvolnenie vodnej pary a inych
plynnych produktov. Kaynak navrhol ako mozné rieSenie
tohto problému pozitie glykolov’.

Z obr. 5 vyplyva, Ze rychly narast teploty sposobuje
narazové uvolnenie plynnych produktov ¢im dochadza
k vybublaniu zivice zo vzoriek (obr. 5a, b). DIhsi vytvrdzova-
ci cyklus vyznamne ovplyviuje stabilitu kompozitnych vzo-
riek (obr. 5S¢, d).

Distribuciu zivice medzi Castice Zeleza nebolo mozné
dokladne pozorovat’ vo viditeI'nom svetle (obr. 6a), preto bol
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Tabulka II Tabulka III
Vytvrdzovaci cyklus Tvrdosti kompozitov
T 40 60 80 90 100 110 120 130 150 180 Kompozit Fe/PFR 97/3 [%] Tvrdost HV10
[*C] Fe/PFR syntéza 6 85,3
[h(t)d] 24 24 8 1 16 05 1 1 05 025 Fe/PFR syntéza 7 73.7
Fe/PFR syntéza 8 85,2
a b c d a etylénglykolu. Pripravené Zivice boli pouzité na povlakova-

Obr. 5. a) Vylisok Fe/PFR nevytvrdeny, b) vytvrdeny s linearnym
nabehom do 180 °C, ¢) Vyliskok Fe/PFR nevytvrdeny, d) vytvrde-
ny podla Tab. I1

urobeny zdnam v polarizovanom svetle (obr. 6b), kde pory su
¢ierne, zivica nadobuda svetlt farbu a zakladna matrica — Fe
tmav.

Namerané hondoty tvrdosti HV10 st uvedené v Tab. III.
Pridavok etylénglykolu do zZivice sposobil nizsiu tvrdost’ kom-
pozitu ako v pripade Cistej zivice alebo zivice s kyselinou
octovou.

a b
‘II' " b -
Y Ty
e
";-1"'1 L "i-.
L P
Wk
'y

Obr. 6. MikroStruktira kompozitu OM a) viditeI'né svetlo b)
polarizované svetlo

4. Zaver

Pre pripravu SMC boli nasyntetizované vhodné fenol-
formaldehydové Zivice rezolového typu. Ako najvhodnejsia
sa ukazala Zivica, kde bol pouzity mélovy pomer vychodisko-
vych latok fenol:formaldehyd:NH; 1:1.5:0.35. Boli pripravené
modifikované Zivice za pomoci Kkyseliny octovej
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nie zeleznych castic. Vylisované vzorky 3 % PFR a 97 %
Fe boli vytvrdzované optimalizovanym vytvrdzovacim cyk-
lom, ¢im sa vyrazne podarilo ovplyvnit’ stabilitu pripraveného
kompozitu. Pridavok etylénglykolu eliminoval vznik pdrovi-
tosti v procese vytvrdzovania, ale znizil tvrdost’ finalneho
kompozitu. Budtici vyskum bude zamerany na analyzu Zivice,
hladanie vhodného plniva, ktoré by zlepSilo mechanické
vlastnosti ziskanych vzoriek a zaroven neovplyviiovalo ich
magnetické vlastnosti.

Tdto prdca bola financne podporend MSVVaS SR ako
grantovy projekt VEGA 2/0149/09 a COST MP0701.
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T. Sopcak, R. Bures, M. Streckova, M. Faberova
(Ustav materidlového vyskumu SAV, Kosice, Slovakia): Pre-
paration of Soft Magnetic Composites Based on Phenol-
Formaldehyde Resins

Different phenol-formaldehyde resins of resol type have
been synthesized by the use of various fenol/formaldehyde
ratios and different catalysts. The composition of resol-type
prepoymer has been optimized for preparation of soft mag-
netic composite. Mechanical and physical-chemical properties
of prepared powder composite material have been improved
by prolonged curring schedule. The distribution of resin pre-
polymer between Fe powder particles has been analysed by
employing optical and scanning electron microscopy. The
composite material composed of phenol formaldehyde resin
and iron powder particles exhibits the higher hardness after
the preparation without addition of ethylenglycol.
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1. Introduction

Austenitic Hadfield's steel containing about 1.2 mass %
C and 12 mass % Mn is known for a high resistance to impact
wear caused by rapid cold work hardening'™. This was the
first alloy steel that was extremely hard wearing and proved
the perfect material for early railway track components. Cur-
rently it has applications in railway track particularly at cross-
ing where resistance to high metal — to — metal wear and im-
pact loading is required.

Consequently, it rapidly gained acceptance as a very
useful engineering material. Hadfield's austenitic manganese
steel is still used extensively with minor modifications in
composition and heat treatment, primarily in the fields of
earthmoving, mining, quarrying, oil well drilling, steelmak-
ing, railroading, dredging, lumbering, and in the manufacture
of cement and clay products. Austenitic manganese steel is in
equipment for handling and processing earthen materials
(such as rock crushers, grinding mills, dredge buckets, power
shovel buckets and teeth, and pumps for handling gravel and
rocks. Other applications include fragmentizer hammers and
grates for automobile recycling and military applications such
as tank track pads®.

Manganese austenitic steel has some special properties
that make it irreplaceable. In technical practise the hardening
ability by high static or dynamic stress is used. The high hard-
ness of face layers increases the abrasive wear resistance but
because the middle part keeps good toughness, the compo-
nents support high impact stress.

Many variations of the original austenitic manganese
steel have been proposed’, often in unexploited patents, but
only a few have been adopted as significant improvements.
These usually involve variations of carbon and manganese,
with or without additional alloys such as chromium, nickel,
molybdenum, vanadium, titanium and bismuth.

The basic condition for the chemical composition of
Hadfield’s steel is ration Mn : C > 10. The upper borderline is
usually 14 % Mn but in technical practice this ration can be
increased to 20 % most of all for thick-walled castings®. The
main reason for using of high content of Mn is to improve the
hardenability.
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The goal of this paper is an evaluation of influence of
chemical composition on quality of Hadfield's steel, that was
used by production of casting “points”. In this case under
term quality we can understand first of all the steel toughness
which was evaluated by impact test and to a certain degree by
tension test.

2. Realization of experiments

Moulding

All experiments were realized for the casting “points”.
The mould for casting production was made from furan mix-
ture. The opening material was SiO, sand and it was substi-
tuted by chromite in thermal points.

Internal cast iron chills were used in thermal exposed
places. Furan — chromite and furan — siliceous mixtures were
used for cores production. The cores were reamed and coated
by magnesia —siliceous coating.

The charge contained deep-drawing scrap from cold
rolling mill plant, ferroalloys and carburisers. Deoxidation
agent was used Al and for alloying were used: FeMn(c),
FeMn,, FeCaSi and Al. Melting process was double-slag,
after oxidative period the slag was pulled of the metal surface
because of phosphorus. Then the deoxidation with Al was
made. After deoxidation metal was alloyed with FeMn(c),
FeMn(af) and FeCr. In the ladle metal was deoxided with Al
and then FeCaSi, FeTi and FeZr were added.

Pouring was made with ladle with bottom pouring hole.
Tapping temperature was 1500 °C and pouring temperature
was 1435-1450 °C.

After cleaning and blasting the castings were heat
treated.

Melting

All melts were realized in basic electric arc furnace with
volume of 6,5 tons of molten metal. The melts were realized
without alloyed scrap.

3. Demands made on the castings quality

The quality of Hadfield's steel for castings “points” was
evaluated next parameters: chemical analyse of molten metal,
impact test, tensile test, metallographic analysis
(microstructure, grain size), electron microscopy of fracture
surface.

The chemical analysis was made by spectral analyser
Hilgere. The samples were taken by pouring of castings.
Next chemical composition was prescribed for the steel:
C =09-1,3 %, Mn = 11,5-14 %, Cr — max. 1%, Mn/C =
min. 10, Si max = 0,65 %, Syx= 0,03 % and P, = 0,08 %.
Other elements were not limited.

During the experiments the chemical composition was
hold but for better results of impact test Ni, Ta and Zr were
added.
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Table I

Chemical composition of Hadfield's steel via different standarts™®
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Chemical composition [mass %]

standart

C Mn Si Cr Ni Ponax. Shnax.
Mangaan A 128, Grade C 1.05-1.35 11.5-14.0 max.1,0 1,5-2,5 — 0.070 —
stecls G-X 120 Mn 12 1.1-1.3 12.0-13.0  0.3-0.5 max.1,0 — 0100  0.040
STN 417618 1.1-1.4 11.0-13.0 max.1.0 _ _ 0.100  0.040
STN 422920 1.1-1.5 12.0-14.0 0.7 - - 0.100 0.050
STN 422921 1.1-1.5 12.0-14.0 0.7 0,7-1,2 - 0.100 0.050
Table II
Chemical composition of the experimental melts
Chemical composition [mass %]
melt C Si Mn Cr Ni P S Nb Ti Zr
A 1 0.71 13.3 0.24 0.12 0.051 0.006 0.005 0.012 0.16
B 0.99 0.41 12.8 0.27 0.08 0.042 0.005 0.006 0.01 —
C 0.94 0.33 12.4 0.26 0.42 0.044 0.006 0.007 0.01 -
D 1.1 0.68 12.5 0.31 0.11 0.042 0.007 0.007 0.012 -
E 1.15 0.48 13.2 0.9 0.09 0.044 0.008 0.008 0.009 -
F 1.16 0.5 12.3 0.58 0.68 0.042 0.006 0.009 0.01 -
G 1.17 0.49 12.7 0.66 0.81 0.047 0.008 0.008 0.01 -
H 1.13 0.45 12.5 0.88 0.92 0.051 0.007 0.008 0.01 -
1 1.26 0.49 13 0.03 0.08 0.037 0.006 0.01 0.033 0.015
J 1.23 0.49 13.1 0.003 0.03 0.031 0.007 0.009 0.062 0.031
K 1.24 0.5 13.1 0.01 0.03 0.032 0.006 0.009 0.018 0.024
L 1.3 0.5 13.4 0.06 0.06 0.044 0.012 0.006 0.043 —
M 1.19 0.45 12.9 0.02 0.04 0.045 0.005 0.01 0.033 -
N 1.26 0.43 134 0.03 0.04 0.046 0.009 0.007 0.027 -
(e} 1.32 0.5 12.8 0.06 0.05 0.045 0.006 0.004 0.023 -
P 1.2 0.48 13.1 0.01 0.04 0.04 0.006 0.008 0.02 —

Impact test

The impact test is one of the main criterion by evaluation
of quality of casting “points”. The test specimen for rough bar
with dimensions 30 x 30 and length 200 mm was used for
impact test.

Before test the half — rounded notch was pressed on
rough surface of specimen (r = 1.5 mm, h = 1.5 m) that simu-
lated the real conditions of stress.

Main condition was that the specimen had to stand again
3 impacts and the depth of created crack could be max. 7 mm.

4. Obtained results

The chemical composition of the melts was changed
during the tests with goal to find the influence of chromium
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and nickel on mechanical properties of Hadfield's steel.

The variation of chemical composition during the melts
is in Tab. II.

Criterion for toughness of the samples given the depth of
crack near the notch that created after hammer impact. The
depth of crack was observed on the both sides of the sample.

Value of the depth of crack from the first melts were not
record, because the measurement was made only for the
cracks after third impact.

The depth of crack was calculated like an arithmetic
mean from the results of impact test of tested samples from
the same melt. If the half of all samples from one melt was
snapped, the sample was supposed to like not suitable .

Tab. III shows the depth of cracks after impact test from
the melts.
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5. Evaluation of results

Quality of material used for production of points influ-
ences on the safety of transportation on railway therefore the
toughness was tested by impact test and by tension test.

During the tests the content of carbon had escalated to
1.15 %. Content of Mn was adjusted content of carbon to
keep proportion Mn/C.

Influence of molybdenium and vanadium was not in this
case important because of their low content. They were not
put into the melt purposely but they were in the charge. Their
higher content was not suitable because they forming difficult
dissolving carbides.

Grain was refined in four melts by zirconium, since melt
J the melts were alloyed by titanium too. Its content increased
from 0.01 % to 0.04 %.

In first eight melts the content of chromium and nickel
was enhanced to 1 %.

From the results of impact test is visible the negative
influence of chromium and nickel on impact test of material.
The lower values of impact test were observed in melts C, D,
E with high content of Cr and Ni, these samples were broken
after 1 impact. After second impact the samples F, G and H
were broken, they had high content of Cr and Ni too.

After negative results of impact test of melts A — H the
chemical composition was changed. The change of chemical
composition was in reduction of Cr, Mo and Ni content.

Only samples J, M, N and P conformed to the test condi-
tion (to stand 3 impacts and to have a maximum depth of

Table I1I
Depth of cracks after impact test

Melt Depth of crack [mm]
1. impact 2. impact 3. impact

A _ — 12
B 2.63 13 X
C 5.85 X X
D 4.75 X X
E 7.25 X X
F 4.375 9.4 X
G 3.75 10 X
H 2.23 9.6 X

I 0 1.2 2.1
J 0.7 2.6 4.15
K 1.75 6.1 8.2
L 1.8 4.75 8.2
M 1.75 32 5.525
N 0.5 2.8 6.45
o 1.675 7 X
P 0.2 2.9 5.35

x — sample was broken
do not measure
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crack 7 mm). All of these samples had content of Cr max.
0.3 % and content of Ni was 0,03—0,04 %.

6. Conclusions

The chemical composition of melts was changed during
the experiments. 15 melts with different content of Cr, Ni and
with addition of Zr and Ti were tested.

Results of realized experiments show:

Negative influence of the elements formed carbides like Cr
and Ni on impact test of Hadfield's steel.

Melts with higher content of Cr and Ni didn’t have claimed
toughness and they didn’t conformed to impact test.

These results were confirm by tensile test.

For the obtaining of required values of impact test is impor-
tant to limit the content of chromium to 0.1 % and con-
tent of nickel to 0.05 %.
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A. Pribulova, J. Babic, D. Baricova (Technical univer-
sity Kosice, Fakulty of Metalurgy, Department of Iron Meta-
lurgy and Foundry, Kosice, Slovakia): Influence of Had-
field’s steel ChemicalComposition on its Mechanical Pro-
perties

The original austenitic manganese steel is still used with
minor modification in composition in the fields of earthmov-
ing, mining, steelmaking and railroading. The goal of this
paper has been an evaluation of influence of chemical compo-
sition on quality of Hadfield's steel castings. In this case un-
der term quality we can understand first of all the steel tough-
ness which was evaluated by impact test and by tension test.
The quality of Hadfield's steel castings was evaluated by next
parameters: chemical analysis of molten metal, impact test
and tensile test. Results of realized experiments showed nega-
tive influence of the elements formed carbides like Cr and Ni
on impact test.
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1. Introduction

Copper is a traditional material for precise and demand-
ing machine parts like seals, washers, bearing liners, etc. For
these applications properties such as high strength and ductil-
ity, fatigue strength, wear resistance, etc., are necessary. In
order to fulfill such requirements an approach of creating
composites using hard dispersoid particles is often used'.

Another way how such desirable properties can be
achieved is creating very fine, submicrocrystalline micro-
structures. Such microstructures can be prepared by inducing
severe plastic deformation of the material’. At present very
promising technique for preparing such structures is the
ECAP (Equal Channel Angular Pressing) which allows ob-
taining the very fine grained microstructure (nanostructure)
by multiple pressings through the die”.

Aim of this work was to investigate the effect of refining
of microstructure by ECAP process on tribiological behaviour
and wear of Cu-ALL,O; composite at room and elevated tem-
peratures.

2. Experimental

Reaction milling and mechanical alloying was used to
prepare the samples. Cu powder with the calculated addition
of Al was homogenized by attrition in oxidizing atmosphere.
The distribution of the obtained CuO was uniform. A subse-
quent treatment at 750 °C induced the reaction of CuO with
the added Al powder, and led to the formation of Al,O; parti-
cles. The remaining CuO was reduced by attrition in a mix-
ture of H, + H,O (rate 1:100). The powder was compacted by
cold pressing and hot extrusion at 750-800 °C.

Microstructured material with 5 vol.% Al,O; was trans-
formed by the ECAP (Equal Channel Angular Pressing)
method in two passes into a nanocomposite material. The
experimental material was pressed through two right angled
(90°) channels of a special die by route “C”.

The designation of experimental materials is as follows:
Micro Cu-Al,O3 is denoted as Cul, Nano Cu-Al,Ojs is called
Cu2.
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Wear testing was performed on a High Temperature
Tribometer THT, by CSM, Switzerland, using ball-on-disc
technique. The sample was fixed on a turntable with adjust-
able rotational speed. The tangential force exerted on the
holder was measured and from that the coefficient of friction
(COF) was calculated and recorded as function of distance/
time/laps. The vertical position of the holder was measured in
order to monitor the displacement due to material removed by
wear. As friction partners steel balls with 6 mm diameter were
used. The loading of 1 N was applied using a dead weight
system. The nominal wear track radius was 2 mm, the sliding
speed was set to 5 cm/s and the overall sliding distance was
100 m. Testing was done on air (humidity 40+5 %), in dry
conditions at temperatures 20 °C, 200 °C, 400 °C, and 600 °C.
The heating was provided by an integrated furnace which
reached the target temperature in the sample chamber in about
30 minutes and then during another 30 minutes it was allowed
for the temperature to homogenize and stabilize. After the
tests, both tribological partners (the steel ball and the sample)
were observed using light microscopy. The depth and shape
of the wear tracks were measured by a stylus profilometer
(Mitutoyo SJ-201) on three or more places, the average trough
cross section area was calculated and subsequently the vol-
ume of the removed material was estimated. The specific
wear rates were then expressed as the volume loss per dis-
tance and applied load (mm* N™' m™

3. Results and discussion

Microstructure was studied using TEM thin foils, in
order to reliably identify the nanosized phases and the find-
ings have been described in detail elsewhere’.

It was found that typical grain size in the material Cul
was about 1-2 microns whereas in the material Cu2 it was
much smaller, typically from 100 to 200 nm.

The friction behaviour of both materials was in terms of
coefficient of friction (COF) generally quite similar. In the
beginning there was a short run-up phase (2 up to 20 meters
of sliding distance) where the contact surfaces were setting
up. The coefficient of friction exhibited either lower or higher
values than expected. Then the macroscopic failure of the
surface began to take place and the COF settled at 0.45-0.60,
i.e. the values typical for steel-copper dry friction contact®’.

This level of friction then remained stable at all tempera-
tures till the end of the test, up to 100 m sliding distance
(nearly 8000 laps), except 600 °C, where for both materials
after the initial stage the COF decreased to nearly 0.4 and then
it was very slowly increasing during the whole test. The aver-
age values of COF are plotted as function of time in Fig. 1.
The tendency in both materials is similar; there is slight in-
crease of COF at 200° and significant decrease at 400 °C. The
Cul here showed higher friction. At 600 °C both materials
behave nearly identically, which can be seen also from the
development of the COF along the wear distance (Fig. 2).
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After finishing the testing the wear tracks were observed
and measured by optical microscopy and profilometry, in
order to quantify the wear resistance. The optical assessment
showed the development of wear damage with temperature.
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The wear tracks become narrower with increasing test tem-
perature with minimum width at 400 °C. Based on measured
profiles, the volume losses were calculated and wear rates
were evaluated.

Fig. 3 compares the wear rates of the two materials at the
testing temperatures. It shows that the material Cu2 was at
lower temperatures about 3 times more wear resistant than the
Cul. This finding is analogous to literature data® for pure
copper with submicro and nanocrystalline microstructures. At
higher temperatures both materials behave almost identically.
They do suffer the wear damage, but the wear tracks are very
thin and hardly any penetration into the material is found, as
shown in the example in Fig. 4.

Fig. 4. Example of the wear tracks created at 200 (a) and 400 °C
(b) in Cu,. The comparison illustrates the decrease of wear

At 600 °C on some places even deposition of material
from the steel ball (ferrous oxides) could be observed which
lead to measurement of negative values of depth with high
scatter. This significant drop of wear damage between 200 °C
and 400 °C is related to the recrystallization process which for
Cu-5 % ALOj; occurs at about 400 °C (ref."). Other important
factor is the oxidation. The EDX analysis proved presence of
oxides (CuyO) on the surface. Table I shows the amount of
oxygen in atomic per cents found on the surfaces of the tested
samples. On the free surfaces it follows parabolic character as
it is typical for kinetics of oxidation. With increasing amount
of hard oxides formed at higher temperatures then increases
the wear resistance. Furthermore, the temperature profile of
the oxidation is in both materials very similar, which suggests
that it is dominated by volume diffusion rather than by a grain
boundary process. Much higher oxygen concentrations were
found in the track paths, which is the evidence of transfer of
ferrous oxides from the steel ball to the copper surface.
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Wear of the spherical steel pin was also observed. Fig. 5
shows examples of the worn caps produced at 200 and 600 °
C. Here, hardly any difference could be found and quantita-
tive evaluation confirmed this result.

Table I
Amount of oxygen on the surfaces of the experimental materi-
als found by EDX

Temp. Oxygen concentration [at. %]
[°C] Cul Cu2
20 -- --
200 7.39 6.95
400 32.87 37.01
600 38.73 40.00

Fig. 5. Worn caps of the steel balls produced at 200 °C (left) and
600 °C (right)

4. Conclusions

Two Cu-5%Al1,0; composites with different size of the
matrix grains were prepared. Wear testing was carried out
using pin-on-disc method in the temperature range from 20 °C
up to 600 °C. Friction and tribological properties of both ma-
terials were compared.

It was found that the values of the coefficient of friction
had similar tendency to decrease in the interval between 200
and 400 °C. It was shown that refinement of microstructure
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lead to improvement of the wear properties at lower tempera-
tures where wear resistance of the nanostructured material
was about three times higher than of the micro-Cu. When the
temperature increased up to ~400 °C the wear rates decreased
for both materials virtually down to zero. The improvement of
wear rates with temperature is attributed to formation of hard
copper oxides Cu,0 on the sample surface.

This work was realized within the frame of the project
,, Centre of Excellence of Advanced Materials with Nano- and
Submicron- Structure®, which is supported by the Opera-
tional Program “Research and Development” financed
through European Regional Development Fund. The experi-
ments could be carried out thanks to the projects VEGA
2/0120/10, 2/0025/11 and APVV-0034-0.
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P. Hvizdo¥®, M. Besterci®, P. Kulu® (“ Institute of Mate-
rials Research, Slovak Academy of Sciences, b Tallinn Univer-
sity of Technology): Tribological Properties of Cu-AlLO;
Composites at Elevated Temperatures

Two copper based composites with different grain size
were studied: 1. MicroCu-Al,O; composite (grain size 1-2
microns), and 2. NanoCu-Al,0; nanocomposite prepared
from the first one by ECAP. This procedure leads to
100-200 nm grain size.

The tribological tests were conducted at temperatures
from ambient up to 600 °C. The friction of the MicroCu com-
posite was higher at 200 and 400 °C. At lower temperatures
the NanoCu was about three times more wear resistant than
the other one. At 400 °C and 600 °C both materials had the
same properties and exhibited essentially zero volume loss
thanks to formation of hard oxide layers.
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1. Uvod

Izotrépne elektrotechnické ocele /IEO/ sa rozdel'uju na
dva zékladné typy a to ocele ,,finis“ /IEOF/ a ,,semifini§“ /
IEOS/' Tato klasifikicia je zaloZenad na spdsobe finalneho
tepelného spracovania. V pripade IEOS vyrobca na zaver
aplikuje hladiace valcovanie a spotrebitel’ na vystrihnutych
segmentoch realizuje Zihanie, pocas ktorého dochadza
k deformagne indukovanému rastu feritovych zin®*. IOEF su
u vyrobcu kontinuélne zihané na finalnu mikrostruktaru, spot-
rebitel’ vysekané segmenty uz neziha. Pri findlnom zihani
IEOS podl'a EN je z hl'adiska deformacne indukovaného rastu
zin urcitou nevyhodou, ze rychlost’ ohrevu materidlu je limi-
tovana a pocas ohrevu priebezne dochadza k zotavovacim
procesom, ¢o znizuje G¢inok hnacej sily pohybu hranic este
pred dosiahnutim teploty ohrevu. Cely proces ohrevu, vydrze
na teplote a ochladzovania trva cca 10 hodin®. Pri findlnom
zihani IEOF material vstupuje do ohrevu po vysokej deforma-
cii za studena /vySe 75 %/, v priebehu kratkodobého Zihania
dochadza k rekrystalizacii deformovanych feritovych zin.
Pocas vydrze na teplote uz nie je mozné vyuzit mechanizmus
deformacne indukovaného pohybu hranic zfn. V praci sme sa
zamerali na vyuzitie mechanizmu deformaé¢ne indukovaného
pohybu hranic pocas dynamického kontinualneho Zihacieho
procesu IEO s cielom dosiahniit’” hrubozrnu mikrostruktiru so
zvySenou intenzitou kubickej, resp. Gossovej textiirnej zlozky.

2. Experiment

Ako experimentalny material sme pouzili dve vdkuované
IEOF s chemickym zlozenim uvedenym v Tab. I, v stave po
findlnom kontinudlnom zihani v prevadzkovych podmien-
kach.

Material bol nasledne spracovany v laboratérnych pod-
mienkéch. Plech bol ohriaty na teplotu 250 °C a bezprostred-
ne /do 2 sec./ valcovany s jednym Uberom v rozsahu 2 %,
4 %, 6 % a 8 %. Vyvalcovany material bol zihany v atmosfére
H, dynamickych podmienkéch pri teplotach 850 °C, 875 °C,
900 °C, 925 °C, a 950 °C s dobou vydrze na teplote 180 se-
kind. Na tepelne spracovanych vzorkach bola merana koerci-
vita Hc v jednosmernom magnetickom poli na vzorkach
30x10 mm, pomocou koercimetra KPS Ic. Metalografickou
analyzou bol pre jednotlivé Struktirne stavy stanoveny stred-
ny rozmer feritového zrna. Na deformovanych vzorkach bola
merana mikrotvrdost’ po hrubke plechu. Pomocou nanoinden-

Tabulka I
Chemické zlozenie skimanych oceli v hm. %

Ocel Hribk, C, Si, Mn, P, Cu Al
[mm] [%]  [%]  [%]  [%] [%] [%]

A 0,47 0,0033 24 0,23 0,008 0,013 0,37
B 0,65 0,0053 0,6 0,24 0,123 0,014 0,025

tacnych merani na jednotlivych feritickych zrnach s vybranou
krystalografickou orientaciou boli namerané deformacné kriv-
ky.

3. Vysledky

Mikrostruktira vychodzieho stavu skiimanych oceli ,
teda stavu po findlnom zihani v prevadzkovych podmienkach
je uvedend na obr. 1 a, b. Stredny rozmer feritového zrna
ocele A je d =79 pum a stredny rozmer ocele B d = 38 um. Na
obr. 2 uvadzame namerané hodnoty strednej velkosti ferito-
vych zin v zavislosti od stupnia deformacie, pre teploty ziha-
nia 900 °C a 950 °C. Ocel' A dosahuje maximalnu hodnotu
velkosti zrna d = 420 um po zihani pri 950 °C po deformacii
4 %, ocel B dosahuje maximalnu hodnotu velkosti zrna
d = 380 um po deformacii 6 % a teplote zihania 950 °C. Po-
Cas zihania pri teplote 900 °C feritové zrno rastie v ramci
celého skiimaného rozsahu deformacii . Pri teplote zihania
950 °C po prekroceni kritického stupiia deformacie /4 % resp.
6 %/ dochadza v dosledku Ciastocnej rekrystalizacii k poklesu

200 |.|m

b

==
Obr. 1. Mikrostruktira vychodzieho stavu oceli a, - ocel’ A, b, -
ocel’ B
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Obr. 2. Namerané hodnoty stredného rozmeru zrna v zavislosti od
stupiia deformacie a teploty Zihania, a - ocel’ A, b - ocel’ B

strednej vel'kosti zrna. Na obr. 3 st pre ocel’ A aj ocel’ B zob-
razené namerané hodnoty koercitivnej sily v zavislosti od
stuptia deforméacie a teploty Zihania. Minimalna hodnota koer-
citivnej sily v pripade ocele A bola Hc = 14 A/m a v pripade
ocele B Hc 8 A/m. Znamenad to podstatné zniZenie
v porovnani s vychodzim stavom 47 A/m resp. 82 A/m.

Na obr. 4 st pre ocel’ B zobrazené namerané hodnoty
mikrotvrdosti HV 10 po hrabke plechu po valcovani uberom
6 % a predohriati materialu na 250 °C. Na obr. 5 st zobrazené
vysledky z EBSD merani, charakterizujiice zastipenie jednot-
livych prednostnych krystalografickych orientacii v oceli B
v dodanom stave, na obr. 6 po zihani pri 950 °C a predchadza-
jucej deformacii 4 %. Doslo k zvySeniu intenzit kubickej
(100)[0vw] a Gossovej (110)[001] a (111)[0vw] je potladena.

4. Diskusia

Podstata predlozeného postupun tvorby miikro$truktiry
a krystalografickej textury je zalozena na vyuziti deformaéne
indukovaného pohybu hranic zin feritu pri kontinudlnom
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Obr. 3. Namerané hodnoty koercitivnej sily He v jednosmernom
magnetickom poli, a - ocel’ A, b - ocel’ B

zihani plechu. Pri deformac¢ne indukovanom pohybe hranic
zin je hnacou silou procesu gradient deformacnej energie’.
Rastie zrno s niz$ou intenzitou na ukor zrna s vyssou intenzi-
tou deformacnej energie®. Pri optimalnych deforma&nych
podmienkach sa vytvara gradient intenzity plastickej deforma-
cie s rastom od povrchu smerom do centra hribky. Je to do-
sledok anizotropie teplotného pola po hribke plechu, ked
v centre hribky pocas valcovania je vysSia teplota ako
v podpovrchovej oblasti. Rozdiel v lokalnej hodnote dosiah-
nutého deformacného spevnenia po valcovani moéze byt az
20 MPa. Pri konven¢nom spdsobe valcovania /tzv. temper
rolling/ sa dosahuje vysSia intenzita deforma¢ného spevnenia
v podpovrchovej oblasti plechu’. Rastom zfn od povrchu sme-
rom do centra hrubky sa prenaSa zvySena intenzita kubickej
orientacie do centra hribky®. Nanoindentaéné merania napi-
tovo deformaénych zavislosti v rdmci jednotlivych zfn preu-
kazali, Ze po prekroceni skutocnej deformacie nad cca hodno-
tu 4 %, deformacny odpor krystalografickej orientacie (111)
[Ovw] je nizsi nez orientaciie (110)[001] a najvyssi ma orien-
tacia (100)[0Ovw]. Znamena to, Ze pri danom deformacnom
napéti v polykrystalickom systéme, najvysSia intenzita lokal-
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Obr. 4. Zavislost’ rozloZenia mikrotvrdosti v materiali B po hrub-
ke plechu po valcovani tiberom 6 % a predohriati materilu na
250 °C
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Obr. 5. Intenzity ODF-s rezov pre @, =45°, v — vlakno, y — vlakno
a vlakno pre Gossovu orientaciu pre ocel’ B v dodanom stave
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Obr. 6. Intenzity ODF-s rezov pre @, =45°, v — vlakno, y — vlakno
a vlakno pre Gossovu orientaciu pre ocel’ B Zihanej pri 950 °C
3 min

nej deformacie sa dosiahne v zrnach s orientaciou (111)[0vw]
v rovine plechu. Takto pripraveny deformaény stav ocele
vytvara predpoklady pre deforma¢ne indukovany rast ferito-
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vych zin smerom do centra hribky plechu a taktiez prednost-
ne rasta zrna s kubickou a Gossovou krystalografickou orien-
taciou, ¢im sa prenasa zvysena intenzita kubickej a Gossovej
texturnej zlozky smerom do centra hribky na ukor zin
s deformacnou (111)[0vw] orientaciou. Takato mikroStruktura
sa prejavi vyraznym spOsobom na znizeni koercitivnej sily
plechu a teda aj jeho wattovych strat.

5. Zaver

Vyuzitim deformacne indukovaného rastu feritovych zin
pocas finalneho zihania v izotropnych elektrotechnickych
oceliach bola ziskana hrubozrna mikrostruktara s vyraznym
zastipenim kubickej a Gossovej texturnej zlozky. Takato
mikro$truktira zabezpe€uje vyrazné znizenie hodnut koerci-
tivnej sily meranej v jednosmernom magnetickom poli.
V pripade ocele s obsahom Si 2,4 hm.% doslo k znizeniu He
z 47 A/m na hodnotu 14 A/m, v pripade ocele s 0,6 hm. % Si
sa znizila hodnota He z 82 A/m na hodnotu 8 A/m.

Tato prdaca bola vykonana v ramci projektu

“Technologia pripravy elektrotechnickych oceli s vysokou
pemeabilitou urcenych pre elektromotory s vysSou ucinnos-
fou”, ITMS 26220220037, projekt je spolufinancovany zo
zdrojov EU.
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A coarse grained microstructure with pronounced inten-
sity of cube and Goss texture components in isotropic electro-
technical steel was obtained. This was achieved using defor-
mation induced growth of ferritic grains during continuous
final annealing of the material. The obtained microstructure
provides significant decrease of coercive force measured in
DC magnetic field. In case of steel with silicon content 2.4 %
wt. the coercive force decreased from 47 A/m to 14 A/m, for
steel with Si 0.6 % wt. the value fell from 82 A/m to 8 A/m.
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1. Introduction

Intermetallic phases of the A;B composition, like NizAl,
reveal many interesting properties as constructive materials'.
The NiAlV alloys of the compositions belonging to the
pseudo-binary, NizAl-Ni;V cross-section through the ternary
phase diagram below 1000 °C, should undergo eutectoid de-
composition. Such alloys reveal at room temperature charac-
teristic microstructure resulting from the decomposition in the
NizAl and NizV phasesz. The structures of these phases be-
long to the highly ordered dens packed L1, and DO,, struc-
tures, with very high degree of coherence at the interfaces®™.
The path of the microstructure formation in the eutectoid
decomposition remains not completely clear, as well as the
influence of the prolonged annealing, which leads to the la-
mellar microstructure’. The mechanical properties of such
alloys investigated in the creep tests are promising®. Ti addi-
tions do not change the continuous charter of the phase field
between Nis(ALTi) and Ni;(V,Ti) structures, although the
field gets to be narrower’.

The paper presents results of investigation of the phase
composition and structure of the Ni-Al-V-Ti alloys, of the
composition belonging to the Niz;Al-Ni;V pseudo-binary
cross-section, with Ti additions, prepared with use of the cold
crucible levitation melting (CCLM) and directly cooled in the
equipment.

2. Experimental

The alloys were prepared by melting of the components
with use of the cold crucible levitation and directly cooled in
the copper concentrator in argon gas atmosphere. This let to
achieve relatively uniform and large rate of cooling. The sam-
ples of the 9 g weight were achieved.

The composition of the alloys is presented in Tab. I and,
schematically in Fig. 1 in relation to the equilibrium phase

Table I
Nominal and experimental (EDS) compositions of the investi-
gated alloys

Alloy Ni Al \% Ti
[%at]  [%at.] [% at.] [% at.]

V-1-1 75 10 10 5

V-1-1ps 74,7 10,6 9,9 4.8
V-2-1 75 5 15 5

V-2-1 ps 75,1 5,5 14,3 5.1
V-3-1 75 2,5 20 2,5
V-3-1 gps 76,8 2,2 19,0 2,0
V-3-2 75 20 5

V-3-2 ops AT A— 19,1 52
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diagram. They were formed by replacing a part of the V con-
tent by the Ti additions. The results concerning similar com-
positions of the NiAlV alloys were recently presented’. The
X-ray diffraction phase analysis (XRD), electron scanning
and transmission electron microscopy (SEM and TEM) were
used for the structural investigation, the EDS for the composi-
tion analysis and high temperature differential scanning calo-
rimetry (DSC) for the phase transition analysis were applied.
In this paper, however mainly SEM and XRD results are pre-
sented. In the Tab. I both nominal and experimental composi-
tions of the alloys are presented, the last one determined with
the EDS method, with use of the SEM. As results from the
table a difference between assumed and measured composi-
tion of the alloys is below 1 at.% that is in the frame of the
precision of the EDS method.

3. Results and discussion

As could be seen from the Fig. 1 the investigated alloys
V-1-1 — V-3-1 should undergo eutectoid decomposition at
1008°C. The alloy V-3-2 should reveal D0y, structure of NizV
phase, while all the others two phase NizAl (L1;) + NizV
(D0,,) structure.

The light microscope experiments showed mixed cel-
lilar-dendristic structure of the samples after solidification
after levitation melting. The structure was nearly homogene-
ous with small differences in the sizes of the dendrites be-
tween the inner and outer parts of the samples due to the
slightly higher cooling rates in the last case.

The high-resolution scanning electron microscopy let to
reveal internal microstructure in the dendrites or cells, typical,
in the case of alloys V-1-1 and V-1-2 for the decomposed
NiAIX alloys, containing small cubical particles of the Ni;Al
phase, separated by the second phase (Fig. 2a, b). How should
be expected the microstructure in case of the V-2-1 alloy was
much finer, what could be expected due to the near to eutec-
toid composition of the alloy. In case of the alloys V-3-1 and
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Fig. 1. Projection of the investigated compositions on Ni;Al-NizV
section of the Ni-Al-V phase diagram’, assuming lack of the Ti
addition influence

V-3-2 no such microstructure was noticed suggesting mono-
phase structure (Fig. 2c, d).

The results of the phase composition analysis achieved
with the XRD were more complicated. In case of the V-1-1
alloy the cubic Ni;Al structure, with the lattice parameter
a=3.577 A was revealed just after solidification (Fig. 3a).
However after room temperature ageing by 36 days the addi-
tional peaks, which may be ascribe to the Al, metallic or solid
solution erected (Fig. 3b). In case of the V-2-1 alloys, owning
near to eutectoid composition, three different phases were
revealed. The matrix was once more NizAl phase, with the
lattice parameter a=3.578 A but also hexagonal phase Nij;

(Ti,Al) with the lattice parameters a=5.084, ¢=8.279 A and
the second product of the eutectoid decomgosition, tetragonal
were identified

phase Ni;V with a=3.577, b=7.285
(Fig. 4a).

Fig. 2. SEM microstructure of the investigated alloys: a), b) V-1-1
and V-2-1 after eutectoid decomposition, ¢), d) V-3-1and V-3-2 no
decomposition revealed

Material v inzinierskej praxi 2011

R PR LT R R R TR IAT]

cubie

:

200

111

- 100

311

Y N

20 30 40 50 60 70 80 90

110
=220

In of intensity (a.u.)

{

2theta (degrees)
counts/s
1Vl 200 |
¥ as received
1000 (111)Al E (200)A1 ;I after 35 daye agin
19 i
100~ ﬁr | \ 5
5 *fa -4 (Y
1041 b,

T T I [ ITF T[T I T TI T[T I TTT
35 40 45 50 55
°2Theta
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Also in this case peaks identified as Al phase were no-
ticed after 36 days of the room temperature ageing (Fig. 4b).
In both cases lattice parameters increased in comparison with
measured for the same structures in NiAIV alloys’, what sug-
gests that Niz;Al structure contains some Ti atoms, while Ni;V
structure contains Al atoms in the lattice.

XRD results concerning alloy V-3-1 (Fig. 5a) revealed
that dominating structure was tetragonal of the Ni;V the with
lattice parameters a = 3.565 and ¢ = 7.216 A. From the com-
parison with the crystallographic data base for the Ni;V phase
(a=3.54, c = 7.21-7.22 A) results that the lattice parameter
a is considerable larger for the investigated alloy after crystal-
lization, while ¢ parameter remains nearly the same. This may
suggest that Ti atoms preferentially locate at the base planes
of the elementary cell. Observed structure may as well repre-
sent metastable structure, of the transition character between
disordered cubic high temperature phase and the equilibrium
tetragonal one. Similar observation concerns XRD for the
V-3-2 alloy (Fig. 5b). Also in this case lattice parameters, a =
3.559, ¢ =7.257 A are larger than for the Ni;V lattice. As the
alloy did not contain Al, the ordering of Ti atoms should be
responsible for such observation.

4. Conclusions

The results presented above suggests that during crystal-
lization after CCLM, eutectoid decomposition proceeds only
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partially in the alloy V-2-1 of the near to eutectoid composi-
tion. Even in that case non-equilibrium phase Ni;Ti was
formed. In case of alloy with higher Al content metastable at
RT phase composition NizAl + solid solution was formed,
while in the alloys with 2.5 at.% or lack of Al Ni;V phase
formed. The structures of the phases are metastable in charac-
ter due to the presence of the atoms of additional elements
taking place in the ordering processes. Precipitation of the Al
phase after RT ageing looks to be competitive process for the
eutectoid decomposition. The eutectoid decomposition in the
system is slowdown process by the diffusion required by the
atomic ordering.

The project was financed by the Research Program of
the IMMS PAS 2008-2011, No Z-10, in 2010.
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The investigations of the phase composition and struc-
ture of the Ni-Al-V-Ti alloys prepared with use of the cold
crucible levitation melting are presented. SEM and XRD re-
sults showed that alloys containing 10 and 5 at.% Al were
subjected to the partial decomposition into Ni;Al and solid
solution or the Ni;Al, Ni;V and Ni;Ti phases. The alloys con-
taining 20 at.% V transformed to Ni;V phase. The structures
Ni;Al and Ni;V revealed increase of the lattice parameters,
suggesting metastable character. Temporary precipitation of
the Al may be competitive process to the eutectoid decompo-
sition.
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1. Uvod

Karbid volframu je ¢asto pouzivany vo forme povlakov.
Vyznacuje sa vysokou tvrdostou, stabilitou pri zvySenych
teplotach a vysokou odolnost'ou voci abrazivnemu opotrebe-
niu. Povlaky WC/C st zname nizkym koeficientom trenia.
Vzhl'adom na vysoku teplotu topenia WC (2870 °C), je prefe-
rovana priprava povlakov metédami nanasania z par'™.

Povlaky WC st aplikované na suciastky tribologickych
uzlov z konstrukénych oceli a na nastroje z nastrojovych oceli
a tvrdokovov. Vrstvy WC casto byvaju sucastou povlakov
s viacvrstvovou Strukturou.

Pri metédach CVD (Chemical Vapour Deposition) a PE
CVD (Plasma Enhanced Chemical Vapour Deposition) je ako
prekurzor Casto pouzivany WF4 s nosnym plynom Ar a uhlo-
vodik. Metody PVD (Physical Vapour Deposition) najcastej-
Sie magnetréonové naprasovanie v Ar plazme, vyuzivaju reak-
tivny spdsob s odpraSovanim W z tera za pritomnos-
ti uhlovodika, alebo odprasovanie z ter¢a WC, pripadne od-
praSovanie z teréov WC a C.

Nevyhodou CVD a PE CVD metdd pri priprave povla-
kov WC heterogénnou reakciou WFs s uhlovodikom je
vznik HF ako odpadového produktu, ktory méze byt spolu
s Ar ako nosnym plynom, zabudovany do rastiiceho povlaku.
Takto pripravené povlaky d’alej obsahujui vodik. Dalsou nevy-
hodou metéody CVD je nutnost’ vysokej teploty podloziek
800 °C az 1200 °C, ¢o vylucuje z povlakovania napr. hliniko-
vé zliatiny, a po povlakovani oceli ¢asto vyzaduje ich nasled-
né tepelné spracovanie. Nevyhodou PVD metdd je nizka
rychlost’ rastu povlaku, problémy s homogenitou povlaku na
Clenitych suciastkach, ako aj pritomnost’ Ar v povlakoch. Pri
reaktivnych spésoboch PVD s uhl'ovodikom povlaky obsahu-
ju vodik.

Z hladiska pripravy WC, WC/a-C, WC/a-C:H, a WC/
DLC vo forme povlaku, alebo ako vrstvy vo viacvrstvovych
povlakoch sa ako vhodna javi kombindcia metdéd PVD a
PECVD v jednom technologickom procese v ramci jedného
zariadenia s pouzitim prekurzora W(CO)s.

V prispevku je struéne popisana konstrukcia pridavného
zariadenia sublimator k PVD zariadeniu, spdsob pripravy
povlakov WC rozkladom W(CO)g a ich vlastnosti.
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2. Zariadenie a sp6sob pripravy povlakov WC

Pre pripravu povlakov WC bolo pouzit¢ PVD zariadenie
vlastnej konstrukcie ku ktorému bolo pripojené pridavné za-
riadenie sublimator schematicky znazornené na obr. 1. Toto
pridavné zariadenie sa cez prirubu 2 a doskovy ventil 4 pripa-
ja na vakuovi komoru 1 PVD zariadenia. V subliménej
komore 3 je ohrievana nadoba 5 s W(CO)s. Komora sublima-
tora 3 je po vlozeni karbonylu, erpana vakuovym systémom
7 cez ventil 6. Tok par karbonylu do komory PVD zariadenia
mozno regulovat’ po uzavreti ventilu 6 a otvoreni ventilu 4
jeho teplotou, od ktorej zavisi tlak par karbonylu.

Obr. 1. Schematické znazornenie PVD zariadenie a pridavného
zariadenia sublimator

Zavislost’ tlaku par W(CO)s na teplote je podFa* dana
rovnicou log p = 10,65 —(3872/T), kde p je tlak par vkPaa T
je absolutna teplota v K. Z rovnice vyplyva, ze tlak par W
(CO)s pri teplotach 20 °C az 40 °C je z intervalu 2,7 Pa az
19 Pa, ¢o umoziluje pri pracovnych tlakoch v komore PVD
zariadenia z intervalu 0,01 Pa az 10 Pa dosahovat’ pomerne
vysoké rychlosti sublimacie. Z uvedeného taktiez vyplyva, ze
nie je nutné pouzitie nosného plynu. Teplota rozkladu W(CO)e
je 170 °C.

Samotné nanasanie povlakov WC prebicha analogicky
ako pri PE CVD metode s jednosmernym elektrickym napa-
tim, kde na elektricky vodivé podlozky je pripojeny zaporny
elektricky potencial oproti kovovej vakuovej komore PVD
zariadenia ¢im sa v parach W(CO)s, alebo v zmesi tychto par
s Ar, alebo aj s C,H,, pripadne s N, vytvara plazma.
K rozkladu W(CO)¢—W + 6 CO a k reakcii 2 CO — C + CO,
za tvorby WC dochadza v priestore plazmy a na povrchu pod-
lozky. Reéalny mechanizmus rozkladu zrazkami molekal W
(CO)s s elektronmi a i6nmi je znacne zloZzitejsi, a da sa pri
fom predpokladat’ existencia fragmentov rozkladu W(CO)e
aj v exitovanom a ionizovanom stave.
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3. Experimentalne overenie sposobu pripravy
povlakov WC

Povlaky WC boli pripravené na kruhovych podloz-
kéach z nizko uhlikovej tepelne spracovanej ocele STN 12060
o priemere 50 mm a hrubke 4 mm. Podlozky po Cisteni
v acetone v ultrazvukovej Cisticke boli vlozené do drziaka
vakuovej komory PVD zariadenia. Komora bola od¢erpana na
medzny tlak 5-107 Pa. Pre odstranenie kontaminacie povrchu
podloziek vo forme adsorbovanych vrstiev z prostredia, bolo
pouzité odprasovanie iénmi Ar' v tlejivom vyboji. Na drziak
podloziek bol pripojeny zaporny elektricky potencial 5 kV
oproti uzemnenej kovovej vakuovej komore a do komory bol
naptstany Ar s prietokom 65 ¢cm’® min™'. Tymto postupom
boli podlozky ohriaté na teplotu do 200 °C. Po 15 min bola
vékuova komora spdtne odCerpand na medzny tlak a bol
otvoreny ventil sublima¢nej komory v ktorej sa nachadzal
W(CO)s. Boli pripravené povlaky pri totalnych tlakoch
z intervalu 0,02 Pa az 4 Pa pri zapornych elektricky potencia-
loch na podlozkach 0,5 kV a 5 kV a pri pradovych hustotach
na podlozke 0,8 mA cm™ a 1 mA cm ™. Povlaky boli pripra-
vované z W(CO)s v rezimoch bez dodato¢ného naptstania
plynu a s napustanim Ar, Ar+ C,H,, Hp, a N,.

4. Vlastnosti povlakov WC

Chemické zlozenie pripravenych povlakov bolo uréené
metodami EDX (Energy-dispersive X-ray spectroscopy)
a meranim hibkového koncentraéného profilu metédou GDOS
(Glow Discharge Optical Emission Spectroscopy). Z merani
vyplynulo, Ze zmenou parametrov obzvlast totalneho tlaku je
mozno pripravovat’ povlaky s pomerom W/C z intervalu 0,43
az 23. Fazové zloZenie bolo testované metédou XRD. Bola
zistend FCC  — WC,_, faza, kde 0,2 < x < 0,4. Metédou
TEM bola potvrdena nanokrystalicka §truktura a elektronovou
difrakciou bola potvrdena faza B — WC;_,. Metoda REM
(Rastrovacia elektronova mikroskopia) bola pouzita pre §tu-
dium S$truktar povlakov na lomoch. Bola zistend jemnozrnna

100,000  100mm

SEIl 150KV WD 13.9mm

Obr. 2. Morfolégia povlaku WC na ocel’ovej podlozke
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Struktira povlakov WC, ¢o zodpoveda vysokej pohyblivosti
Castic na povrchu povlaku pocas jeho rastu. Morfologia po-
vlaku WC o zlozeni W 70 at.%, C 30 at.% pripraveného na
ocelovej podlozke je dokumentovana na obr. 2. Tvrdost
povlakov WC merand nanoindentacne pri zatazeni 10 mN
v sinusovom moéde s amplitidou 1 mN, vykazovala hodnoty
8 GPa az 28 GPa.

Povlaky WC pripravené pri tlakoch 2 Pa az 4 Pa vyka-
zovali pri tribotestoch metéodou ball-on-disc oproti gulicke
z loziskovej ocele 100Cr priemeru 6 mm a rychlostiach
5cms?, 10ems™, al5cems™, koeficienty trenia 0,16 az
0,20.

5. Zaver

Z predkladanej prace vyplyva:

Bolo potvrdené, Ze popisanou metédou zalozenou na
sublimécii a naslednom rozklade W(CO)s je mozné
pripravovat’ povlaky WC.

Bol potvrdeny predpoklad moznosti ziskavania uhlika
pre tvorbu povlakov WC reakciou 2CO — CO2 + C,
pricom CO sa ziskava rozkladom W(CO)s — W + 6CO,
z ¢oho vyplyva, Ze pre pripravu povlakov WC nie je
nutné pozit’ uhl'ovodik.

Bola preukdzand nanokrystalickd faza - WC; _,.
Vv pripravenej vrstve.

Bolo potvrdené, Ze je mozné v zavislosti na parametroch
pripravy vytvarat’ vrstvy s ré6znou koncentraciou C a W
na zaklade ¢oho mozno predpokladat’, ze metdéda umoz-
ni pri atomarnych koncentraciach C/W > 1 vytvarat
vrstvy s nanokompozitnou Struktirou typu nc-WC/a-C,
nc-WC/C:H a nc-C/DLC.

Ako hlavny parameter urcujtci tribologické vlastnosti
vrstvy, v ramci doposial’ overenych parametrov pripra-
eficienty trenia 0,16 az 0,20 boli na vrstvach WC pri-
pravenych pri tlakoch 2 Pa az 4 Pa.

Na zéklade realizovanych experimentov je mozno pred-
pokladat’, ze popisany spdsob pripravy povlaku WC rozkla-
dom W(CO)s, kombinovanou metédou PE CVD — PVD bude
mozné analogicky pouzit’ pre pripravu povlakov kovov, nitri-
dov, karbidov, silicidov a boridov, rozkladom Cr(CO)s, Mo
(CO)6, OS3(CO)12, R-hs(co)m, RU3(CO)12, ReZ(CO)lo, ktoré su
pri izbovych teplotach a atmosferickom tlaku v tuhom sta-
ve, maju dostatocne vysoky tlak nasytenych par a dostatone
nizku teplotu rozkaldu.

Tato praca vznikla za podpory projektov APVV-0034-07
NANOHARDCOAT, MNT- ERA- NET B HANCOC a VEGA
¢.1/0378/08.
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M. Ferdinandy®, F. Lofaj*, J. Dusza®, D. Kottfer"
(“ Institute of materials research Slovak Academy of Science,
Kosice, b Technical university KoSice, Slovak Republic):
Preparation of Nanocrystalline WC Coatings by Plasma
Enhanced CVD-PVD Employing W(CO)s Decomposition

Coatings of WC on a steel substrate were prepared using
a novel combined Plasma Enhanced (PE) CVD/PVD method.
The method is based on the sublimation and decomposition of
tungsten hexacarbonyl in low pressure and temperature
plasma. The coating microstructure was controlled via modifi-
cation of haxacarbonyl vapor pressure, bias voltage and cur-
rent density on the substrate. Phase composition of the coat-
ings was investigated by X-ray diffraction, microstructure and
local chemical composition by SEM/EDX and GDOS. Micro-
tribotester was used to investigate friction coefficient of the
coatings. Optimum conditions for the preparation of the coat-
ings were determined based on the lowest friction coefficient.
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KOMPOZITNE MATERIALY NA BAZE CAHCENYCH BETONOV

ANNA SEDLAKOVA, MOHAMAD AL ALI
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040 01 Kosice, Slovenska republika
anna.sedlakova@tuke, mohamed.alali@tuke.sk

KTacové slova: spodna stavba, tepelna izolacia, stabilizacia
podlozia, budova osadena na teréne

1. Uvod

LCahéeny beton je kompozitny material na baze hydrau-
lickych spojiv  (cement), organického Tlahkého plniva
(polystyrén, technickd pena) a roéznych prisad. Materidly na
tejto baze st zname uz viac ako pédt'desiat rokov. Lahceny
beton je stavebny material, ktory kombinuje nizku objemovt
hmotnost’ s primeranou pevnost'ou, dobrymi tepelnotechnic-
kymi a zvukovo-izola¢nymi vlastnostami._V stavebnej praxi
je vhodny pre vsetky vodorovné konstrukcie, ako vypliovy,
tepelnoizolaény I'ahky material.

Vzhladom k pomerne dobrej sudrznosti, pevnosti
v tlaku a inym mechanickym vlastnostiam a novym vymoze-
nostiam modernej technologie st tendencie pre rozsirenie
moznosti vyuzitia ah¢enych betonov do viacerych oblasti
zakladania stavieb, zlepSenia geologickych pomerov zaklado-
vej pody, alebo ich priame pouzitie ako plosny tuhy podklad
nahradzajuci zakladova konstrukciu (dosku) menej naroénych
objektov.

2. MozZnosti konstrukénej tvorby a aplikacie
Pahceného betonu v podlahovej konstrukeii

Spravny navrh konstrukénych detailov je jednym
z krokov, ktorym prispejeme k zniZzeniu energetickych naro-
kov na vykurovanie a prevadzku budov osadenych na rastlom
teréne a suCasne zvySujeme kvalitu vnutorného prostredia
ako aj vykonnost na pracovisku.

V ramci konstrukéného rieSenia, v nasom pripade detailu
styku obvodovej steny, zakladovej konstrukcie a podlahy je
potrebné zohladnit’ okrem kons$trukénych poziadaviek aj po-
ziadavky tykajuce sa tepelnej ochrany budov, statiky, hydroi-
zolacnej techniky, poziarnej bezpecnosti, protiradénovych
opatreni, ekonomiky a v neposlednom rade aj vplyvu vonkaj-
Siecho a vnutorného prostredia. Vyznamnu ulohu zohrava aj
vol'ba materialu, mnozstvo tepelnej izolacie, ale aj vzdjomna
kombinacia a umiestnenie v konStrukénom detaile. Prave
splnenie tychto poziadaviek je tym rozhodujucim faktorom,
ktory prispieva k optimalizacii vysledného navrhu konstruk¢-
ného detailu.

Analyzou daného konstrukéného detailu bolo poukazat
na vplyv polohy, vzajomnej kombinacie tepelnej izolacie, ako

3D
s
i

Obr. 1. Schematické znizornenie pre modelovanie konstrukéné-
ho detailu v simulaciach 2D a 3D

aj na celkové rieSenie a spravny navrh konstrukénych de-
tailov, v naSom pripade detailu styku obvodovej steny, zakla-
dovej konstrukcie a podlahy’.

Namodelovali sme spolu Sest’ pripadov, ktoré charakteri-
zuju mozné umiestnenie a vzajomné kombinacie tepelnej
izolacie pri aplikacii v konstrukénom detaile spodne;j
stavby, Tab. I, pri splneni vSetkych normovych
a konstrukénych poziadaviek obr. 1. Ide o kombinéciu tepel-
nej izolacie s betébnovou mazaninou varianty F, G, H
a kombindciu tepelnej izolacie s polystyrenbetéonom varian-
ty I, J, K. Ziskané udaje su orienta¢né, platné len pre posudzo-
vanu budovu, resp. konstrukény detail, pri danych okrajovych
podmienkach a pouzitého druhu stavebnych materialov.

Tabulka I
Konstrukéné tipravy pre jednotlivé posudzované varianty

Uprava konstruk&ného detailu

Variant
1 2 3 4 5 6 7 8
F X X X
G X X X
H X X X
1 X X X
J X X X
K X X X

s445

1 — Zateplenie obvodovej steny EXP v hr. 100 mm, 2 —
Zateplenie zdkladu EXP v hr. 80 mm, 3—4-5 — Zateplenie
podlahy EXP v hr. 80 mm v dizke: 3 - 1,0 m, 4 — 1,5m, 5 —
2,0 m od vnutorného povrchu obvodovej steny + betonova
mazanina, 6—7—-8 — Zateplenie podlahy EXP v hr. 80 mm
v dizke: 6 — 1,0 m, 7 — 1,5 m, 8 — 2,0 mod vnatorného po-
vrchu obvodovej steny + polystyrén beton.
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2. 1. Vysledky 2D a 3D modelovania detailu

Rozlozenie teplot a tepelnych tokov pod budovou a v jej
bezprostrednej blizkosti uzko stvisi s korektnym vypoctom
celkovych tepelnych strat posudzovanej budovy®. Analyzou
daného konstrukéného detailu bolo poukazat’ na vplyv polo-
hy, vzajomnej kombinacie tepelnej izolacie, ako aj na celkové
rieSenie a spravny navrh konstrukénych detailov, v naSom
pripade detailu styku obvodovej steny, zakladovej konstrukcie
a podlahy.

Z analyzy konstrukéného detailu teda vyplyva, ze
z hladiska hygienickej poziadavky na minimalnu povrchovi

T
Variant K D S 19,0C
2D 8 2 IR 180T
L S g— ot
- - 16,0T
2 150C
2 140T
13,0T
12,0T
11,0T
10,0C
9,0C
500 500 500 500 500
1 2 3 4 5 6
— e i
RN 7
< W
v 3 7
.
< N //
N 7 15,78 °C 313,10 °C
ﬁ' Splia hygienické kritérium

Obr. 2. Grafické znazornenie priebehu teplot na povrchu podlahy
pre variant K

+14,3 °C

Osi 3 Osi,y= Osi,gy + A Osi°

15,78 °C > 13,10 °C
Spia hygienické kritérium

Obr. 3. Grafické znazornenie priebehu teplét v rohu pre variant K
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teplotu, v nasom pripade povrchovu teplotu sz, y= +13,10 °C,
ktoru je potrebné dosiahnut’ v kazdom posudzovanom mieste,
vyhovelo vSetkych Sest’ variantov detailu, obr. 2. Pri simulo-
vani pomocou 3D sme zistili, ze z hl'adiska hygienickej pozia-
davky na minimalnu povrchovu teplotu, v naSom pripade
teplotu Osi,y = +13,10 °C, ktoru je potrebné dosiahnut’
v kazdom posudzovanom mieste, nevyhovelo ani jedno
z vybranych posudzovanych variantov detailu. Tuto poziadav-
ku splnil len variant K doplneny o tepelnt izolaciu narozia vo
vzdialenosti 1,0 m na obe strany a to po uroven terénu variant
K, tento variant sme vyhodnotili z tepelno-technického ako
aj ekonomického hl'adiska ako najvhodnejsi, obr. 3.

3. Vyuzitie Pah¢eného betonu pri zakladani
stavieb

V suvislosti s moznostou vyuzitia 'ahéeného beténu pri
zakladani stavieb bola vypracovana parametricka $tiidia, ktora
analyzovala rozne alternativy, postupy navrhu a hodnotenia
dosiahnutych vysledkov?. Ako material pre uvedenu §tidiu sa
vyuzil penobetdn, ako jedna z moznych modifikacii l'ahkych
betonov. Jeho orienta¢né mechanické vlastnosti su uvedené
v Tab. II.

Tabul’ka II
Mechanické vlastnosti penobetonu

P E Edef Cu Pu v R.
(kgm”) (MPa) (MPa) (kPa)  (°) () (MPa)
300-500 430-450 170-290 400-550 28-31 0,4-0,9 0,6-1,2

3.1. Predpoklady vypoctovych modelov

Vypoctové modely boli vypracované v réznych varian-
toch s hrubkami penobetonovej vrstvy 0,3-0,6 m s pouzitym
priemernych hodndt z Tab. II, a redlne zvoleného geologic-
kého profilu. Vzhl'adom nato, ze vrstva penobeténu nie je
vystuzena nijakou vystuzou bolo predpokladané, ze podklado-
vy betoén hornej stavby je dostatocne vystuzeny a tuhy — kvoli
rovnomernému roznosu zat'azenia do vrstvy penobetonu.

Uvedené predpoklady umoziiuji uplatnenie tedrie, Ze
tuha stavebna konstrukcia pdsobi na zakladovii pddu rovno-
mernym zatazenim, pricom pri ur¢itej hodnote tohto zat'aze-
nia vznikne pod hranou zakladu plastickd oblast’, t.j. oblast’
v ktorej sa zékladovd poda porusi Smykom. Predpokladané
parametre Smykovej plochy pod zédkladom st znazornené na
obr. 4, kde z, je hibka $mykovej plochy, do akej sa u&inok
zat'azenia prejavi v zakladovej pdde nachadzajicej sa pod
zakladovou skarou a /; je dosah Smykovej plochy.

Obr. 4. Tvar Smykovej plochy
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Obr. 5. Prvy variant rieSenia

Obr. 6. Druhy variant rieSenia

Takto definovana tloha bola modelovand s roznymi
hriibkami penobeténu v dvoch variantoch. V prvom variante
sa uvazovalo s vrstvou penobetonu iba ako nahrada $trkového
,.vankusa“ pod tuhou zékladovou konstrukciu — kvoli vypoctu
napitia na zékladovej pdde tesne pod penobetéonom.
V druhom variante sa ¢ast’ zvoleného geologického profilu
nahradila vrstvou penobeténu — kvoéli ziskaniu hodnoty kon-
taktného napdtia na rozhrani tuhého podkladového betdonu
a vrstvy z penobeténu. V tomto ariante, pre vypocet hodnoty
kontaktného napitia vznikajiceho na vrstve zeminy F6 geolo-
gického profilu, bolo vo wvrstve penobetonu uvazované
s roznosom zat'azenia pod uhlom 30°. Uvedené Gvahy st zna-
zornené na obr. 5 a 6, kde d je hrubka tuhého podkladového
betdnu a 4 je hrubka vrstvy penobetonu.

3.2. Vysledky vypoctu

Z vypoctu podla uvedenych variantov s hribkami vrs-
tiev penobetonu 0,3-0,6 m vzniklo kontaktné napitie
v intervale 122—-241 kPa (hodnota 241 kPa vznikla iba lokalne
v rohoch uvazovaného modelu), pritom vypoctova unosnost’
zakladovej pddy bola v intervale 248,16—409 kPa, t.j. vrstva
penobetdonu bola postacujuca uz pri hriibke 0,3 m.

s447
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Z uvedeného vplyva, Ze z hl'adiska principu sa penobe-
ton javi ako vhodna alternativa pre rieSenie problémov so
zlepSenim vlastnosti zakladovej pody, alebo ako ndhrada vrs-
tiev Strkodrvy resp. pre stabilizaciu podlozia.

4. Zaver

Tepelna izolacia je dnes slovo, ktoré sa sklofiuje vo vset-
kych padoch predovsetkym s ohl'adom na rastiuce ceny ener-
gie a v sulade s dlhodobymi strategickymi ciel'mi zniZovania
emisii a zlepSovania energetickej naro¢nosti budov. Co je aj
predmetom Smernica FEurdopskeho parlamentu a Rady
2010/31/EU zo dna 19. maja 2010 o energetickej narocnosti
budov. Eurdpska tnia prijala zavézok znizit' do roku 2020
celkové emisie sklenikovych plynov asponi 0 20 % oproti roku
1990, znizit' ku rovnakému datumu spotrebu energie v kraji-
nach EU o 20 % a dosiahnut’ u celkovej spotreby energie
20 % podielu z obnovitelnych zdrojov. K tomu méze prispiet’
aj SirSie vyuzivanie lah¢enych betonov.

Penobeton alebo polystyrén-beton, ako jednd z moznych
modifikacii l'ahéenych betdonov prinasa minimalne pritazenie
malo Gnosnych a vel'mi stladitelnych podlozi, vyrazné znize-
nie tepelnych strat cez konstrukciu podlahy objektu, Gsporu
finan¢nych nakladov pri jej realizécii, ako aj nezanedbatelné
skratenie Casu realizacie. Jeho hlavnymi prednostami v po-
rovnani s tradinymi materialmi su vysoky tepelny odpor,
nizka objemova hmotnost, efektivna doprava na ktorékol'vek
miesto stavby spolu s jednoduchou spracovatelnostou a pri-
merana pevnost’ po vyzreti-.

Tato prdaca vznikla za podpory projektu VEGA
¢. 1/0673/10, podporovaného Vedeckou grantovou agentirou
MS SR a SAV.
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Foam-concrete, eventually polystyrene-concrete, as one
of the possible modifications of lightweight concrete brings
a minimum additional loading of low-bearing and highly
compressible soils, provides a significant improving of ther-
mal properties of building floor structure and saving its reali-
zation financial costs, as well as non-negligible reduction in
execution time. The main advantages, compared with tradi-
tional materials, are good thermal resistance, low density,
effective transport to any construction site with easy worka-
bility and adequate strength after consolidation.
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1. Introduction

The properties of advanced ceramics that make them
suitable for tribological applications are low density, high
hardness, compressive strength and corrosion resistance over
a wide temperature range'”. Alumina based ceramics are dur-
ing the last years increasingly applied as wear parts in differ-
ent applications. The wear properties of pure alumina and
ceramic nanocomposites are determined by numerous charac-
teristics, for example grain size, modes of microcracks propa-
gation, grain dislodgement and pull-out, weight loss, wear
rate, residual porosity and stresses.

Alumina/SiC nanocomposites are much more resistant to
severe wear than monolithic alumina'. The wear properties
depend strongly on the grain size in pure alumina, but in the
case of nanocomposites, these are reported to be independent
on the size of alumina grain. A. Limpichaipanit and R. L
Todd? tested the nanocomposites Al,O;+5 and 10 vol.% SiC
in abrasive wear and observed improvement in wear resis-
tance which stems from a reduction in the size of the individ-
ual pullouts caused by brittle fracture owing to the accompa-
nying change in fracture mode. They reported that a large
fraction of the worn surface of alumina has been removed by
“pullout”. The nanocomposites display smoother worn sur-
faces with much less pullout.

The aim of this investigation is to study the influence of
SiC addition on the wear behaviour of Al,05/SiC nanocompo-
sites at room and high temperatures up to 700 °C.

2. Experimental procedure

The SiC reinforced Al,05; composites used for the pre-
sent study were prepared by hot-pressing of a pre-pressed
powder mixture in a graphite mould at a temperature of
1550 °C for 5 min and a pressure of 30 MPa in a static argon
atmosphere with overpressure of 15 kPa. In all hot pressing
runs, a pressure was aplied at 900 °C and was maintained
during heating. The heating and cooling rates rate were 30
and 20 °C min"!, respectively. The pressure was released
during cooling at 1200 °C and specimens were left to cool in
the die to room temperature. The resulting composite materi-
als contained 5 % (AMS), 10 % (AM10), and 20 % (AM20)
volume of SiC phase.

Tab. I illustrates some mechanical properties of the ma-
terials used in this investigation. The wear behavior of the
materials was studied by unlubricated ball-on-disk experi-
ments (on the high-temperature tribometer DTHT 70010,
CSM Instruments, Switzerland), as shown in Fig. 1. The condi-
tions of the experiment: applied load 5 N, sliding distance 500 m,
sliding speed 0.1 m s~ and temperatures 25 °C, 300 °C and
700 °C. The friction coefficients were continually recorded
during the tests and wear volume on each specimen was cal-
culated from the surface profile traces (at least 4) across the
wear track and perpendicular to the sliding direction using the
profilometer (Mitutoyo SJ-201, USA). The wear tracks were
then examined by SEM to investigate the wear mechanisms.
The specific wear rate (r) is given by:

v {mmq (1)

r

=E Nm

where F is the loading force [N]; L is total sliding distance
[m]; and V is worn volume [mm®].

V= A(Zﬂr)[mms] )

where A4 is the average value of four different measurements
of cross section area of the wear track estimated by profilome-
ter [mm?]; and r is the sliding radius [mm].

Table I

Mechanical properties of specimens

Samples Density Hardness [GPa] Kic
[g/em’] HV1 HV5  [MPam'?]

AM 4.008 192409 17.1+0.6 3.4440.2

AMS 3.947 19.8+0.6 17.4+0.7 3.2540.2

AM10 3.884 21.9+04 18.7+0.5 3.04+0.1

AM20 3.748 21.2+04 182403 3.45+0.1

5N © 12 mm Disc

© 6 mm ALO, Ball

N\

Fig. 1. Schematic illustration of ball-on-disc type wear test
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3. Results and discussion

In Fig. 2 characteristic microstructures of the monolithic
alumina and the Al,0;+5 vol.% SiC composite is illustrated.
The alumina consists of grains with size of several microme-
ters with maximum size up to 10 um. The composite exhibits
significantly finer microstructure in comparison to the alu-
mina with the size of grains approximately 5 um. Silicon

Fig. 2. Microstructures of the materials (a) AM, (b) AM5
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Friction coefficient
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Temperature [°C]

—T—
100 800

Fig. 3. Dependence of friction coefficients on temperature at slid-
ing distance of 500 m
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carbide nanoparticles are visible in the microstructure of the
composite, located inter and intragranularly, with the size
from several tens to several hundreds of micrometers. No
cluster of SiC nanoparticles has been found in the microstruc-
ture of composites with low volume fraction of SiC, however
in the Al,O; +20 vol.% SiC composite some clusters have
been found.

Fig. 3 illustrates the influence of temperature on friction
coefficient during the sliding distance of 500 m. As it is visi-
ble the friction coefficient increased with increasing tempera-
ture. At room temperature the friction coefficient of the com-
posites is similar, and exhibits a value around 0.35.

The coefficient of friction of alumina is higher, about
0.4. The friction coefficients at 300 °C and at 700 °C are sig-
nificantly higher for all materials. The tendency valid at room
temperature seems to be retained, the friction coefficient de-
creases with increased SiC content. The lowest friction coeffi-
cient at 700 °C was found for the system of Al,O;+20 vol.%
SiC with the value of 0.65.

During the tribology tests of the composites at room
temperatures and 300 °C the wear volume was very low and
the wear tracks couldn’t be measured by the profilometer
because of their small size. In the monolithic alumina the
specific wear rate at the temperature 300 °C was 38.4x10™
mm’ N~ m™. In all Al,O5/SiC, composites the wear resistance
seems to be significantly higher in comparison to the mono-
lithic alumina.

Comparison of the wear rates at 700 °C is illustrated in
Fig. 4. The beneficial effect of the higher volume fractions of
SiC particles is clearly visible. In spite of the fact that there is
no significant difference in the hardness and fracture tough-
ness values of the monolithic alumina and Al,O; + 20
vol.% SiC composite the difference in wear resistance is sig-
nificant. The wear resistance in AM10 and AM20 composites
is approximatelly three times higher than that of the mono-
lithic alumina.

Our results are in a good agreement with the results of
Guicciardi et al.” who investigated the influence of the micro-
structure on wear behavior of Al,O;-based composites, (with

-5y 3 o,
T ote (10”) [mm’/N.m] at 700 °C

AM5
Samples

AM20

Fig. 4. The specific wear rate of the samples at 700 °C
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Fig. 5. Characteristics of the worn surfaces of the disc tested at at
room temperature: (a) AM, (b) AMS

5 vol.% SiC sub-micron-sized particles) tested at RT, 40N-0.5
m ™', 10 km. They reported the values of friction coefficients
from 0.6 to 0.8 and disk specific wear from 0.9 ~ 2.0 10°°
g km™ N™" and pin specific wear 1 ~3 g km™ N, In the case
of pure alumina the test wasn’t finished because of high val-
ues of friction coefficient (about 1.0) due to the rough su-
face of wear track. In the limited portions recorded, the
disk/pin wear for this distance was about 1050 g km™' N
and 75 g km™ N7, respectively’.

Examples of the worn surfaces of the monolithic alumina
and ALOs; + 5 vol.% SiC composite tested at room tempera-
ture are given in Fig. 5. The difference in the damage mecha-
nisms is visible. The worn surface of the composite is
smoother, little damaged with less microcracking and fewer
scale-like features typical for fatigue processes in cyclical
wear. The SiC particles seem to enable easier particle pull-out

Fig. 6. Wear damage in AM20 composite at 300 °C
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Fig. 7. Wear damage in AM20 composite at at 700 °C

and self polishing of the worn surface. Fig. 6 and 7 illustrate
a comparison between the wear tracks of Al,O;/SiC compos-
ite with 20 vol.% of SiC particles after the test at elevated
temperatures. The tracks produced at 300 °C are very faint
and shallow with periodic microcracking perpendicularly
located to the direction of main track. The distance between
the microcracks is approximately 15 um. The damage in the
material between microcracks is significantly lower. The main
wear mechanisms identified were grain fracture and grain
comminution at the temperature 700 °C. The wear track of
alumina produced at 700 °C was wider and more significant
than that in the composite with 20 vol.% SiC (see Fig. 7).

4. Conclusions

The influence of SiC addition on the wear behaviour of
Al,05/SiC nanocomposites at room and high temperatures up
to 700 °C has been investigated. The wear resistance of the
monolithic alumina was significantly lower than that of the
composites at room and elevated temperatures. Plastic defor-
mation, combined with brittle fracture was identified as the
main wear mechanisms. Their intensity was different and
correlated to the wear resistance of the materials.

The coefficient of friction of the composites was lower
in comparison to that of monolithic alumina at all tempera-
tures. At the high temperatures during the friction process,
microcracks develop due to surface fatigue, which are the
origin of severe wear damage during the test.

This work was supported by APVV LPP 0174-07, VEGA
2/0088/08, VEGA 2/0120/10 and MNT-ERA.NET HANCOC.
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The influence of SiC addition on the wear behaviour of
AlL,O3/SiC nanocomposites at room and high temperatures up
to 700 °C has been investigated. The presence of SiC parti-
cles has a positive effect on the room and high temperature
coefficient of friction of Al,O;/SiC nanocomposites. The wear
resistance of composites was significantly higher at all tem-
peratures in comparison to the monolithic alumina. Plastic
deformation, combined with crack formation and brittle frac-
ture were the main wear mechanisms.
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MICROSTRUCTURE AND PHASE ANALYSIS OF 0.5Cr-0.5Mo-0.25V
CREEP-RESISTANT STEELS AFTER LONG-TERM SERVICE

ANNA VYROSTKOVA®, MILAN SVOBODA”,
VIERA HOMOLOVA®, LADISLAV FALAT?,
JAN KEPIC*

Table I
Chemical composition of experimental steels in wt.%

Sample C Mn Si Cr Ni Mo v Ti Nb N
a . . .
Institute of Materials Research, Slovak Academyhof Sciences, B oE oo o om R
Watsonova 47, 040 01 Kosice, Slovak Republic, ° Institute of
Physics Materials, Academy of Sciences of Czech Republic, S W L LA Uy W W (GRS U
Zizkova 22, 616 62 Brno, Czech Republic 15 009 050 020 040 061 028 0003 0020 0010
avyrostkova@imr.saske.sk
16 012 060 013 048 0.63 023 0003 0023 0005
; : 7048 0. ! : 57026 0. !
Key words: Low-alloy steels, microstructure, phase analysis, tul i i k) S Sl
thermodynamic calculations JP 015 053 026 0.59 042 026
. Chemical composition is given in Table I. All samples were
1. Introduction chosen from the areas of the parent metal apart the weld

Low alloy 0.5Cr-0.5Mo-0.25V steels have been exten-
sively used in power industry in the form of pipes and for-
gings approximately from the 60-ties in the last century. In
spite of their relative mild alloying they are able to operate in
conditions of the high temperatures, up to 580 °C, and in-
creased pressures. This is due to the long term microstructure
stability during service that is achieved by proper heat treat-
ment (HT), the normalizing at 950-990 °C and tempering
between 600-730 °C. The chosen HT procedure results in a
complex mixed microstructure (ferrite + pearlite, ferrite +
bainite, bainite, bainite+martensite) with primary and/or sec-
ondary particles of the cementite, molybdenum-rich carbides
M,C and MC, (Cr, Fe)-rich carbides M»;Cs and M-;C; and
complex MX carbonitrides. During the exploitation at high
temperatures the particles can precipitate, grow, and dissolve
in dependence on their thermodynamic stability'*. Moreover
the particles simultaneously interact with dislocations what is
one of the crucial phenomena influencing the creep behaviour
of the material. Precipitate characteristics like the size, mor-
phology, distribution, chemical composition etc. are the vari-
ables used in correlation with mechanical properties and their
degradation.

Also for the reliable component life design and the pre-
cise remnant life estimation of the component, one should
know what exactly happens with individual phases in the
respective alloy and environment conditions. This kind of the
material is used also in atom power stations where the detail
microstructure analyses after the exploitation are done with
the intention to prolong a component life-time via thermo-
mechanical treatment, e.g. (ref.®). The present study is a part
of the work dealing with the phase analysis in ex-service ma-
terials for energy industry after 17-20 years in service.

2. Experimental

For experiments the samples of six steels aged for al-
most 200,000 h at 568 °C in service (JP at 540 °C) were used.
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joints.

Microstructure of the materials was investigated by LM
and analytical STEM. The EDXS and SAD methods were
used for the identification of particles in carbon replicas. For
an equilibrium calculation of the phases and their composition
in the materials a software Thermo-Calc was employed.

3. Results
3.1. Hardness and microstructure

Materials 12, 14, 15 achieved the HV10 values of 130,
for samples 16, 24, and JP they were higher, 136, 148, and
179, respectively. The microstructure of main steam pipes
materials 12, 14, 15, 16 is tempered, consisting of ferrite (F)
and particles of two size categories (see Fig. 1). The 1-10 um
large particles are embedded at the grain boundaries, while
there are smaller particles in the matrix. In vicinity of the
large particles, the precipitate-free areas can be seen. The
character of sample 24 from reheat pipe-work is similar, only
the particles on the grain boundaries are smaller, up to app.
5 pm.

A banded microstructure has been revealed in the sample
JP, Fig. 2. The wide bands of ferrite alternate with narrow
bands of spheroidized pearlite (P).

Fig. 1. Illustration of the tempered microstructure of materials
12-16 consisted of ferrite-carbide mixture, SEM
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Fig. 2. Metallography of tempered banded ferrite+pearlite micro-
structure in sample JP, a — LM, b — SEM

3.2. Phase analysis

Large particles at the grain boundaries have been ana-
lyzed as (Fe, Cr, Mo)-rich particles of the M»;Cs type. This
kind of particles is present in all materials except for 15 one.

Densely precipitated particles in the matrix are of two
types, V-Mo-rich MX carbides and/or carbonitrides and Mo-
V rich particles of M,C, Fig. 3a, ¢, d. They were found ar-
ranged in the form of so called H-type carbides, notable in the
samples 12—-16V, Fig. 3b.

Moreover the fiber-shaped VC has been found, Fig. 4b.
JP sample differs from the others by the presence of coagu-
lated cementite in the localities of spheroi-dized pearlite,
Fig. 4a.

The calculated phase diagram for the systems corre-
sponding to the experimental steels is shown in Fig. 5a, ex-
cept for the steel JP the phase diagram of which is in Fig. 5b.

Fig. 4. a — Cementite in JP sample with SAD TEM, carbon rep-
lica, b — Fibrous form of VC carbide

THERMG-CALC: Fe-Cr-Mo-V-Mn-Si-Nb-C-N THERMO-CALC: Fe-Cr-V-Wa-Mn-5i-C
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Fig. 5. Calculated diagrams for a — steel 15, b — steel JP
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4. Discussion

The presence of spheroidized pearlite in the microstruc-
ture of pipes suggests that a slow cooling rate was used at
their production. Any of the investigated steels does not con-
tain cementite in equilibrium conditions. The steel should
contain less Cr to get close to/into the area representing
a system with cementite as the equilibrium phase, Fig. 5b.
This example supports the idea, that a relatively small change
in the chemical composition together with the HT used may
have a decisive influence on the microstructure of the low
alloy steels®.

There is a large variety of (V,Mo0)(C,N) particles in the
investigated materials. A part of MX carbonitrides occurs in
the form of larger particles (100—300 nm) compared to the
smaller ones (30 nm). This kind of bimodal MC particles
distribution is described by Senior’. The larger square shaped
particles often form so called H-carbides, when Mo,C rods
nucleate at the sides of MX particles enriched with Mo from
the solid solution, and grow partly at their expense®®. Accord-
ing to Carruthers and Collins’, VC is intensively exchanged
by Mo,C up to 600 °C. In (ref.®) Collins shows that Mo,C is
major carbide in a similar material after 100,000 h aging at
570 °C. The phenomenon is explained in (ref.”'’) by the
change of thermodynamic stability of the mentioned carbides
at temperatures around 600 °C. MC carbide is the first carbide
to precipitate thanks to the chemical activity of V and to the
fact that its formation minimizes the chemical potential of C
(ref.%) It can precipitate as the inter-phase precipitate during
y—a trans-formation, randomly dispersed precipitates, on
dislocations in remaining austenite, and occasionally in fi-
brous form*. The inter-phase and fibrous forms are known to
deteriorate the toughness of the materials''. Small areas of the

fibrous MC were found in our JP and 16 samples, Fig. 5.
Chemical composition of MX and M,C particles is plot-
ted in pseudoternary phase diagram, Fig. 6. All data points lie

Fig. 3. Fine precipitation in the matrix. a — overall view, b — H-
carbides, ¢ — VC with SAD, f-rod-like M,X with SAD
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Table IT
Comparison of calculated and experimental results at 841K
(sample JP at 813K)

Sample Calculated Measured

12 F+MX+2+23 F+MX+2+23
14 F+MX+2+7 F+MX+2+23
15 F+MX+2 F+MX+2

16 F+MX+2+7 F+MX+2+23
24 F+MX+2+23 F+MX+2+23
JP F+MX+2+7 F+MX+23+3

F- ferrite, 2- Mzc, 3 - M3C, 7- M7C3, 23 — M23C6

Fig. 6. MX and M,C carbide composition changes

around a tie line joining the V and Mo corners and document
the variability of V/Mo ratio in both particle types, 1.0+6.3 in
MX and 0.2+0.5 in Mo,C before achieving the equilibrium
state. The ratio calculated for equilibrium conditions is app.
1.6 for MX and 0.05 for Mo,C. In both cases a very small
amount of Nb was detected.

M,;3Cs carbides precipitate at the grains of former austen-
ite and during annealing are growing to large sizes, Fig. 1. In
all experimental steels the carbide contains 73—-84 wt.% of Fe
in the metallic part. These values are roughly comparable with
the calculated equilibrium composition (app. 65 wt.).

The experimental and calculated equilibrium phases at
the exploitation temperatures are compared in Table II. The
presence of Cr-rich particles in both forms is common for the
studied steels and depends on the chemical composi-tion,
Fig. 6. Moreover as mentioned in 12 the M;C; carbide pre-
cedes the My;Cq one in low alloy steels, and the higher Cr/Mo
ratio supports the existence of M,;Cq. The composition very
close to the line between two phase areas can explain the
presence of cementite in the JP material, Fig. 5b.

Concerning the hardness, the relatively small values after
the service could be explained by the reduction of solid solu-
tion strengthening. This results from Mo depletion from solid
solution due to the precipitation of Mo,C carbide particles.
The highest hardness of JP material can be related to the
shorter time and lower temperature of service and hence more
solute remaining in solid solution.
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5. Conclusions

The detailed study of phases precipitated after long term
exploitation can be summarized as follows:

The 1/2Cr-1/2Mo-1/4 V alloys consist in equilibrium of fer-
rite, MX, Cr-rich M;C; or M,3;Cq and Mo,C phases.

The chemical composition of carbides after the exploitation at
high temperatures is comparable with that calculated for
equilibrium conditions.

Bimodal distribution of MC particles was observed.

MX varies from V-rich to V,Mo-rich carbide and continu-
ously changes to M,C with variable Mo-V content.

The work has been carried out partly in the SFP project
SmartWeld, VEGA project No. 2-0128-10 and APVV SK-SL-
0029-08.
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Microstructure and Phase Analysis of 0.5Cr-0.5Mo-0.25V
Creep-Resistant Steels After Long-Term Service

The work characterizes the microstructure and phase
analysis of the precipitates present in six low-alloy 0.5Cr-
0.5Mo0-0.25V creep-resistant steels after long-term service.
Four samples were from main steam piping and two samples
from re-heat pipe-work. Chemical analysis and identification
of the precipitates were carried out by energy dispersive X-
ray spectroscopy (EDXS) and selected area electron diffrac-
tion (SED), respectively. Thermodynamic calculations for the
studied 0.5Cr-0.5Mo-0.25V steels were performed by soft-
ware Thermo-Calc. The steels in equilibrium state consist of
ferrite, MX, Cr-rich M;C; or My;Cg and Mo,C phases.
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ristiky, tryskanie, elektrochemicka impedancna spektroskopia

1. Uvod

Hor¢ik a jeho zliatiny si vyznamnym konstrukénym
materialom z dévodu ich nizkej hustoty, ktora dosahuje $tvrti-
nu hustoty oceli a dve tretiny hustoty hlinikovych zliatin.
Vzhladom na znizovanie hmotnosti vyrobkov si horc¢ikové
zliatiny nasli uplatnenie v mobilnej elektrotechnike, teleko-
munikaciach, dopravnom priemysle a pod. Okrem toho su Mg
zliatiny dobre zlievatel'né, opracovatelné a maju vynikajiucu
schopnost’ tlmenia kmitov. NajvyznamnejSou nevyhodou
horéika a jeho zliatin je ich nizka odolnost’ voéi kordzii'?.
Legovanim zliatin na baze Mg-Al kovmi vzacnych zemin
(RE) mozeme zvysit mechanické vlastnosti pri izbovych aj
zvysenych teplotich®™. Pridavok RE ma pozitivny vplyv na
kordzne vlastnosti Mg zliatin v beznych prostrediach™®.

Tryskanie je technika opracovania povrchu materialov za
studena, ktorej vysledkom je vznik tlakovych zvyskovych
napiti v povrchovych vrstvach materialu, ¢o obmedzuje nuk-
le4ciu a Sirenie trhlin pri cyklicky namahanych stucastiach. Ma
teda vyznamny vplyv na tnavovi odolnost’ kovovych
materialov’ ™. Okrem toho sa tryskanie pouziva pri &isteni
kovovych povrchov, na Gpravu povrchov pred nanasanim
vrstiev a povlakov. Vplyv tryskania na koréznu odolnost’
horéikovych zliatin je otazny z dovodu ich vysokej reaktivity.

2. Experimentalny material

Ako experimentalny material sme pouzili horéikova
zliatinu AE21 (zloZenie podla ASTM: 2 hm.% Al, 1 hm.%
RE, 0,3 hm.% Mn, zvySok Mg) po priamom extrudovani,
ktoré bolo realizované v laboratériach Technickej univerzity
v Clausthale, Nemecko, pri 370 °C s extriznym pomerom 22.

Tryskanie povrchov experimentalnych materialov bolo
uskutonené na Katedre technologii a materialov SjF TU
Kosice na pneumatickom tryskacom stroji TJVP-320, pri
tlaku 0,4 MPa a vzdialenosti dyzy od povrchu vzorky
200 mm. Ako tryskaci prostriedok bola pouzitd sdda
(NaHCO3).
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Mikrostruktara skusSanej zliatiny je tvorend polyedricky-
mi zrnami tuhého roztoku hlinika, kovov vzacnych zemin,
manganu a ostatnych prisad v hor¢iku obr. 1. Velkost' zin je
nerovnomerna, v oblastiach s jemnejSou mikro$truktiurou je
priemernd velkost’ zrna 7 wm, hrubozrnnejSie oblasti maju

priemernu velkost” zrna 24 pm. Mikrostruktira obsahuje in-
10,11
s )

termetalické zlt¢eniny typu ALLRE (cit.

Obr. 1. Mikro$truktura Mg zliatiny AE21, lept. Kyselina pikrova,
svetelna mikroskopia

3. Experimentilne metody

Na stanovenie elektrochemickych charakteristik po-
vrchov AE zliatin v prostredi 0,1M NaCl bola pouzitd metoda
elektrochemickej impedancénej spektroskopie (EIS). Merania
boli uskuto¢nené v Laboratériu korézie kovov Katedry mate-
ridlového inZinierstva SjF ZU v Ziline na koréznom meracom
systéme Voltalab 10. Brusené a tryskané povrchy boli pred
EIS meranim exponované v 0,IM NaCl od 5 min
do 168 hodin. Samotné EIS meranie prebiehalo
vo frekvenénom rozsahu 100 kHz — 50 mHz so zmenou
20krat na dekadu. Amplituda striedavého napétia bola 20 mV,
teplota pri meraniach 22 £ 1 °C a merana plocha
1 em®. Vzorky boli po¢as EIS merania upnuté na rotaénej elek-
trode pri otackach 70 min~'. Princip merania je uvedeny
v literatare'' ™.

4. Vysledky experimentov

Vysledkom EIS merani su tzv. Bodeho diagramy, ktoré
su charakterizované zavislostami velkosti impedancie systé-
mu (Bode magnitude plot) a faizového posunu (Bode phase
plot) od frekvencie. Namerané Bodeho diagramy briiseného
a sddou tryskaného povrhu na obr. 2 resp. obr. 3 boli analyzo-
vané pomocou programu EC-Lab (Bio-Logic SAS France).

Pri analyze boli pouzité ekvivalentné obvody na obr. 4,
ktoré boli definované na zaklade tvaru Bodeho diagramov.
Ekvivalentné obvody pozostavaju z elektrickych suciastok,
kde Rq je odpor elektrolytu, Ry st polarizatné odpory
vrstiev vzniknutych na povrchu a CPE(, ») st konStantné fazo-
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Obr. 2. Bodeho diagramy briseného povrchu Mg zliatiny AE21
v 0,1M NaCl po roznych ¢asoch expozicie, ® 5 min; + 1 h; x 4 h;
1 8h, |16 h, A24 h, v48 h,[1168 h

Tabulka I
Polarizatné odpory [Q cm’] brusenych a sodou tryskanych
povrchov v prostredi 0,1M NaCl po réznych €asoch expozicie

Cas Bruseny povrch Sédou tryskany
expozicie povrch
Ry Ry Ry Ry
[Q cm?] [Q cm’] [Q cm’] [Q cm’]
5 min 124+18 50+5 117+13 100+1
lh 164+5 4248 18117 141+14
4h 27343 143+30 259+10 139413
8h 361+21 250+4 271x14 196+12
16 h 571453 - 276+4 72+14
24 h 492+17 - 243441 54424
48 h 169+36 - 232+13 5148
96 h 9942 19+2 227422 46+10
168 h 120+19 23+5 155426 3344
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Obr. 3. Bodeho diagramy sédou tryskaného povrchu Mg zliatiny
AE21 v 0,1M NaCl po rdoznych ¢asoch expozicie, @ 5 min; + 1 h;
x4h; [0 8h, |16 h, 424 h, v48 h,[]1 168 h

vé elementy (v idealnom pripade CPE = kondenzator) vrstiev
(cit."). Ekvivalentny obvod na obr. 4a charakterizuje povrch,
na ktorom existuje jedna vrstva kordznych produktov (jedno
minimum na krivke fdzového posunu vs. frekvencia). Ekviva-
lentny obvod na obr. 4b simuluje situdciu, kedy sa na povrchu
nachadzaju oblasti s r6znymi vlastnostami resp. na povrchu
existuju dve vrstvy (2x minimum na krivke fazového posunu
vs. frekvencia).

CPE CPE,
Re Ra
CPE,
Re Ry
Rex

Obr. 4. Ekvivalentné obvody pouZité pri analyze nameranych EIS
kriviek
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Data namerané na brasenych vzorkach po 16, 24 a 48
hodinéch boli analyzované pouzitim obvodu na obr. 4a. Ostat-
né krivky ziskané na brisenych vzorkach a vsetky krivky
z tryskanych vzoriek boli analyzované pomocou obvodu na
obr. 4b. NajdolezitejSou elektrochemickou charakteristikou,
ktoru je mozné stanovit' na zaklade analyzy Bodeho diagra-
mov, je celkovy polariza¢ny odpor (R,), ktorého hodnota je
rovna suctu Ciastkovych polariza¢nych odporov R, a Rpp.
Hodnoty vyslednych polarizaénych odporov koréznych systé-
mov po réznych ¢asoch expozicie st v Tab. I.

5. Diskusia

Z analyzy Bodeho diagramov je zrejmé, Ze sa polarizac-
ny odpor brasenych povrchov Mg zliatin AE21 zvySuje
s rastom doby expozicie do 8 hodin. Odpor R, brusenych po-
vrchov je 3,5nasobne vys$si po 8 hodinach expozicie oproti
5 minitam v skiSobnom roztoku. ZvySovanie celkového pola-
rizatného odporu R, je vysledkom zvySovania hodnét oboch
¢iastkovych polarizaénych odporov kordézneho systému (R;,; a
Ry2). Odpor oznaceny R, do 8 hodin expozicie zodpoveda
odporu prenosu naboja cez dvojvrstvu'* a hodnoty Ry zodpo-
vedajii odporu vrstvy kordéznych produktov, pravdepodobne
na baze Mg(OH), a/alebo MgO (cit.'®). Pri dlhsich dobach
expozicie dochadza k zmene tvaru kriviek nameranych dia-
gramov, pricom odpor R, klesa. Je to spdsobené odpaddvanim
slabsie prilnutych koréznych produktov, ktoré maju Ciastocne
ochranny charakter, ¢im sa obnazuje aktivny povrch materia-
lu, dochadza k jeho priamemu kontaktu s agresivnym prostre-
dim a aktivnemu rozvoju kordzneho procesu. Tento odpor je
rovny zmie$anému odporu prenosu naboja a vrstvy koréznych
produktov, ktoré sa v tychto fazach kor6ézneho procesu nedaju
na nameranych diagramoch jasne odlisit"’. Daldim rozvojom
koroézie dochadza k lokalizacii korézneho napadnutia povrchu
a vzniku dvoch, vlastnostami odlisnych, oblasti na povrchu.
Opét sa prejavila zmena tvaru Bodeho diagramov. Na kriv-
kach zavislosti fazového posunu od frekvencie sa objavuje
druhé minimum, ale postiva sa k vy$§im frekvenciam (okolo
1,7 Hz) oproti minimam na krivkach do 8 hodin expozicie
(okolo 350 mHz), ¢o naznacuje rozdielnost’ situacii na po-
vrchoch na zadiatku expozicie a v ¢asoch nad 48 hodin expo-
zicie.

Obdobné elektrochemické charakteristiky boli zazname-
nané aj na soédou tryskanych povrchoch. Na zadiatku expozi-
cie je vSak prispevok produktov (Ry,) k celkovému odporu R,
na povrchu vzoriek vyssi ako v pripade briseného povrchu,
pretoze vrstva produktov bola vytvorena uz pocas tryskania
prilnutim tryskacieho prostriedku na povrch zakladného ma-
teridlu. AZ do 8 hodin expozicie narastd odpor R, spésobeny
narastom odporu prenosu naboja (R,;) a odporu koréznych
produktov (R,»). Narast Ry, je aj v pripade tryskaného po-
vrchu spdsobeny vznikom a narastom vrstvy kordznych pro-
duktov v zmesi s prilnutou vrstvou sody po tryskani.
S narastom vrstvy dochadza k dosiahnutiu kritickych hmot-
nosti koréznych produktov, ¢o sa opit’ prejavi ich odpadava-
nim. Nad 16 hodin expozhicie dochddza k zmene charakteru
povrchovych vrstiev, kedy sa na povrchu vytvoria dve kvalita-
tivne rozdielne oblasti. Zmena tvaru Bodeho diagramov sa pre-
javi nad 16 hodin expozicie (posun minima na krivke zavislosti
fazovy posun — frekvencia podobne ako v pripade bradenych
povrchov). Pri d’alSej expozicii dochadza k postupnej degradacii
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vrstvy zmesnych produktov (po tryskani + kordznych), a tym aj
poklesu Ry a Ry,. Pokles charakteristik je vSak v porovnani
s brusenymi povrchmi pozvolne;jsi.

6. Zavery

Na zaklade hodnotenia brusenych a sédou tryskanych
povrchov po rdznych ¢asoch expozicie v 0,1M NaCl metédou
EIS mo6zZeme stanovit’ tieto zavery:
najvyssie hodnoty odporov R,, boli pri brisenych aj trys-
kanych povrchoch dosiahnuté po 8 hodina epozicie;
maximdlny odpor R, bol na briisenom povrchu vyssi ako
na povrchu tryskanom. NajpravdepodobnejSou pri¢inou
je vyssia reaktivita povrchu po tryskani a zaroven vytvo-
renie zmesnej, ¢iastocne ochrannej vrstvy na baze koroz-
nych produktov a produktov po tryskani;
pokles odporu R, po viac ako 8 hodinach expozicie je
v pripade sédou tryskanych povrchov podstatne rovno-
mernej$i oproti hodnotdm nameranych na brusenych
povrchoch. To signalizuje lepSie obnovovanie ochrannej
vrstvy koréznych produktov po poruseni vrstvy;
vysledky zaznamenané po Casoch expozicie dlhsej ako
48 hodin naznacuju, ze v pripade brusenych povrchov
dochadza k ich celkovej degradacii a strate schopnosti
odoléavat koro6zii v 0,1M NaCl. Otryskany povrch si tato
schopnost’ zachovava az do 168 hod. expozicie.

Vysledky vyskumu vznikli financovanim z prostriedkov
ERDF a statneho rozpoctu SR formou projektu ITMS
26220220048 v ramci vyzvy OPVaV-2008/2.2/01-SORO. Cast
vyskumu bola financne spolupodporovand rieSenim projektu
SK-CZ spoluprdce formou grantu SK-CZ-0091-09.
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OPTIMALIZACIA TEPELNEHO SPRACOVANIA LOZISKOVYCH KRUZKOV
S CIELOM ELIMINOVAT DEFORMACIE MATERIALU
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“ FVT TU KosSice so sidlom v Presove, Stirova 31, 080 01
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Kracové slova: deformacia, vnutorné pnutia, tepelné spraco-
vanie, loziskova ocel’, loziskovy krazok

1. Uvod

Vyroba valivych lozisk je naroénym vyrobnym proce-
som. I ked” jednotlivé vyrobné operacie st vo vSeobecnosti
zname a zvladnuté, pri vyrobe lozisk musia byt niektoré reali-
zované v uzkych toleranciach v rozsahu len niekol’kych mik-
rometrov, aby poziadavky tolerancnej analyzy vykonanej pred
realizaciou dielov boli splnené. PoCas vyroby je nasadenych
velké mnozstvo preventivnych, medzioperacnych
a konecnych kontrol a skuSok (rozmerovych, chemickych,
metalurgickych, Zivotnostnych a pod.)'.

Specialnou poziadavkou firmy John Deere bolo vyrobit
loziska pre ulozenie rotora pre axialny piestovy hydrogenera-
tor s naklonenou doskou pre jeden zo svojich traktorov. Toto
uloZenie ma svoje Specifika a bolo potrebné upravit’ vonkajsi
krazok, vnitorny krazok a valivé telieska. Firmu John Deere
povazujeme za Mercedes v oblasti vyroby traktorov, kombaj-
nov a ostatnej obdobnej techniky. Preto aj naroky na pouziva-
né diely st vysoké. Procesom tepelného spracovania lozisko-
vych sGcasti so suvisiacimi kontrolami a sktskami
(rozmerovymi, chemickymi, metrologickymi ¢i zivotnostny-
mi) boli venované prace autorov®™ a technologickym aspek-
tom vyroby loziskovych krazkov prace'”.

Ciel'om prace bolo modifikovat’ proces popustania tak,
aby boli eliminované, resp. vyluéené neziaduce deformacie
materidlu a zabezpecit’ sprisnent poziadavku na ovalitu von-
kajsich krazkov.

2. Poziadavky zakaznika

Poziadavkou zakaznika bolo vyrobit’ loZisko, z materialu
100Cr6, ktoré znesie vicSie axialne zatazenie bez vacSieho
zabehu a so znizenou hodnotou ovality krazkov. Porovnanie
zakladnych upravovanych parametrov medzi Standardnym
vyhotovenim ,,Standard* a ziadanym vyhotovenim ,,$pecidl®
je uvedené v Tab. I. Ulohou bolo riesit’ problematiku redukcie
ovality vonkajsieho kruzku lozisk 32008AX. RieSenie takejte
ulohy je o to tazSie, ze sa jedna o tzv. tenkostenné loZisko
(rada AX), ktoré je ovela citlivejSie na deformacie materialu
krazkov, ako ostatné loziska, ktoré maji priaznivej$i pomer
hribky a $irky krazku.

Tabulka I
Porovnanie zékladnych parametrov lozisk 32008 AX medzi
prevedenim “Standard* a “Special‘

Diel a parameter loziska 32008AX 32008AX
Standard $pecial

Vonkajsi kruzok

- drsnost’ obeznej drahy [pum] 0,20 0,15

- vlnitost’ [um] 0,45 0,35

- ovalita [mm] 0,006 0,003

Vnutorny kruzok

- hadzanie obeznej drahy 0,007 0,005

k otvoru [mm]

- hadzanie operného cela 0,007 0,005

k zakladnému Celu [mm]

- drsnost’ obeznej drahy [pm] 0,20 0,15

- drsnost’ operného ¢ela [um] 0,20 0,07

- vinitost’ [um] 0,35 0,25

- ovalita [mm)] 0,006 0,003
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Deformacie materialu a ovalitu krizkov zapriciiiuje vnua-
torné napétie, ktoré vznikd pocas obrabania a tepelného spra-
covania. Pri sustruzeni loziskovych krazkov je vonkajsi kru-
zok upinany pneumaticky v troch bodoch. K deformacii do-
chadza vplyvom zlého upnutia, alebo vplyvom nedodrzania
technologickych podmienok pri vd¢Som tbere materialu. Pri
braseni kruzkov obdobne. K deformaciam dochadza aj pri
tepelnom spracovani, pri kaleni kruzkov vplyvom nerovno-
merného ohrevu a ochladzovania. Zakaznik pripuastal sprisne-
nu ovalitu na vonkajSom kruzku po briseni 0,003 mm oproti
Standardnej predpisanej hodnote 0,006 mm, Co je sprisnenie
poziadavky o 50%. Ak chceme dodrzat’ tito findlnu ovalitu
krazkov po briseni, pozadovana ovalita po kaleni je 0,1 mm,
¢o je sprisnena hodnota oproti Standardu 0,2 mm. Ovalita je
definovana ako rozdiel priemerov meranych v jednej rovine
kolmo na seba, obr. 1.

Qvalita = Dmax - Dmin

Obr. 1. Definicia ovality

3. Experimentalna ¢ast’

Na vyrobu kruzkov loziska a valivych teliesok bola pou-
7it4 ocel’ 100Cr6 s chemickym zloZenim (hodnoty v hm. %)*:
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C=0,9-1,1; Mn=0,3-0,5; Si=0,15-0,35; Cr=1,3-1,65; P=max
0,027; S=max 0,03; Ni=max 0,3; Cu=max 0,25; Ni+Cu=max
0,5. Pozadované mechanické vlastnosti lozisk sa ziskavaju
kalenim a nizkoteplotnym popustenim dielov. Kalenim sa
dosahuje pozadovana tvrdost, popustanim sa zmensuje hod-
nota vnutorného napitia a krehkost. Vysledné mechanické
vlastnosti st potom ur¢ené stavom mikrostruktary, distribu-
ciou vnutornych napiti pred kalenim a parametrami procesu
tepelného spracovania. Vyznamnymi parametrami procesu
tepelného spracovania st homogenita teplotného pola
v loziskovom kruzku pri ohreve na teplotu kalenia, doba zotr-
vania na teplote kalenia a rychlost’ ochladzovania. Z hl'adiska
rychlosti ochladzovania je vhodny loziskovy olej J4, ktorym
pri teplote povrchu 550 °C dé sa dosiahnut’ maximalna rych-
lost’ ochladzovania 65 °C s™*. Kalenim a poptitanim lozisko-
vych krizkov, okrem dosiahnutia pozadovanej tvrdosti 60 az
63 HRc, ma sa zabezpecit rozmerova stalost. Pre tepelné
spracovanie bola pouzita kaliaca linka s doplnenym pocitaco-
vym ovladanim a popustacia pec PP017/50. Pri Standardnych
loziskach su krazky kalené a popustané podla podmienok
uvedenych v Tab. II (cit.%). Potom nasleduje briisenie funk-
¢nych ploch. Pri tomto spracovani sa dosahuje hodnota ovali-
ty krazkov po kaleni a popusteni 0,2 mm.

Po kaleni je pozadovana tvrdost’ 63,5-65,5 HRc a po
popusteni 60—63 HRc. Po operacii popustanie kontrolujeme
ovalitu a mikrostrukturu. Aby sme dosiahli pozadovanu ovali-
tu 0,1 mm, proces tepelného spracovania Tab. II a nasledného
brusenia nepostacuje. Bolo potrebné vyvinat, technologicky
zvladnut a overit iny spdsob tepelného spracovania
a nasledného brusenia, ktory by garantoval mensie vnutorné
napitia, deformacie a nasledne hodnoty ovality. Na odstrane-
nie vnutornych napéti sa obvykle pouziva popustanie. To uz
po kaleni nasledovalo Tab. II, ale dosahované hodnoty ovality
boli nepostacujuce. Pri poptistani procesom podl'a Tab. II klesa
tvrdost’ popustanych sucasti, preto pripadné d’alSie popustanie
tymto procesom nebolo mozné. Na zaklade vyssie uvedenych
skuto¢nosti a skasenosti bol navrhnuty postup, ktory zabezpecdil
dosiahnutie nizsich hodnét ovality z 0,2 na 0,1 mm:

1. Tepelné spracovanie (kalenie, popustanie) podl'a Tab. II
2. Predbrisenie funkénych ploch kruzkov na hrubo

3. Popustanie procesom 150°C/60" Tab. 111

4.  Brusenie funkénych pléch krazkov na Cisto

Pri dodatkovom popustani boli zmenené dva parametre.
Teplota popustania bola 150+5 °C a doba zotrvania na teplote
bola 60+5 °C. Tymto procesom tepelného spracovania doslo k

Tabulka II
Technologicky postup pre tepelné spracovanie
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Tabulka III

Technologicky postup dodatkového popustania

Popis ukonu Popustanie
Nazov zariadenia PP0O17/50
Teplota zén [°C ] 150+ 5
Sposob ulozenia vol'ne ulozené
Doba ohrevu [min ] 60£5

Vykon [ks/h ] 1166

Popis tikonov Kalenie Popustanie
Nazov zariadenia ~ Pec @ 100 PP017/50
Teplotazén [°C] 840+5 170+ 5
Teplota oleja [°C] 50 — 80 -

Sposob ulozenia 1 rad vol'ne ulozené
Variator 3-5 -

Doba ohrevu 55-175 150+ 5

[min ]

Vykon [ks/h ] 1166 1166
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znizeni hodnoty vnutornych napiti v loziskovom krazku
a bola docielena redukcia ovality o 50 %. Hodnota tvrdosti po
dodatkovom popustani ostala nezmenena, 60—63 HRc. Ovali-
ta na hotovom kruzku bola merana na pristroji Talyrond 73
(cit.?), obr. 2.

Obr. 2. Meranie ovality na meracom zariadeni Talyrond 73

4. Vysledok a diskusia

Pri kruzkoch kalenie a popustanie vplyva na ovalitu.
Pri¢inou zmien rozmerov po tepelnom spracovani, je nedosta-
tocna stabilita mikrostruktury kalenych a popustenych lozis-
kovych oceli v danych podmienkach prevadzky®. Cielom
tepelného spracovania bolo ziskat’ jemntl martenziticku Struk-
turu suciastok. Kalenim suciastok z loziskovych oceli vznika
mikro$truktira tvorend hlavne martenzitom. V martenzitickej
mikro$truktare je obvykle pritomny zvyskovy austenit, ktoré-
ho objemovy podiel je niekolko percent. Upravou rychlosti
ohrevu na teplotu kalenia, pripadne zaradenim predohrevu je
mozné ovplyvnit hodnotu a distribuciu teplotného napétia
v ohrievanom loZiskovom krazku. Struktirne napitia, ktoré
vzniknu pri tepelnom spracovani kalenim a popustenim st
podmienené chemickou koncepciou pouzitej ocele a paramet-
rami procesu tepelného spracovania. Rozmerové zmeny, ktoré
nastavaju v priebehu poptstania mézu byt' désledkom preci-
pitacie e-karbidov, rozpadu zvyskového austenitu, precipitacie
cementitu, zotavenim dislokaénej substruktury a redistribu-
ciou zvyskovych napiti po mechanickom opracovani’.

Pre zabezpecenie poziadaviek vyroby Specidlnych lozisk
(vid’ Tab. I) bolo nutné optimalizovat’ rozmerové parametre
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Tabulka IV

Chemicky zlozenie v hm.% loziskového materialu 100Cr6

Skusany prvok Predpisané Namerané
hodnoty hodnoty

C 09-1,1 1,02

Mn 03-0,5 0,35

Si 0,15-0,35 0,28

Cr 1,3-1,65 1,51

P max. 0,027 0,01

S max. 0,03 0,014

Ni max. 0,30 0,06

Cu max. 0,25 0,09

Ni+Cu max. 0,5 0,15

a spdsob tepelného spracovania a nasledného obrabania.
Upravou rezimu tepelného spracovania a briisenia na &isto
bola dosiahnuta poziadavka niz$ej hodnoty ovality z 0,006 na
0,003 mm. Spolu s tymito Gpravami v tepelnom spracovani
a s Upravami rozmerovych parametrov bolo dosiahnuté zvyse-
nie uzitkovej hodnoty lozisk. Vytah protokolu o chemickom
zlozeni — chemicky rozbor pouzitého materialu 100Cr6 je
uvedeny v Tab. IV. Material odpoveda predpisanym hodno-
tam.

Vytah protokolu z metalografického rozboru vykonané-
ho podl'a DIN 17230, DIN 50602, SEP 1520 a podnikovej
normy je v Tab. V. Material odpoveda predpisanym hodno-
tam.

Po vyrobe overovacej série nasleduju zivotnostné skusky
lozisk na skuSobnej stanici ZT1. Skiisa sa naraz 20 lozisk, do
piateho vypadnutého loziska, 90 % lozisk musi vydrzat' 1 mil
otacok. Hodnoti sa zakladna dynamicka unosnost’ predpisana
v katalogu. Bola dosiahnuta 203 % oproti katalogu.

Tabulka V
Metalograficky rozbor pouzitého loziskového materidlu
100Cr6

Skasany znak Max. predpisané Namerané

hodnoty hodnoty

Tvrdost’ HRc 60 —63 62
Vyhriatie po braseni ziadne ziadne
Mikrostruktura 3-6 5
Karbidicka sietka 5,3 5,2
Karbidicka

pruhovitost-uzavreta 6,2 6,0
Karbidicka

pruhovitost-uvolnena 7,3 7,1
Sulfidy — SS 1,3 1,2

Oxidy — OA 33 3,1

Oxidy — OS 6,2 6,0

Oxidy — OG 8,3 8,1

s461

Material v inzinierskej praxi 2011

5. Zaver

Popisany spdsob dosiahnutia niz$ich vnitornych napiti s
vplyvom na nizSie deformacie a ovalitu krazkov vyustil v
dosiahnuti ovality hotovych krazkov 0,003 mm oproti Stan-
dardnym poziadavkam na ovalitu 0,006 mm. Vysledok bol
dosiahnuty pri vyhovujicom hodnoteni chemického, metrolo-
gického a metalografického rozboru ako aj s d’al$im efektom
zvy$enia zivotnosti lozisk. Nasledne bol tento postup uplatne-
ny aj pre iné typy tzv. tenkostennych lozisk a pre inych, naj-
mé automobilovych odberatel'ov, ktori pozadovali prisnejsie
hodnoty ovality. Vo vSetkych pripadoch sa potvrdila moznost’
pouzitia tejto technologie.

Tato praca vznikla za podpory grantu VEGA 1/0047/10.
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Heat treatment of bearings rings brings alongs risk crea-
tion of deformation causation with inner stress. If We want to
remove (eliminate) inner stress after heat treatment, after this
operation follow tempering. At generality this tempering re-
moves inner stress. Though for so-called thin-walled bearings
rings line ,,AX* this tempering is insufficient on remove inner
stress. Paper says about it, how is possible effectively to
climinate creation stress thin-walled of outer bearings rings
from material 100Cr6 with optimalization heat treatment
processing. Results were verification with performance ex-
periments.
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1. Introduction

TRIP (transformation induced plasticity) steels were
introduced by Zackay et al.' in austenitic stainless steels in
1967, describing a way how the transformation in austenitic
steel supports ,,high-strength steels toughness improving*. In
the 80's ideas have been expressed about existence of austen-
itic phase in low alloyed steels and possibility of improving
the formability through the TRIP effect’. Low-carbon multi-
phase steel sheets, which were developed for automotive ap-
plications, have attracted a growing interest in recent years
due to their high strength and ductility combination®*. Large
amount of additions of costly alloying elements and the ac-
companying troublesome process make it difficult to employ
this phenomenon in manufacturing cost-effective steel sheets
for automotive use, therefore research has been focused on
investigation of less expensive TRIP grades® and resulted in
the development of C-Mn-Si TRIP steels®”.

Si-Mn TRIP steels have been extensively studdied in the
cold-rolled and annealed state, but can also be obtained in
hot-rolled steels by cooling to the bainite transformation tem-
perature after rolling, at which the coiling of sheet is simulat-
ed®. This process is often referred as ,,austempering®, which
followed an intercritical annealing of C-Mn-Si TRIP steels'’.
Many studies have been made on influence of chemical com-
position and annealing on microstructure and properties of
TRIP steels, but only a few were focused on austempering
influence, which was investigated and described for the first
time in laboratory conditions by authors''.

This paper deals with investigation of C-Mn-Si steel
mechanical properties evolution via hot rolling and controlled
cooling process, including two-step deformation and anneal-
ing in intercritical region (o+y) and in isothermal bainitic hold
region.

2. Experiment

The chemical composition of the C-Mn-Si steel used for
laboratory experiments is in Tab. I. The samples were re-
heated at austenization temperature 1240 °C during 25 min

T 1240°C,25min
[°Cl {, \
' 1030°C,50%
III /p#
' Air
| coollng 830°C,50%
f
|
f \\J T, =540 740 °C
I.' | t,=20-250s
}I Intercritical .~ e
| anneaing  Air cooling “—"\ fa=120-480's
)
I ] Air
}I Quenching Austempering cooling
ts]

Fig. 1. Schedule of laboratory controlled rolling and cooling

and two-step plastic deformation (first in spontaneous recrys-
tallization region, second in non-recrystallization region)
followed. Experimental schedule is given in Fig. 1. Final
microstructure was influenced by holding in intercritical tem-
perature region Ty, = 540-740 °C and also by cooling rate'?.
Isothermal annealing (austempering) was also integrated to
the rolling process (Tx = 350—450 °C / ta = 120-480 s), as it
can be seen in Fig. 1.

3. Results and discussion

Structure after austempering consisted of F, P and M.
Regimes in temperature and time ranges 570 °C/80 s — (350
—450) °C/(120-480) s and 680 °C/80 s — 350 °C/(120-480) s
expressed as inappropriate for formation of complex phase

IR TR e 8 2

N

Fig. 2. Structure of sample treated after 570 °C / 80 s ; 400 °C /
120 s) (nital, 1000x)

5462



Chem. Listy 105, s462—s464 (2011) Material v inzinierskej praxi 2011

Table I
Chemical composition of C-Mn-Si steel [wt.%]
Steel C Mn Si P S Cu Ni Cr Al Nb Sn
C-Mn-Si 0.18 1.47 1.8 0.015 0.007 0.06 0.04 0.06 0.028  0.005 0.007
TROOSTIT |
g
“INCLUSION
Art l i FERRITE
|
e MARTENSITH
H:J pearlite | troostit |
. P+
= :austenitel '
g Ar" |
i | % |
a I troostit |
E : + | Mmartensite |
= martensite| | austenite
] | s
4 1 4] ¥ COOLING RATE
Fig. 3. Dejean diagram of austenite decomposition Fig. 4b. SEM, detail 7500x
structure containing retained austenite because of high value occurence of retained austenite RA was expected in the areas
of pearlite (22—54 %) in structure, see Fig. 2. This pearlite can of (martensite — bainite) islands inside original austenite
be characterised as ,,quasi troostit* formed at specific isother- grains bounded by ferrite, see Fig. 4a, and confirmed by SEM,
mal conditions at cca 600 °C and low cooling rates. At these Fig. 4b.
conditions it is not possible to determine the interlamelar The ULSAB-AVC concepts shifted vehicle material
distances in pearlite, Fig. 3. content from a majority conventional (mild) steel to 80 %
After Wu et al.”® rapid cooling is necessary for prevent- Advanced High-Strength Steels.
ing the relaxation after deformation, so more dislocations stay This data shows that since then, automakers have imple-
retained after several step cooling at room temperature. mented Advanced High-Strength Steels across a broad range
Tsusaki and Raghavan'* found that a large dislocation density of vehicle segments. In automaker press releases, they’ve
hinders a growth of martensitic plates. The stability of RA claimed as much as 50 percent AHSS and attributed its use to
against the martensitic transformation is improved by increas- vehicle weight reduction. As you can see in Fig. 5, the study
ing dislocation density. In additon, alloying elements of Si data shows the dramatic upward trend for Advanced High-
and Mn cause the increase of RA stability. Si is a ferrite stabi- Strength Steel content in vehicles and what is anticipated out
liser and helps retarding the precipitation of carbides during to the year 2020 (ref.'®).
the bainite transformation'*. Fig. 6 shows the dependence of yield strength and tensile
When samples were treated after 680 °C/80 s — (400— strength on austempering temperature. The values of yield

450) °C/(120-480) s the structure consisted of F, M, B and

Average net pounds per vehicle 450 (204kg)
150 (68 kg), ="~
£ e
8 ot
108 (49 kg) o
81 (37 kg) — ]
|
2005 2007 2009 2020
Source: Ducker Worldwide

Fig. 4a. Structure of sample treated after (680 °C / 80 s ; 400 °C / Fig. 5. A Ducker study conducted in North America reflects in-
120 s) (nital, 1000x) crease in AHSS usage'®
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Dependence of R;p, a R,on Ty
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Fig. 6. Dependence of R and Ry, on Ty

strength are in the range from 505 to 1409 MPa. The values of
tensile strength are in the range from 749 to 1603 MPa. These
values are influenced by structure as it consisted for the lowest
values of F, M, RA and P. For the highest values the structure
was fully martensitic. After these regimes (350-450 °C /120—
480 s) we've produced a steel grade TRIP 500/750. From
graphical dependences is resulting, that regimes with T,=400
—450 °C, t4=300-480 s produced final martensitic structures
with high mechanical properties. These regimes are not appli-
cable.

Comparable results were obtained by Li and Wu'® after
4-step deformation (970 °C — 700 °C) in the austenite recrys-
tallization region (2 passes), in the low-temperature no-
recrystallization region (2 passes) and austempering at 400 °C/2
—120 min. The authors determined the 400 °C/20 min as opti-
mal for RA stability. However, for obtaining comparable
results in yield and tensile strength values, Jiang et al."” deter-
mined, for enough volume fraction of RA, the optimal condi-
tions of austempering 410-430 °C and 180-240 s.

4. Conclusions

After realized experiments one can conclude that it is
possible to obtain complex phase structure, consisting re-
tained austenite, by two-step deformation and annealing in
intercritical and as well as in isothermal region, without sub-
sequent thermal treatment of steel. For fixation of retained
austenite it is necessary to include austempering in tempera-
ture interval 350-450 °C into thermo-mechanical processing.
Comparing conditions of hot plastic deformations with subse-
quent controlled cooling with classical approach, formation of
retained austenite represents major problem in terms of con-
trol of structure and properties of steels with TRIP effect.
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This paper deals with investigation of C-Mn-Si steel
mechanical properties evolution via hot rolling and controlled
cooling process, including two-step deformation and anneal-
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region, without subsequent thermal treatment of steel. Low-
carbon multi-phase steel sheets, which were developed for
automotive applications, have attracted a growing interest in
recent years due to their high strength and ductility combina-
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1. Uvod

Vzrastajuce poziadavky na protikorézne spravanie vylis-
kov z ocel'ovych plechov v automobilovom priemysle podpo-
rili vyvoj roéznych druhov povlakovanych plechov. Medzi
povlakovanymi ocel'ovymi plechmi maju vzhl'adom na pomer
medzi kvalitou (plnenim poziadaviek zdkaznikov) a cenou
svoje nezastupitelné miesto pozinkované plechy. Vyvoj po-
zinkovanych plechov pre automobilovy priemysel ma svoje
$pecifika. Vylisky z pozinkovanych plechov musia spiiat
poziadavky nie len na mechanické vlastnosti, ale musia mat’
aj bezchybny povrch zinkového povlaku a dobrt prilnavost’
k zakladnému materialu. Cisty zinkovy povlak nie je schopny
Casto krat bezvyhradne zabezpecit' tieto poziadavky. Spomi-
nané¢ dovody podnietili postupné nahradzanie ¢istého zinku
povlakmi Fe-Zn, ziskanymi zihanim pozinkovanych ocelo-
vych plechov. Pozinkované plechy s Fe-Zn povlakmi vykazu-
ju lepsiu zvaritelnost, lisovatelnost’ i lakovatelnost. Dalsou
prednostou Fe-Zn povlakov v porovnani s ¢istymi zinkovymi
povlakmi je materidlova uspora zinku a odolnost’ proti
oteru'”.

2. Program experimentalneho vyskumu
Pre experimentalny vyskum boli pouzité extra hlboko-

tazné pozinkovan¢ plechy z IF ocele (Interstitial-free steel
podl'a EN 10327). Zihanim pozinkovanych plechov z IF ocele

(GA1) boli ziskané plechy z Fe-Zn povlakmi typu
»galvanneal s réznym stupfiom legovania povlaku
(nedolegovany — GAl, optimalne legovany - GA2

a prelegovany — GA3)~. Pri zihani dochadza aj k zmene para-
metrov drsnosti Ra, Pc a v % obsahu Fe v povlaku. Zmena
parametrov Ra, Pc a % obsahu Fe v povlaku méze byt prici-
nou zlepSenia alebo zhorSenia lisovatel'nosti Fe-Zn povlako-
vanych ocel'ovych plechov. Obsah Fe v povlaku v skimanych
materialoch bol stanoveny titraénou metddou a fazové zloze-
nie povlakov bolo stanovené rastrovacou elektronovou mikro-
skopiou (REM) s EDX analyzatorom. Jednotlivé fazy boli
identifikované na zéklade percentualneho obsahu Fe a Zn,
ktoré je dané stechiometrickym zloZenim fizy’. Chemické
zlozenie a niektoré vlastnosti povlakov su uvedené

Tabulka I
Chemické zlozenie materialu DX 54 D+Z

Chemické zlozenie [%]

CMAX MnMAX PMAX S MAX Almin Tl NMAX

0.015 0.20 0.015 0.015 0.02 0.06-0.14 0.006

Taburlka II

Vlastnosti povlakov pouzitych materialov

Material Hrubka Fazové zlozenie Celkovy
povlaku povlaku obsah Fe
[pm] prierez  povrch v povlaku

[%]

GA 1 11.6 n,¢ 8 n 5.5

GA?2 7.6 5, T R 12.6

GA3 8.0 5, T s 14.4

v Tab. I a Tab. II. Hodnoty parametrov mikrogeometric Ra
a Pc pouzitych plechov boli uréované na zariadeni Hommel
Tester 1000 v smere 90° vzhladom k smeru valcovania
Tab. I11.

Tribologické charakteristiky boli zistované trecou skus-
kou, pri ktorej je pas plechu tahany medzi plochymi ¢el'usta-
mi. Tato skusSka modeluje namahanie kontaktnych ploch pri-
strihu a nastroja v oblasti pod pridrziavaGom. Podmienky
experimentu boli nasledovné: pridrziavacia sila Fiy = 3.0 kN,
rychlost’ tahania pasu plechu v = 10 mm s, drsnost’ hornej a
dolnej ¢el'uste Ra = 0.4 um. Na povrch pasu plechu a na kon-
taktné plochy &elusti bola nanesena vrstva (2,5 g m™ ) ma-
zadla Anticorit Prelube 3802-39 S.

Stcinitel’ trenia f bol vypocitany z Columbovho zékona tre-
nia

P (1)
' T 2F,
z nameranych hodnét taznych Fy a pridrziavacich sil Fy

(Tab. TII).

Taburlka IIT
Vypocitané hodnoty stcinitel’a trenia z nametanych taznych
a pridrziavacich sil

Material Normalova Stcinitel’ Parametre
sila Fy trenia drsnosti
a trecia sila F; f

Fn Fy Ra Pc

[N] [N] [um] [em™']
GA 1 3000 862 0.144 1.3 140
GA2 3000 913 0.152 1.25 120
GA 3 3000 925 0.154 1.18 114
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3. Dosiahnuté vysledky a ich diskusia

Pri zihani po pozinkovani dochadza v povlaku
k transformacii Cistej zinkovej n fazy (Zn, hcp, mikrotvrdost’
HV 52-72) na Fe-Zn povlak, ktory obsahuje intermetalické
fazy & (FeZn,o, hexagonalna, mikrotvrdost' cca 300 HV),
(FeZn,3;, mono-klinickd, mikrotvrdost HV 208) a I' (FesZno,
bee, mikrotvrdost HV 326). Fazy pritomné v zihanom zinko-
vom povlaku maji rdzne vlastnosti, to znamena, ze aj uzitko-
vé vlastnosti (korézna odolnost’, oteru vzdornost, lisovatel-
nost, zvaritel'nost, lakovatel'nost’ a pod.) budia zavisiet od
konkrétneho fazového zlozenia povlaku. Pri povlakoch typu
Fe-Zn sa rozliSuju tri charakteristické morfologické typy po-
vlakov tzv. nedolegovany s obsahom Fe mensim ako 8 %,
uplne legovany s obsahom Fe od 8 do 14 % Fe a prelegovany
s obsahom Fe va&sim ako 14 % (cit.>*).

Pri zihani po pozinkovani doslo k vzniku mikrostruktiry
nedolegovaného povlaku (material GA1), ktory okrem tenkej
Fe-Zn vrstvy pozostava z 1, { a o faz.

povrch povlaku

Obr. 2b. Mikro$truktira povlaku materialu GA2 - prieény rez

s ‘.‘.T.n \ e ARis s 9
( - prieényrezpovlakom {4

-

.
s

Y masivna trhlina [P
voblasti §-fazy IS

Obr. 1b. Mikro$truktira povlaku materialu GA1 - prieény rez

Z obr. 2a a obr. 2b je vidiet, ze morfoldgia Gplne legova-
ného povlaku je dana predovietkym & fazou a tenkou medzi-
fazovou vrstvou T, ktorej vrstva je tenSia ako 1 um. Na roz-
hrani zakladny material-povlak s v oblasti 8 vrstvy pritomné

) ° o ) 3 Obr. 3b. MikroStruktiira povlaku materidlu GA3 - priecny rez
jemné trhliny, ktoré vznikli v dosledku objemovych zmien v §

faze. Optlma'.lne legovan}'/ povlak sa poru§uje odrol'ovanim Vplyv morfol()gie povrchu Fe-Zn povlakovan}']ch ple_
v oblasti § fazy. To znamena, ze zakladny material aj pri po- chov bol posudzovany na zdklade zmeny sucinitel’a trenia pri
ruseni ostava chraneny zvyskom povlaku pred koréziou. tlaku pridrziavaca 2.5 Mpa. Tlak pridrziavaca bol zvoleny

Morfolégia prelegovaného povlaku materidlu GA3 je 2.5 MPa, preto lebo hodnoty sucinitel’a trenia kolisu pri niz-
dané dand kompaktnou vrstvou & fazy a medzifazovou vrst- kych hodnotéch tlaku pridrziavaca (1 az 2 MPa)’. Z obr. 4 je
vou I, ktorej hriibka je vicsia ako 1.0 um — obr. 3b. Pre mor- mozné pozorovat, Ze so zvicSujucim % obsahu Fe v povlaku,
fologiu povlakov tohto typu je charakteristickd pritomnost hodnoty stcinitel'a trenia mierne vzrastli. Nérast scinitel'a
masivnych trhlin na rozhrani zakladny material — povlak, trenia je prejavom zvySenej pritomnosti & fazy na povrchu

materidlu. SkutoCnost’, Ze existuje zavislost medzi sicinite-

lom trenia a % obsahu Fe v povlaku, potvrdili aj vysledky
L4

prac”.

ktoré postupuju cez vrstvy 8 a I' az k zdkladnému materialu —
obr. 3a a obr. 3b. V tomto pripade dochadza k odlupovaniu
povlaku na rozhrani zdkladny materidl — povlak, ¢o mdze
viest’ k zhorSeniu koréznej odolnosti Fe-Zn povlaku.
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Obr. 5. Porovnanie sucinitel’ov trenia jednotlivych materidlov

Zinkovy povlak materidlu GA1 mal lepSiu mazaciu
schopnost’ ako povlaky materialov GA2 a GA3, pri lisovani
dochadza castejsie k znecistovaniu kontaktnych ploch nastro-
jov, tiez ku vzniku sklzovych ¢iar na jeho povrchu, o moze
viest k poskodeniu laku karosérie automobilov. Statisticka
analyza parametrov mikrogeometriec Ra a Pc potvrdila, ze
rozdiely parametrov mikrogeometrie povrchu Ra a Pc pouzi-
tych plechov by nemali byt’ pri¢inou zhorSenia vzhladu laku
povrchovych dielov karosérie a zhorSenia lisovatelnosti, pre-
toze indexy spolahlivosti Cpk parametrov Ra a Pc sa pohybo-
vali od 1.4 do 3.03, t,j. boli va¢sie ako 1.25.

Pri pretahovani pasu plechu s nedolegovanym povlakom
(s obsahom 5.5 % Fe — GA1) medzi ¢elustami testéra trenia
bol so zvicsujicou drahou pretahovania pozorovany vacsi
rozptylom trecej sily ako pri pretahovani pasu plechu s Gplne
legovanym a prelegovanym povlakom. Tento fakt je sposobe-
ny nalepovanim (oterom, mikronavarnim povlaku) na kon-
taktné plochy celusti. Oter nebol pozorovany pri povlakoch
s 12.6 a 14.6 % obsahom Fe (material GA2 a GA3), ktorych
povlak je tvoreny d fazou s mikrotvrdostou az 6 nasobne
vécsiou ako je mikrotvrdost’ m fazy (mikrotvrdost’ n fazy t.j.
Cistého zinku je cca 50 HV, mikrotvrdost’ 8 fazy je cca 300
HV (cit.”).

3. Zaver

V tomto prispevku st prezentované tribologické charak-
teristiky pozinkovanych plechov s réznym stupiiov legovania
Fe-Zn povlaku. Tribologické charakteristiky (sucinitelov
trenia, oter) skimanych povlakovanych plechov boli zistova-
né na testeri s rovinnymi kontaktnymi plochami. Dosiahnuté
vysledky poukazuji na to, Ze s narastom stupiia legovania
povlaku dochadza k zmene hodnoét sucinitel'ov trenia. Mensie
hodnoty  sucinitelov  trenia f  vykazovali  plechy
s nedolegovanym povlakom ako plechy s tplne legovanym
a s prelegovanym povlakom. ZvySenie hodnot sucinitela tre-
nia suvisi s pritomnost'ou 8 fazy na povrchu pozinkovaného
plechu. Statisticka analyza parametrov drsnosti Ra a Pc potvr-
dila, Ze narast hodn6t sucinitel'a trenia nestvisi so zmenou
drsnosti, ku ktorej doslo pri zihani pozinkovaného plechu
z materialu DX 54 D+Z. Celkové hodnotenie tribologickych
charakteristik Fe-Zn povlakovanych plechov vyznieva
v prospech pozinkovaného plechu s uplne legovanym povla-
kom. Zistené rozdiely sucinitelov trenia o 0.008 resp. o 0.01
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nemaju podstatnej$i vplyv na tvarnitelnost, ale na druhej
strane  rozdiely v  mikrotvrdosti uplne legovaného
a prelegovaného povlaku st vdcsie. Odolnost’ proti oteru vy-
liskov z materidlu GA2 s uplne legovanym povlakom je vy-
razne lepSia ako pri vyliskoch z materidlu GAl
s nedolegovanym povlakom. Dosiahnuté vysledky naznacujt,
ze ocel'ové plechy s Fe-Zn povlakmi typu ,,galvanneal pred-
stavuju po viacerych strankach progresivny material. Efektiv-
ne vyuzitie vlastnosti tychto povlakov vyzaduje optimalizo-
vat’ vlastnosti nie len z hl'adiska lisovatel'nosti, ale aj oteru,
koroénej odolnosti, lakovatel'nosti a zvaritel'nosti.

Tato praca vznikla s podporou grantu VEGA 1/0890/09.
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ings, so called “galvannealed” coatings with various iron
content — underalloyed, optimally alloyed and slightly overal-
loyed Fe-Zn coatings were used to perform formability tests.
Phase composition of individual coatings was determined.
Relation between coating morphology and friction under
forming was established. Friction characteristics of examined
sheets were investigated due to tester with plane contact
plates.
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DIAGNOSTIKA VLIVU TEPELNEHO ZPRACOVANI NA STRUKTURU
SEMIKRYSTALICKEHO POLYMERU PETP POLY(ETHYLENTEREFTALATU)
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1. Uvod

Tepelné zpracovani ma vliv na strukturu semi-krysta-lic-
kych polymert' . Tento piispévek se tyka diagnostiky vlivu
rychlosti ochlazovani na charakter sferolitické struktury. Gra-
nule PETPu byly podrobeny tepelnému zpracovani pii zvole-
nych rezimech. Nésledné byla vznikla struktura hodnocena
v polarizovaném svétle. Byla provedena termickd analyza pro
zjiSténi charakteristik tepelné zabarvenych dé&ja. Po té byly
procesy pii zménach struktury nasimulovany na vyhiivaném
stolku a zdokumentovany.

2. Piiprava vzorki

K dispozici byly granule poly(ethylentereftalatu). Ty
byly v zafizeni Perkin Elmer zahfivany na teplotu 300 °C
rychlosti 32 °C min™". Pii ni byly temperovany po dobu 5 min
a danou rychlosti ochlazovany viz Tab. 1.

3. Diagnostika zmén struktury
3.1. Diferencialni skenovaci kalorimetrie

Tepelng zpracované granule byly podrobeny zkousce* na
zafizeni NETZSCHE STA 406 PG LUXX. Pro diagnostiku
tepelné historie vzorkil byl pouzit pouze 1. ohfev rychlosti
10 °C min™" do teploty 290 °C. Ziskané kiivky jsou na obr. 1
a obr. 6. Byla odectiténa teplota skelného piechodu T, teplota
dokrystalizace Ty a teplota tani T,,,. Vysledky jsou v Tab. II.

Tabulka I
Rychlosti ohfevu a ochlazovani pro tepelné zpracovani granuli

DSC /(mW/mag)
L exo Tm
0.50 ,
0.40| 247.7 °C

0.30 2462 °C

0.20

0:101 137.9°C

Tg : Td
82.0 °C

100

0
50

¥

150

200 250
Temperature /°C

Obr. 1. DSC termogram 1. ohfevu tepelné zpracovanych granuli
PETPu vzorki 1, 2,a 3

Tabulka II
Teplotni charakteristiky vzork
Oznac¢ni Rychlost T, Ty T
vzorku ochlazovani [°C] [°C] [°C]
[°C min™']
1 2 82.0 - 246,2
2 8 80.9 137,9 247,7
3 16 80,9 137,0 248,0
4 32 80.7 137,3 2479

Oznaceni Rychlost Rychlost
vzorku ohtevu [°C min™']  ochlazovani [°C min™']
1 32 2
2 32 8
3 32 16
4 32 32
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T, teplota skelného piechodu, T4 teplota dokrystalizace, Ty,
teplota tani

3.2. Svételna mikroskopie

Pro pozorovani sferolitické struktury byl pouzit svételny
polariza¢ni mikroskop NIKON ECLIPSE 600 ME.

3.2.1 Pozorovani tenkych folit
Ze stifedni ¢asti granuli po tepelném zpracovani byly
mikrotomem odfiznuty folie o tloust’ce priblizné¢ 10 um. Sle-

‘f\"' i u i

I *‘H. ol
Obr. 2. Struktura vzorku 1 po tepelném zpracovani. Teplota
ochlazovani 2 °C min™"
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dovani struktury granuli po preparaci bylo provadéno
v prachozim polarizovaném svétle. Vysledky pozorovani jsou
na obr. 2 az obr. 5.

Obr. 3. Struktura vzorku 2 po tepelném zpracovani. Teplota
ochlazovani 8 °C min™"

Obr. 4. Struktura vzorku 3 po tepelném zpracovani. Teplota
ochlazovani 16 °C min™

S LG e

Obr. 5. Struktura vzorku 4 po tepelném zpracovani. Teplota
ochlazovani 32 °C min™

3.2.2. Simulace vzniku struktur ve vyhrivacim stolku

Pokud se doplni svételny mikroskop vytivacim stolkem,
v nasem piipadé LINKAM THMSE 600 (cit.?), Ize sledovat
zmeény struktury v zavislosti na zméné teploty v redlném Case.

Pro ilustraci byl vybran vzorek 4, ktery byl ochlazovan
rychlosti 32 °C min™" a mé&l ve struktufe nejmensi mnozstvi
sferoliti. Tenka folie byla umisténa do komirky vy-hiiva-
ciho stolku a byla vystavena ohfevu rychlosti 10 °C min™".
V pribéhu zahtivani vzorku byly sledovany zmény ve struk-
tufe. Na DSC termogramu obr. 6 jsou v rameccich vybrané
teploty, pfi kterych byly pofizeny snimky ménici se struktury
obr. 7 az obr. 10.
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DSC /((mWimg)
1 exo
0.50 ,

0.40
0.30,
0.20,
0.10,

1247.9°C

1 45.q c

80.7 °C

137.3°C

Temperature /°C

Obr. 6. DSC termogram vzorku 4

Obr. 7. Struktura vzorku 4 pii ohievu rychlosti 10 °C min™ p¥i
teploté 145 °C

Obr. 8. Struktura vzorku 4 p¥i oh¥evu rychlosti 10 °C min™ p¥i
teploté 153 °C

Na obr. 7 az obr. 10 je dobfe viditelna dokrystalizace
vzorku pfi plynulém ohfevu.

Touto metodou 1ze téz sledovat zmény struktury pfi libo-
voln¢ naprogramovaném rezimu tepelného zpracovani. Ptikla-
dem je struktura po tepelném zpracovani, kdy folie ze vzorku
4 byla zahiivana rychlosti 10 °C min™' na teplotu 145 °C
a pak rychlosti 1 °C min™" na teplotu 165 °C. Po 1 min tempe-
race byl vzorek ochlazen rychlosti 2 °C min™ na pokojovou
teplotu.
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Obr. 9. Struktura vzorku 4 pf¥i ohfevu rychlosti 10 °C min™ p¥i
teploté 160 °C

Obr. 10. Struktura vzorku 4 p¥i ohievu rychlosti 10 °C min™' p¥i
teploté 169 °C

Obr. 11. Struktura vzorku 4 po tepelném zpracovéani na stolku
LINKAM THMSE 600

Porovnanim obr. 5, 10 a 11 je patrné, jak zptusob vedeni
tepelného zpracovani ovlivni strukturu semikrystalickych
polymert.

3. Zavér

Bylo provedeno tepelné zpracovani granuli PETPu. Byl
ukdzan vliv rychlosti ochlazovani na strukturu. Rozdily ve
struktuie po tepelném zpracovani byly hodnoceny jak pomoci
diferencialni skenovaci kalorimetrie, kdy bylo mozno z kiivek
odecitat rozdilné teploty dokrystalizace, tak porovnanim
struktur vzorki na odebranych ultratenkych foliich. Tyto
strukturni zmény byly téz dobie viditelné pii pouziti vyhiiva-
ciho stolku. Byla ovéfena moznost pozorovani zmén struktury
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semikrystalickych  polymerd pfi tepelném zpracovani
v realném Case. Tyto metody pomohou pfti odhalovani pficin
zmén chovani plastovych vyrobku pfi jejich pouzivani ¢i skla-
dovani.

Tato prdace vznikla v ramci vyzkumného zaméru MSM

684077002 1-Diagnostika materialii.
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Z. Jenikova (Department of Materials, Faculty of Me-
chanical Engineering, Engineering Czech Technical Univer-
sity in Prague, Prague, Czech Republic): Diagnostic of Influ-
ence of Thermal Treatment on Structure of Polyethylen-
Terephtalate

This paper deals with the diagnostic of the influence of
thermal treatment on the structure of granulates of poly-
ethylen-terephtalate. The differences in the structure were
diagnosed both by the differential scanning calorimetry and
by the polarized light microscope. The heating stage added to
the microscope enables to watch changes of the structure in
real time at different temperature setting. When selecting
different kinds of thermal treatment, you can get the required
structures of products made of plastic.
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1. Introduction

Aluminium alloys show excellent properties such as high
thermal and electrical conductivity, corrosive resistance,
workability and especially light weight. These represent
a good option for the powder metallurgy (PM) industry to
produce new materials having unique capabilities, not cur-
rently available in any other powder metal parts. In order to
expanding the PM market of light alloys a higher attention to
mechanical properties needs to be paid.

A significant disadvantage of PM processing methods is
the presence of porosity, as well as the highly inhomogenous
microstructures. The pores act as crack initiators and due to
their presence, distribution of stress is inhomogeneous across
the cross section and leads to reduction of the effective load
bearing area. Both the morphology and distribution of pores
have a significant effect on the mechanical behaviour of PM
materials.

Salak' stated that interconnected and isolated porosity
are typically observed in PM materials. The mechanical prop-
erties are dependent on porosity in terms of ~: the quantity of
pores (i.e., the fractional porosity), their interconnection, size,
morphology, distribution, chemical composition, lubricant,
die design and in terms of sintering: atmosphere, temperature
and time.

Following consolidation, secondary processing is some-
times performed to remove any remaining porosity in order to
further improve the mechanical properties. After consolida-
tion and secondary operation under appropriate conditions,
bulk nanostructured materials can be obtained. There are sev-
eral popular approaches for consolidation: high-temperature
sintering, hot isostatic pressing (HIP) at elevated temperatures
or cold isostatic pressing (CIP) at ambient temperatures, in
which HIP is a more effective means for generating high den-
sity bulk®. In the present time, severe plastic deformation
(SPD) processes are also used”'°.

The main aim of the presented paper is to show the den-
sification processes after different processing steps in order to

quantify the porosity phenomena in studied PM aluminium
alloy.

2. Experimental conditions

A commercial ready-to-press aluminium based powder
(ECKA Alumix 321) has been used as material to be investi-
gated. Formulation of the tested alloy is presented in Tab. I
(Wt.%).

Table I

Chemical composition of investigated material

Al lubricant Mg Si Cu Fe
Bal. 1.50 0.95 0.49 0.21 0.07
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Specimens were obtained using a 2000 kN hydraulic
press, applying different pressures. Unnotched impact energy
specimens 55x10x10 mm® (ISO 5754) were prepared. The
green compacts were weighed with an accuracy of £0.001 g.
The dimensions were measured with a micrometer calliper
(£0.01 mm). Specimens were dewaxed in a ventilated furnace
(Nabertherm) at 673 K for 3600 s™'. Sintering was carried out
in a vacuum furnace (TAV) at 883 K for 1800 s™', with an
applied cooling rate (post sintering) of 6 K/s.

The equal channel angular pressing (ECAP) was realized
by hydraulic equipment at room temperature, which makes it
possible to produce the maximum force of 1 MN. The die had
a 90° angle with sharp corners and channels of diameter
10 mm in the cross section. The specimens were ECAPed for
1 pass.

3. Results and discussion

The densification behaviour of aluminium alloy Al-Mg-
Si-Cu-Fe is described as follow during compaction; for low
pressures the densification of the powder occurs by particle
rearrangement (translations and rotations of particles) provid-
ing a higher packing coordination. Lower pressure creates
high volume of porosity. Using low pressure may lead to edge
blunting and porosity agglomeration, consequently a low
green strength was found. After the finishing of particle rear-
rangement, the elastic and plastic deformation of particles
starts through their contacts. The contact area between the
particles increases and particles undergo extensive plastic
deformation in investigated aluminium alloy. The deeper
information about compressibility behaviour is in'!.

In terms of sintering process as expected, the sintering
brings to the formation of secondary porosity during transient
LPS as well as the swelling presented seems to be related to
the amount of liquid generated. The formation of secondary

pores, according to'>' is dependent to the previous formation
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of a liquid able to migrate away from the site of the prior
alloying particles. The mix of primary, secondary and residual
porosity reveals the mean values of pores size decreased with
increasing pressing pressure, as well the coarse additive parti-
cle sizes leave large residual pores behind. Sintering under
vacuum gave rise to the presence of higher pore content and
excessive amounts of residual porosity at grain boundaries.

The successful densification of elemental powder mix-
tures by LPS is based on the formation of a combination of
transient and permanent liquid phases'>'*. The origin of com-
pact swelling and the formation of secondary porosity during
transient LPS are based on two main causes'>'. Firstly, the
dissolution of the alloying particles in the metal matrix and
secondly, the migration of a wetting liquid, formed from the
alloying particles, through pore channels and/or the grain
boundaries of the main component, Fig. 1. Both effects lead
to the generation of secondary pores in approximately range
from 22 to 30 pm (ref.'®).

Application of ECAP supported next decreasing of pore
size, that most of the pores diameter values are less than 1 pm.
FEM analyses of ECAP show that the porosity is located in

Fig. 1. The stage of densification after sintering

Fig. 2. The densification after ECAP (SEM)
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particular in the bottom region of the workpiece close to the
outer corner of the die’. The interaction of severe shear and
the surface oxides, which are not disrupt neither during defor-
mation nor in the processing (pressing and sintering) is there-
fore present in the component.

The SEM microstructure, Fig. 2 (pores in black), and the
TEM microstructure of a same area are shown at higher and

Fig. 4. The densification after ECAP in detail (TEM)

lower magnification, Fig. 3 and Fig. 4 (pores in white).

However pores can form also during sample preparation,
their presence near intermetallic particles visible in grey con-
trast (as in Fig. 2) suggests that they exist already after sample
preparation. The subgrains visible in dark contrast allow to
estimate the size of subgrains below 1 micrometer. It could be
expected that this large amount of nanoporosities, strongly
influences pore elongation and pore profile irregularity con-
sidering that small pores evolve easily to a circular form de-
spite of well-known ability of ECAP to alignment of parti-
cles'™®. This microstructure is typical for a highly deformed
one consisting of dislocation tangles, cell walls, sub-grains
and grains, as well nanopores/voids.
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For the extremely large strains imposed by SPD process-
ing, even more extensive nucleation of nanopores/voids is
expected at grain boundaries or at particle-matrix interfaces'”.
Formation of ultrafine grains during SPD processing increases
the total area of grain boundaries and, therefore, the availabil-
ity of nanopores/voids nucleation sites. It means that
nanopores/voids are detected not only in the PM produced
materials (in PM materials residual porosity still contains,
then we obtain near net form material), as confirmed by**?!.
The continual grain refinement is an increase in the density of
triple junctions that can act as preferred sites for nanopores
nucleation.

It comes to this, that SPD has a structure characterized
by some nanoporosity occurring in the areas of triple junc-
tions. Such pores are different from those typical of PM mate-
rials (micropores), which are deriving from the compaction
and/or sintering steps. In case of SPD process nanopores are
formed during severe deformation.

4. Conclusion

The densification behaviour of aluminium alloy is follows:

1. For low pressures compaction the powder densification
occurs by particle rearrangement providing a higher packing
coordination. Lower pressure creates high volume of porosity.
After the finishing of particle rearrangement, the elastic and
plastic deformation of particles starts through their contacts.
The contact area between the particles increases and particles
undergo extensive plastic deformation in studied aluminium
alloy.

2. The main role in sintering process is played by the dissolu-
tion of the alloying particles in the metal matrix and therefore,
the migration of a wetting liquid through pore channels and/or
the grain boundaries of the main component and the forma-
tion of secondary porosity, mainly at the prior alloying parti-
cle sites.

3. The ECAP process causing stress distribution in deformed
specimens, made the powder particles to squeeze together to
such an extent that the initially interconnected pores transform
to small isolated nanopores.

J. Bidulska thanks the bilateral project SK-PL-0011-09.
R. Bidulsky thanks the Politecnico di Torino, the Regione
Piemonte, and the CRT Foundation for co-funding the fellow-
ship.
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The main aim of this paper is to show various densifica-
tion stages during application of various processing condi-
tions includes pressing, sintering and ECAP. The densifica-
tion during pressing consists of particle rearrangement then
after the finishing, the elastic and plastic deformation of parti-
cles starts through their contacts which increase and particles
undergo extensive plastic. The main role in sintering process
plays the liquid-phase sintering. The ECAP process causing
stress distribution in deformed specimens, made the powder
particles to squeeze together to such an extent that the initially
interconnected pores transform to small isolated nanopores.
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1. Uvod

Spekané suciastky nachadzaju vyuzitie v automo-
bilovom, dopravnom a strojarskom priemysle, kde je dolezité
ich mechanické chovanie, Casto za zlozitych podmienok
namahania. Z hladiska iniciacie, rastu a §irenia trhliny pri
statickom aj unavovom namahani st rozhodujuce procesy,
ktoré sa uskuto€nuju v etape subkritického rastu trhliny az do
dosiahnutia kritickej velkosti trhliny. Pre urcenie kritickej
velkosti trhliny je potrebné poznat' hodnotu vhodného
lomovo-mechanického  kritéria, ktoré wumozni vypocty
spol'ahlivej aplikacie daného materialu pre konkrétny typ
suciastky a konkrétny typ namahania, hlavne inavového.

Lomova hutzevnatost' spekanych oceli, rovnako ako
v pripade kompaktnych materialov vyjadruje odolnost’ proti
porusovaniu. Spekana mikro$truktura obsahuje pory, ktoré
ovplyviiuji napdtovo deformacné procesy na Cele Siriacej sa
trhliny. Péry sposobuju koncentraciu napéti a deformacii do
mikroobjemov matrice na &ele trhliny'™. Je potrebné uviest’,
ze pre spekané ocele doteraz nie je dostatocne vyrieSena otaz-
ka platnosti kritéria Ko=Kjc, a to aj pre merania, kedy st spl-
nené¢ poziadavky normy, ktoré makroskopicky potvrdzuju
stav rovinnej deformécie. V niektorych publikaciach®® su
merané hodnoty K akceptované ako platné hodnoty Kic, a to
aj napriek tomu, ze mikroskopicky ma lom tvarny charakter.
Podl’a inych prac je spravnejSie povazovat’ namerané hodnoty
za informativne, vyjadrené hodnotou Kg, hlavne v pripade
materialov s vysSou podrovitostou alebo vysSou plasticitou
matrice. Pre meranie lomovej huzevnatosti spekanych oceli sa
v sucasnosti pouzivaju postupy podl'a noriem platnych pre
kompaktné materidly, napr. STN 42 0347 (cit.®), ktord
zodpoveda ASTM E399-83.

V prispevku st prezentované vysledky skuSok lomovej
huzevnatosti spekanej ocele Fe-1,5 % Cr-0,2 % Mo
s pridavkom grafitu 0,3-0,7 % a je analyzovany aj vztah
lomovej huzevnatosti a medze klzu.

2. Material a experimentalne podmienky

Pre pripravu skuaSobnych vzoriek bol pouzity komerény
predlegovany prasok Astaloy CrL nominalneho zlozenia Fe-
1,5 % Cr=0,2 % Mo. K prasku bol pridany komercny prasko-
vy grafit UF 4 v mnozstve 0,3; 0,5 a 0,7 % a komeréné masti-
vo Kenolube v mnozstve 0,5%. Vzorky boli podla obsahu
pridaného grafitu rozdelené do troch skupin nasledovne: sku-
pina 3 — 0,3 % grafitu; skupina 5 — 0,3 % grafitu; skupina 7 —

0,7 % grafitu. Zmesi boli homogenizované v miesaci Turbu-
la. Z homogenizovanych zmesi boli vylisované vzorky pre
uréenie pevnosti v tahu podFa normy STN 420891-2 (ref.”),
a pre skisku lomovej huzevnatosti vzorky tvaru hranolov
10x20x55 mm® a 9x18x110 mm® podla STN 42 0347 (ref.%).
Hustota po lisovani bola v rozmedzi 6,9 az 7,2 g cm™. Vzorky
boli spekané troma sposobmi, a to:

spekanie A — priemyselna priebezna pasova pec CRE-
MER, teplota spekania 1180 °C/40 minut.

spekanie B laboratorna rarova pec Carbolite
s keramickou trubicou, teplota spekania 1250 °C
s dobou vydrze 60 min.

spekanie C — laboratérna rurova pec Carbolite s kovovou
trubicou, teplota spekania 1180 °C/40 mintt.

Pre vSetky tri spekania bola pouZitd ochranna atmosféra
10 % H, + 90 % N,; oxidicka Cistota spekacej atmosféry na
vstupe do pece v pripade spekania A a B zodpovedala rosné-
mu bodu —55 °C a v pripade spekania C bol rosny bod —20 °C.
Rychlost’ ohrevu a ochladzovania bola ~10 °C/min.

Skusky lomovej htizevnatosti boli robené statickym 3-
bodovym ohybom. Pri splneni poziadavky Fc/Fo < 1,1 a pri
splneni poziadavky B > 2,5.(KQ/RPO,2)2 sa vypocitala hodnota
Kq podla vztahu:

_FLY

K (1)

ktort mozno povazovat za hodnotu lomovej hizevnatosti
Kjc. Pri nesplneni uvedenych poziadaviek sa vypocitala in-
formativna hodnota lomovej hiizevnatosti K.

Stanovenim lomovej huzevnatosti z J-integralu sa vychadza
z platnosti poziadavky B > 50.Jc/(R.+Ry,). Ak je tato pod-
mienka splnend, je vypocitana hodnota Jc lomovou huZzevna-
tostou urcenou z J-integralu Jic. Z charakteristiky Jic bola
potom vyjadrend lomova hiizevnatost’ K;.

Vysledky skusok

Mikrostruktara vzoriek po spekani A je dominantne
bainiticka, ,,jemnost™ bainitu a podiel feritu zavisi od obsahu
uhlika, obr. la. Mikrostruktira po spekani B s pridavkom
uhlika 0,3 a 0,5 % je bainiticko-feritickd, obr. 1b. Mikrostruk-
tura Astaloy CrL s pridavkom uhlika 0,7 % je tvorena zmesou
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Obr. 1. Mikro$truktira Astaloy CrL+0,5 grafitu: a — spekanie A,
b — spekanie B
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Obr. 2. a — MikroStruktara Astaloy CrL+0,7 grafitu, spek. B, b —
mikrostruktura Astaloy CrL+0,3 grafitu, spek. C

horného a dolného bainitu, vyskytuji sa aj oblasti s jemnou
feriticko-karbidickou $truktirou, obr. 2a. Mikrostruktira po
spekani C s nizkym obsahom uhlika bola feriticko-perliticka
(obr. 2b), s najvyssim obsahom uhlika perliticko-bainiticka.

Vysledky skuaSok lomovej hizevnatosti boli vyhodnoco-
vané vypoctom hodndt Kq, K¢ podla normy STN 42 0347
a uréenim lomovej huzevnatosti z J-integralu. Na obr. 3 st
znazornené stredné hodnoty Kq, K¢ pre jednotlivé skupiny
vzoriek vypocitané podl'a normy STN 42 0347.

Hodnoty lomovej htizevnatosti stanovené z J-integralu st

uvedené v Tab. 1, a st v rozsahu 41 a7 52 MPa m'?.

Vypodet lomovej huzevnatosti podl'a Sonsina®

Vicsina autorov”'’ sa zhoduje na tom, Ze nie je nevy-
hnutné reSpektovat rozmer vzoriek, pretoze napitové
a deformacné procesy pred ¢elom trhliny sa sustred’uju do
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Obr. 3. Hodnoty K¢, K¢ vypo¢itané podl’a normy STN 42 0347

Tabulka I
Hodnoty lomovej huZevnatosti spekanej ocele Fe-Cr-Mo sta-
novené z J-integralu, spekanie C

Skup. Hust. po Ry [MPa] Rn Je Ker
spek. [MPa] [N.mm™] [MPa.m"?]
[gcm’]
3-B 7,1 139 234 24,69 52,2
5-D 7,1 209 306 21,65 443
5-E 6,9 270 305 14,54 41,6
7-G 7,0 274 375 15,84 47,4

7-H 7,0 376 445 12,26 40,9
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mikroobjemov Casticovych spojeni.

Sonsino®, ktory navrhol vztah pre vypodet lomovej hi-
zevnatosti, uvadza podmienky platnosti vypocitanych hodnot
ako: Fo/F>3,5 a podmienku O,4.(KQ/R1[,0,2)2 < (b-a.). Prva z
podmienok bola pdvodne odvodend pre vysokopevnu
a huzevnatu valcovant alebo kovani ocel, a ako uvadza
Sonsino'?, tato nemusi byt splnena pre spekané ocele. Hodno-
ty Kic vypogitané podla Sonsina®, obr. 4, boli vypogitané
podla vztahu:

3-F, L

— 2
Ic = 2 B-W? VA ’f(aerr /W)
Pri porovnani s vysledkami (obr. 3), ktoré sa ziskali
vypoctom podla normy STN 42 0347 vidiet, ze vypocitané
hodnoty st porovnatel'né pre vsetky tri typy spekania.

Vztah lomovej huzevnatosti a medze klzu

Na obr. 5 st sivou farbou vynesené hodnoty z literatiry''
do grafu zavislosti lomovej huZevnatosti od medze klzu ziska-
ného na zaklade asi 130 udajov lomovej huzevnatosti a medze
klzu pre rozne typy spekanych oceli s pérovitostou 8-10 %.
Diagram na obr. 5 ukazuje, ze do hodnoty medze klzu 500—
550 MPa a lomovej hizevnatosti 30-35 MPa m'? je zavis-
lost’ K, resp. K¢ v.s. Ry blizka linedrnej.

Autori'! d’alej ukazali, 7e konstanta imernosti pre speka-
né materialy s vySSou plasticitou (ferit, ferit+perlit) je vyssia
ako pre materidly s vy$Sou pevnostou a nizSou plasticitou
(perliticko-bainitické, popusteny martenzit). Pre spekané oce-
le s medzou klzu do ~550 MPa s homogénnou a heterogénnou
Struktirou boli vztahy medzi lomovou hizevnatost'ou
a medzou klzu v rozsahu:

—  pre homogénnu Struktiiru: Kic=(0,049-0,06).Rp0
—  pre heterogénnu Struktiru: K;c=(0,081-0,092).Rp0»

Z obr. 5 vidiet, Zze nami vypocitané hodnoty lomove;j
huzevnatosti pre vzorky s réznou mikrostruktirou znazornené
¢iernou farbou, su porovnatel'né s uvedenou tendenciou.
Sumarizovanim hodndt lomovej huzevnatosti podla typu
mikroStruktury sa ukdzala zretel'na tendencia k linearnej véz-
be medzi lomovou huizevnatostou a medzou klzu:

—  pre feriticko-perlitickd Struktiru: Ko=0,13. Ry,
—  pre feriticko-bainitickl Struktiru: Ko= 0,08. Ry
—  pre bainitickt Struktiru: Ko= 0,06. Ry
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Obr. 4. Vypoé&itané hodnoty K;c podPa Sonsina®
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Obr. 5. Vztah lomovej htiZevnatosti a medze klzu

Hodnoty konstant si v dobrej zhode s hodnotami, ktoré vy-
plynuli z vysledkov prace'!.

4. Diskusia

Rozdielnosti v podmienkach  spekania  viedli
k vytvoreniu rdéznych typov mikroStruktury spekanej ocele.
Zatial’ ¢o v pripade spekania A a B boli dodrzané termodyna-
mické podmienky, v pripade spekania C neboli vytvorené
podmienky pre dosiahnutie optimalnej Struktury, désledkom
¢oho bol vznik defektov typu nespojitosti. Tieto mali za nasle-
dok pokles mechanickych vlastnosti. Namerané hodnoty Kq
pre vzorky po spekani A a B s obsahom 0,3 % grafitu st
v rozsahu 26 az 36 MPa m"?, pre vzorky s obsahom 0,5 %
grafitu v rozsahu 28,5 a7 29 MPa m'? a pre vzorky s 0,7 %
grafitu 36 az 41 MPa m"?. Tieto rozdiely je mozné vysvetlit
pevnostou a plasticitou matrice. V pripade vzoriek s niz§im
obsahom uhlika mikrostruktura obsahuje ferit, ktory umoziiu-
je rozvoj plastickej deformacie pred ¢elom trhliny, pri najvy-
$Som obsahu uhlika je bainiticka mikro$truktira s nizSou za-
sobou plasticity. Hodnoty K pre spekanie C sa mierne zvysu-
ju so zvySovanim obsahu uhlika, teda pre mikroStrukturu
s vys§im podielom bainitu a vy$Sou medzou pevnosti a klzu.
Najnizsiu hodnotu maju vzorky s feriticko-perlitickou $truktd-
rou a medzou klzu 139 MPa. Treba uviest, Ze pevnostné
vlastnosti vzoriek po spekani C boli nizSie ako vzoriek po
spekani A a B, ¢o bolo sposobené kontaminaciou hranic zin
oxidickou fazou.

Porovnanim réznych typov vypoctov lomovej huzevna-
tosti vidiet, Ze vypoctom lomovej huzevnatosti pomocou J-
integralu dostavame vysSie hodnoty, pretoze do vypoctov je
zahrnuta aj plasticka zlozka, ktora bola hlavne v pripade ma-
teridlov s feriticko-perlitickou Strukturou vyraznd. V pripade
vypoétov podla Sonsina® su vypogitané hodnoty v dobrej
zhode s hodnotami vypocitanymi podl'a normy STN 42 0347.

5. Zavery
Hodnoty lomovej huzevnatosti vyjadrené kritériom Kg

pre vzorky po spekani A a B s obsahom 0,3% grafitu su
v rozsahu 26 az 36 MPa.m"?, pre vzorky s obsahom 0,5%
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grafitu v rozsahu 28,5 az 29 MPa m"? a pre vzorky s 0,7 %
grafitu 36 az 41 MPa m"% Hodnoty lomovej hiizevnatosti
vyjadrené kritériom Kg pre vzorky po spekani C st v rozsahu
23 a7z 34 MPa m'". NajniZ§iu hodnotu majii vzorky
s feriticko-perlitickou $truktirou a medzou klzu 139 MPa.
Hodnoty K sa mierne zvySuju so zvySovanim obsahu uhlika,
teda pre mikroStruktiru s vy$sim podielom bainitu a vysSou
medzou pevnosti a klzu.

Hodnoty vypocitané podla vztahu, ktory doporuduje
Sonsino, st pre vSetky skupiny vzoriek porovnatelné
s hodnotami vypocitanymi podl'a normy STN 42 0347.

Sumarizovanim hodnot lomovej hiizevnatosti podl'a typu
mikro$truktiury sa ukédzala zrete'na tendencia k linearnej véz-
be medzi lomovou huizevnatost'ou a medzou klzu.

Prispevok bol spracovany v ramci projektu VEGA
2/0103/09.
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This contribution deals with fracture toughness of the
Fe-Cr-Mo-C sintered steel. The material used in experiments
was Fe-1.5Cr-0.2Mo pre-alloyed water atomized steel powder
(Astaloy CrL) with addition 0.3—0.7 % of graphite. The speci-
mens were pressed at 600 MPa, sintered at 1180 and 1250 °C
for 40 and 60 minutes in N, and 10 % H, atmosphere. The
specimens with fatigue crack were tested in three point bend-
ing test according to standard STN 42 0347. The fracture
toughness values by Kq criterion, and J-integral were calcu-
lated. Evident tendency to linear relationship between fracture
toughness and yield stress in the relation on type of micro-
structure type was showed.
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VPLYV PODMIENOK SPEKANIA PRASKOVEJ OCELE Fe-Cr-Mo-C NA REDUKCNE

PROCESY
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Kracové slova: Fe-Cr-Mo-C praskova ocel’, spekanie, redukc-
né procesy, mikrostruktiira

1. Uvod

Vysoka cena legiir Ni, Mo a Cu, ktoré sa pouzivaju pri
vyrobe vysoko pevnych spekanych oceli motivuje zaujem
vyrobcov praskov pre vyuzitie Cr, Mn a Si, ktoré sa pouZzivaji
v tavnej metalurgii oceli. Cr a Mn maju excelentny vplyv na
prekalitelnost’ oceli, ¢im zabezpecia vysoko pevnu mikro-
Struktaru, su cenovo vyhodné a pri porovnani s legovanim Cu
sa eliminuje problém recyklovatel'nosti. Nevyhoda Cr (aj Mn
a Si) je ich vysoka afinita ku kysliku. Téato skuto¢nost’ sa musi
zohladnit’ pri vybere podmienok vyroby. Je potrebné urcit
najvhodnejSie podmienky spekania tak, aby sa plne vyuzili
vSetky metalurgické vyhody tychto leglr. Problém vysokej
afinity Cr ku kysliku sa prejavi uz pri vyrobe Cr-legovaného
prasku rozprasovanim legovanej taveniny vodou. Castice
prasku su pokryté stvislou vrstvickou oxidov Fe, hrabky 5 az
7 nm, a disperznymi casticami komplexnych oxidov Cr-Mn-
Si rozmeru do 200 nm'™. Oxidické ¢astice podobného zloze-
nia sa nachadzaju aj v objeme castic prasku a maji rozmer 0,5
az 1 pm (cit.>®), pri¢om asi 50 % celkového obsahu kyslika je
stidastou oxidickych inkluzii v objeme Gastic prasku®. Vysoky
merny povrch praskového vylisku sposobi, ze pri nevhodnych
podmienkach spekania dojde k oxidickému zneéisteniu inter-
fazovych oblasti spekanej mikrostruktury, ¢o sposobi zhorse-
nie mechanickych vlastnosti spekaného materialu’. Cielom
vyskumu je identifikovat’ parametre spekania, pri ktorych sa
zabezpecia redukéné podmienky a eliminuje sa tvorba nezia-
ducich oxidickych faz. Kl'ucovu tlohu ma oxidicka Cistota
spekacej atmosféry, teplota spekania a pritomnost’ uhlika,
ktory je nevyhnutny pre karbotermické redukéné procesy™*®.
V priemysle sa v sucasnosti pouziva redukéna zmesna atmo-
sféra N,+(5-10) %H, alebo inertna N, atmosféra. Ak sa spe-
kanie vyliskov z Cr legovaného  prasku uskutoéiuje
v inertnej atmosfére bez pridavku uhlika, je disociacia
oxidov kontrolovana parcidlnym tlakom kyslika v atmos-
fére p(0,)™™* < p(0,)™. Maximalny tolerovatelny parcialny
tlak kyslika v atmosfére pre rozklad oxidov Cr pri 1120 °C je
4%107%° bar. Ak sa spekanie uskutoiiuje za pritomnosti Ha,
ale bez uhlika, je parcialny tlak O, tizko spojeny s pomerom
parcialnych tlakov p(H,)/p(H,O). Pri spekani praskového
systému obsahujuceho uhlik uskuto¢nia sa procesy karboter-
mickej redukcie, ktora je kontrolovana pomerom parcialnych
tlakov pCO/pCO,. Vylisky z pragkového kovu obsahuju pory,
ktoré sa pocas spekania uzatvaraji a prestanii komunikovat’
s povrchom vylisku. To spdsobi, ze chemické reakcie, ktoré
sa uskuto¢nuji v objeme spekaného vylisku su termodyna-
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micky kontrolované zlozenim ,,mikroklim* a st rozdielne ako
reakcie medzi povrchom vylisku a pradiacou pecnou atmosfé-
rou. Jednou z moznosti poznania a kontroly procesov, ktoré sa
uskuto¢nuju pri spekani takych zlozitych systémov je monito-
rovanie zlozenia spekacej atmosféry (obsah H,O, CO a CO,).
Meranie pomeru pCO/pCO, a pH,/pH,O umozni korelovat’
teoreticky predikované reakcie s reakciami, ktoré sa realne
uskutociuju v spekanom vylisku.

Prispevok sa zaoberd analyzou vplyvu teploty spekania
(1120 a 1200 °C) a typu spekacej atmosféry (N,
a N,+10 % H;) na redukéné procesy pri spekani vyliskov
z prasku Astaloy CrM s pridavkom 0.5 % grafitu.

2. Experiment

Experimentalny material bol komerény vodou rozpraso-
vany Cr predlegovany prasok Astaloy CrM nominalneho
zlozenia Fe-3%Cr-0.5%Mo s obsahom 0.197 % O, (Hoganés
AB Svédsko)'® s pridavkom 0.5 hm.% praskového grafitu
UF4. Po homogenizovani zmesi v miesaci Turbula boli vyliso-
vané cylindrické vzorky @10%12 mm’ s hustotou ~ 6.9 g cm™.
Vzorky (vzdy v pocte 6 ks) boli ulozené do kovovej krabice
z nehrdzavejucej feritickej ocele. Spekanie sa robilo v rarovej
laboratornej peci ANETA pri teplote 1120 a 1200 °C
s vydrzou 30 min. Rychlost’ ohrevu bola 10 °C/min a rychlost’
ochladzovania 50 °C/min. Pre experiment sa pouzili dva typy
spekacej atmosféry, N, a zmes N,+10%H, s prietokom 2 1/
min. Pred vstupom do pece bola atmosféra Cistend vymrazo-
vanim tekutym dusikom; rosny bod oboch atmosfér na vstupe
do pece bol ~ =70 °C (Super-Dew SHAW). Pocas celého
cyklu spekania sa kontinudlne odoberala atmosféra priamo z
krabice so vzorkami, ¢o umoznilo meranie obsahu CO, CO,
(nedisperzny infracerveny analyzator) obsahu vodnej pary
(keramicky senzor Mitchell Cermet). Pomocou Specialneho
softvéru sa ziskal zdznam zloZenia spekacej atmosféry pocas
celého cyklu spekania. Tymto usporiadanim experimentu a za
predpokladu, Zze atmosféra v krabici so vzorkami simuluje
zlozenie atmosféry ,,mikroklim* v objeme spekanych vzoriek,
sa ziskali udaje o redlnych redukénych procesoch pocas celé-
ho cyklu spekania. Po spekani bol merany obsah kyslika a
uhlika (LECO TC 36), mikroskopicky (Olympus GX71) bola
Studovana mikrostruktira, bola urobend mikroanalyza oxidic-
kych castic (JEOL JSM-7000F+EDX INCA). Nestandardnou
»gombickovou“ sktskou sa merala lomova pevnost’ spekané-
ho materialu a bola urobena fraktograficka analyza lomovych
povrchov.

3. Vysledky a diskusia

Na obr. 1 je zaznam kontinualneho monitorovania obsa-
hu H,0, CO a CO; vo vystupnej atmosfére odoberanej priamo
z krabice so vzorkami pocas spekania pri teplote 1200 °C
v zmesnej atmosfére N,+10 % H, a na obr. 2 pocas spekania
v atmosfére N,. Na profile obsahu H,O (RB) v zdzname zo
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spekania vzoriek v atmosfére N,+10 % H,, obr. 1, vidiet’ vy-
razny pik s maximom pri ~ 450 °C, ktory zodpoveda redukcii
povrchovych Fe oxidov vodikom. Podobny, ale podstatne
menej vyrazny pik je pri spekani v atmosfére N,, obr. 2, ktory
suvisi s rozkladom chemicky viazanej vody pochadzajicej zo
skladovania prasku. Na profile CO, pre oba typy atmosfér
vidiet' pik pri teplote ~ 300 °C, ktory zodpoveda rozkladu
hydroxidickych kontaminacii na povrchu ¢astic prasku (napr.
hydrogén uhli¢itany) a stop mastiva (silikonovy olej) apliko-
vaného na steny nastroja. Pri spekani v atmosfére obsahujucej
H, boli pri nizkej teplote zistené malé piky na profile CO, ¢o
tiez suvisi s rozkladom mastiva.

So wvzrastajucou teplotou redukény potencidl vodika
klesa a nad 750 °C sa v désledku pritomnosti uhlika zacinaji
uplatiiovat’ karbotermické reakcie. Redukciu povrchovych
oxidov Fe uhlikom v mieste kontaktov Fe/C mozno na profile
CO, obr. 1 a obr. 2, identifikovat’ ako piky s maximom pri
teplote ~ 800 °C. Nad teplotou 900 °C narasta koncentracia
CO v spekacej atmosfére a dosahuje maximum pri teplote
1120 °C. Tento pik je spojeny s redukciou povrchovych ter-
modynamicky stabilnych oxidov chromu a tiez oxidov zeleza
z vnutornych poérov, ktoré komunikuji s povrchom vylisku.
Pik s maximom pri teplote 1200 °C zodpoveda redukcii oxi-
dov v objeme praskovych castic, pre ktortl je z hl'adiska re-
akénej kinetiky potrebna vyssiu teplota spekania. Na obr. 2 na

€O, pom (00 ppm

200 3000 - —

i =

{2500 4
] 1
\

e 4 / [FTh

Time (min)

Obr. 1. Profily obsahu H;O, CO a CO, vo vystupnej atmosfére pri
spekani 1200 °C v N,+10 % H,
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Obr. 2. Profily obsahu H,O, CO a CO, vo vystupnej atmosfére pri
spekani 1200 °C v N,
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profile CO vidiet' pik s maximom pri ~ 590 °C, ktory suvisi
s Boudouardova reakciou.

Vysledkom popisanych procesov je zmena obsahu kysli-
ka a uhlika po spekani, Tab. I. Po spekani pri 1120 °C
v atmosfére obsahujucej vodik klesol obsah kyslika
z vychodiskovej hodnoty 0,197 % na 0,097 % a pri 1200 °C
na 0,027 %, ¢o zodpoveda ubytku o ~50 a ~90 % oproti stavu
pred spekanim. VysSie ubytky kyslika spekanim pri vyssej
teplote potvrdzujt redukciu nielen povrchovych oxidov ale aj
oxidov v objeme Castic. Vyhoda spekania Cr legovanych oceli
pri vy$iej teplote bola prezentovana viacerymi autormi®®!'!,
Spekanim v N, atmosfére pri 1120°C klesol obsah kyslika na
0,122 % a pri 1200 °C na 0,035 %, ¢o zodpoveda jeho tbytku
0 ~40 a ~80 %, teda menej ako pri redukcii v atmosfére obsa-
hujicej vodik. Désledkom karbotermickych redukénych pro-
cesov je pokles obsahu uhlika, a to z pévodnych 0,5 % na
0,34 % spekanim pri 1120 °C a na 0,39 % pri 1200 °C
v atmosfére N,+10 % H, a na 0,37, resp. 0,42 % pri spekani v
N, atmosfére.

Dosledkom redukénych procesov pocas spekania je
zmensSenie oxidického znecistenia materidlu, doprevadzané
zmenou distribucie, vel'kosti a pocetnosti oxidickych castic.
Obr. 3 a ukazuje vychodiskovy stav s oxidickymi Casticami,
ktoré su distribuované po hraniciach zin ale aj objeme Castic.
Spekanie pri teplote 1120 °C v atmosfére N, vedie
k podstatnému zmenSeniu oxidickych castic, ich zvysky ale

& ot 2
v, =4 .“ - Oxidické znecistenie
s .\3 vychodiskového prasku
" 5 ’ 0,197 % 0,
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Obr. 3. Distribucia oxidickych ¢astic pred a po spekani
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Tabulka I
Obsah O, a C v spekanych vyliskoch

Atmosféra Teplota spekania [°C] 0,[%] C[%]
N,+10 % H, 1120 0,097 0,39
N,+10 % H, 1200 0,027 0,34
N, 1120 0,122 0,42
N, 1200 0,035 0,37

zostavaju v miestach povodnych povrchov alebo ako zhluky
drobnych oxidov v objeme povodnych Ccastic, obr. 3b.
K zasadnej zmene distribucie a poétu oxidickych castic doslo
spekanim pri teplote 1200 °C, a to vyraznejSie po spekani
v atmosfére N,+10 % H,, obr. 3¢ Vidiet’ iba ojedinelé oxidic-
ké Castice nachadzajice sa v objeme pdvodnych Castic.

Feriticko-bainitickd mikrostruktara spekanych vzoriek
zodpoveda obsahu uhlika a rychlosti ochladzovania.
V niektorych feritickych zrnach vzoriek spekanych pri 1120 °©
C boli identifikované zvysky oxidov, v pripade spekania pri
1200 °C je vyskyt oxidickych inklazii Giplne ojedinely.

Na obr. 4 st hodnoty lomovej pevnosti Rgg merané ne-
oxidickym znecistenim méa lomovi pevnost’ 945 MPa, najniz-
Sia hodnota 680 MPa zodpoveda materialu spekaného pri tep-
lote 1120 °C v atmosfére N,.

Analyza lomovych povrchov ukazala, ze material sa
porusoval tvarnym jamkovym mechanizmom. V niektorych
jamkach sa nachadzali oxidické Cr-Mn castice t'azko reduko-
vatel'nych spinelovych oxidov velkosti do ~ 0,5 um. Ich vy-
skyt bol zaznamenany v pripade vzoriek spekanych pri teplote
1120 °C v atmosfére N,. Na lomovom povrchu materidlu
spekanom pri 1200 °C sa takéto castice vyskytovali velmi
ojedinele.

1000
B 10%H2+N2

BOO NZ

600

R (MPa)

400

200

1120°C 1200°C

Obr. 4. Hodnoty lomovej pevnosti Rgr po spekani

4. Zavery

Kontinualne monitorovanie zlozenia vystupnej atmosfé-
ry ukézalo, ze so vzrastajucou teplotou redukény potencial
vodika klesa a nad 750 °C sa zacinaju uplatiovat’ karbotermic-

s479

Material v inzinierskej praxi 2011

ké reakcie. Nad teplotou 900 °C narastd koncentracia CO
v spekacej atmosfére a dosahuje maximum pri teplote 1120 °C,
¢o je spojené s redukciou povrchovych termodynamicky sta-
bilnych oxidov chromu a tiez vnutornych oxidov Zeleza. Pri
teplote okolo 1200 °C je maximum redukcie stabilnych oxidov
v objeme praskovych Castic. Obsah kyslika a uhlika po speka-
ni je v sulade s identifikovanymi procesmi redukcie. Speka-
nim pri teplote 1200 °C doslo az k 90% zmenseniu obsahu
kyslika a k poklesu obsahu uhlika z 0,5 % na 0,34—0,37 % pri
hodnote lomovej pevnosti az do 945 MPa.

Prispevok bol spracovany v ramci projektu VEGA
2/0103/09. Autori dakujii Vedeckej grantovej agentiire MSVV
a 8§ SR za financnii podporu.
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M. Hrubovéakova, E. Dudrova (Institute of Materials
Research, Kosice, Slovakia): Effect of Sintering Conditions
of the Fe-Cr-Mo-C Powder Steel on Reduction Processes

The contribution deals with the effect of sintering tem-
perature (1120 and 1200 °C) and atmosphere type (N, and
N,+10 % H,) on oxide reduction during the sintering of the
Astaloy CtM+0,5 % C. Continuous monitoring of the output
atmosphere composition showed that at temperatures above
750 °C carbothermic reactions start and at temperatures above
900 °C increases the CO content with maximum at 1120 °C,
which corresponds to reduction of surface Cr oxides and Fe
inner oxides. At a temperature of ~1200 °C maximum reduc-
tion of stable inner oxides was identified. Sintering at 1200 °C
results in reduction of O, content by 90 %; C content de-
creases from 0.5 % to 0.34—0.37 % which results in the values
of the fracture strength of 945 MPa.
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1. Uvod

Vyroba odliatkov patri k tym priemyselnym odvetviam,
ktoré produkuju pomerne velké mnozstvo odpadov. Uvadza
sa, ze v sucasnosti vznika na 1 tonu dobrych odliatkov okolo
600 kg roznych druhov odpadov. Aktudlne je vo svete VACSi
podiel zlievarenskych odpadov (okolo 60 %) vyvazanych na
skladku a mensi podiel okolo 10-15 % je recyklovanych pre-
dovietkym v stavebnictve. Daliie odpady predstavujiice pre-
dovsetkym pouzité formovacie zmesi a poskodené jadra sa vo
vel’kej miere regenerujii a opitovne vyuZivaji v zlievariiach'.

Zlievarenstvo vo vSeobecnosti patri k  priemyselnym
odvetviam, v ktorych dochédza k vysokému stupiiu recykla-
cie kovov. Napriek tomu, ze podl'a niektorych pramenov sa
vyuzitie kovovej substancie pohybuje okolo 90 %, mnoZstvo
bohatych kovonosnych odpadov je vyvéazanych na skladky.
K tymto odpadovym materidlom patria prachy z niektorych
zlievarenskych strojov a zariadeni, ktoré koncia na skladkach.
Tym zaroven dochadza k zhorSeniu ekoldgie v mieste depona-
cie a k zaberu polnohospodarskej pody?.

Objektivne je nutné uviest, ze sucasné naklady na ukla-
danie odpadov sa liSia pripad od pripadu. Jedinou istotou je,
ze tieto naklady sa budu v nasledujucich mesiacoch a rokoch
zvySovat, pretoze sa zvySuju poplatky za ukladanie odpadov
a naklady na dopravu. Vysoké naklady na ochranu Zivotného
prostredia a vel'mi vysoké dane z paliv v Eurdpe st neustalou
hrozbou konkurencie schopnosti zlievaren, preto sa oCakava,
ze viacSina zlievaren bude zvazovat rdzne postupy
recyklacie’.

2. Zakladné rozdelenie zlievarenskych prachov

Prachy vznikajuce v zlievarenstve je mozné rozdelit
nasledujticim spésobom’: kovonosné prachy, zmesné prachy a
pieskové prachy s minimalnym obsahom 70 hm.% SiO,
a obsahom celkového Zeleza nepresahujuceho 10 hm.%. Me-
dzi najhodnotnejSie materialy patria kovonosné odprasky,
ktoré pochadzaju predovsetkym z otryskavania a brasenia
odliatkov. Obsah Zeleza v odpadovych materidloch zachyte-
nych z Cistiarni a systémov na zachytavanie tuhych emisii
z tychto zariadeni sa pohybuje od 40 do viac ako 80 %
v zavislosti na type pouzitého zariadenia, jeho uCinnosti
a umiestnenia zariadenia v systéme.
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3. Prach z brusenia odliatkov

K odpadovym prachom s vysokym obsahom Zeleza patri
aj prach z brusenia odliatkov. V Tab. I je uvedené chemické
zlozenie prachu z brisenia liatinovych odliatkov z dvoch
roznych slovenskych zlievarni. Na obr. 1 je morfologia tohto
prachu.

Z chemickej analyzy je vidiet, ze prach z brusenia od-
liatkov obsahuje vel'mi vysoky podiel kovového Zeleza (80—
90 %), obsah oxidov zeleza je v pripade zlievarne
A minimalny (1,2 %) v druhej zlievarni bol celkovy obsah
oxidov vyssi (takmer 6 %).
prachu — 41,62 % malo velkost’ pod 0,063 mm, velkost’ zin
nad 0,18 mm malo len 4,23 % prachovych zin. Prach
z brusenia je vel'mi jemnozrnny material s vel'mi nerovnomer-
nymi tvarmi zfn, ktoré nie st vhodné pre peletizaciu alebo
briketaciu iba tlakom, ako je to mozné v pripade kovovych
Spon.

Chemické zlozenie prachu, predovsetkym vysoky obsah
zeleza, predurcuju pouzitie tohto prachu do vsadzky taviaceho
agregatu. Najvhodnej$im taviacim agregdtom pre zuzitkova-
nie zlievarenského prachu je kuplova pec*™. Na Sovensku je
len niekol’ko zlievarni, ktoré vyrabaju liatinu v kuplovej peci,
ale vzhl'adom k tomu, ze prach z briisenia vznika vo vSetkych
zlievariach, je potrebné uvazovat' s pouzitim tohto druhu
prachu aj do vsadzky elektrickej indukénej pece.

Medzi kuplovou pecou a elektrickou indukénou pece st
dva vyznamné rozdiely®: kuplova pec pracuje s redukénou
atmosférou, zatial Co elektrickd indukénd pec pracuje
s neutrdlnou alebo ciastocne oxidacnou atmosférou z dovodu
absentovania pritomnosti koksu. Pelety alebo brikety, ktoré
moézu byt pouzité do vsadzky pece st menej feromagnetické,
v elektrickej indukénej peci vytvaraji menej tepla.

4. Skusovenie prachu z brusenia odliatkov

Na to, aby mohol byt prach pouzity do vsadzky pece bolo
nutné previest’ ho do kompaktného stavu, vhodného pre vsa-
dzanie do elektrickej indukénej pece. Z toho dovodu bolo
potrebné vyriesit' dva problémy: najst’ vhodnu metédu skuso-
venia prachu, ktord umozni I'ahku manipuldciu s prachom,

Obr. 1. Morfolégia prachu z brisenia liatinovych odliatkov (zv.
10x)
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Chemické zlozenie prachu [hm.%] z brusenia liatinovych odliatkov z dvoch slovenskych zlievarni

Prach Fe Ferov FeO Fe, 03 SiO, CaO Mn P SiC C S
Prach A 88,58 87,91 0,72 0,48 8,84 0,19 0,58 0,06 1,01 3,83 0,104
Prach B 81,21 76,73 3,59 2,41 6,34 - 0,29 0,03 0,28 3,07 0,121

bude lacnd a s minimalnym mnoZstvom spojiva a zarovei
odskusat’ pouzitie skusoveného prachu do vsadzky elektrickej
indukénej pece a zistit jeho vplyv na vytazok kovu
a mnozstvo trosky.

Prach z brusenia odliatkov bol peletizovany na peletizac-
nej mise s pridanim spojiva bentonitu a vody. Tento proces
bol spojeny s vyvinom velkého mnozstva tepla (teplo salalo
z peletizovanej vsadzky), teplota vsadzky stupla o viac ako
50 °C. Teplo, ktoré sa uvolnilo pri pridani vody k prachu
z brasenia bolo spdsobené chemickou reakciou, ktora pri tom
prebehla. Zistilo sa, Ze pridanim vody k prachu z Tab. I doslo
k zmene jeho chemického zlozenia, znizil sa obsah kovového
zeleza a zvysil sa obsah FeO. Obr. 2 ukazuje ako vplyva ob-
sah vody na chemické zloZenie prachu. ZvySovanim obsahu
vody linedrne klesa obsah kovového Zeleza a na druhej strane
exponencialne stipa obsah FeO, ¢o bol vel'mi negativny po-
znatok pre proces skusovenia. Viedlo to k poznatku, Ze je
nutné minimalizovat’ pridavanie vody v procese skusovenia,
pretoze zvySeny obsah FeO v prachu by sposobil problémy
pri taveni v elektrickej indukénej peci (vyrazne by sa znizil
vyt'azok kovu a zvysilo by sa mnozstvo trosky, ¢o je neziaduce.

Prach nebolo mozné speletizovat’ tak sa pristapilo
k briketovaniu. Pri briketizacii boli ako spojivo pouzité rozne
podiely bentonitu a vodného skla. Ked’ze pri pouziti vodného
skla  nedochadzalo k  zvySovaniu teploty prachu
(predpokladame, ze vodné sklo brzdilo oxidaciu Zeleza), bolo
zvolené ako vhodnejSie spojivo. Na zaklade experimentov
bolo ako najvhodnej$ie mnozstvo vodného skla urcenych
6 hm.%.

Brikety zhotovené z prachu z brusenia so 6 % vodného
skla mali pevnost’ v surovom stave 20,5 kPa a tato pevnost’
v tlaku stapla po 3 mesiacoch na 81,3 kPa. Kvoli minimaliza-
cii nakladov boli brikety vytvrdzované samovolne na vzdu-
chu. Brikety mali jednu nevyhodu. Tym, Ze boli samovytvr-
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Obr. 2. Vplyv obsahu vody na obsah kovového Zeleza a FeO
v prachu z brisenia
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dzované, boli pri dostatoénej pevnosti krehké a pri pade na
kovovua podlozku sa rozpadavali a manipulacia s nimi bola
vel'mi
problematicka. Jednou z moznosti ako dosiahnut’ lepSie mani-
pulacné vlastnosti takychto brikiet je ich vytvrdzovanie fuka-
nim CO,, ¢o je ale pracné a nakladné.

Dalgie experimenty boli zamerané na pouzitie bentonitu
ako spojiva s minimalnym mnozstvom vody.

5. Zavery

Cielom experimentov bolo najst najvhodnejsi spdsob
skusovenia prachu z brisenia odliatkov. Vysledky experimen-
tov ukdzali, Ze najpevnejSie a voci padu najodolnejsie boli
brikety pripravené vhodnou kombindciou hrubozrnného
a jemnozrnného prachu z brusenia s pridavkom 5% bentonitu
a malym pridavkom vody.

Tato prace vznikla za podpory grantu VEGA 1/0568/10

a Agentury na podporu vyskumu a vyvoja na zdklade zmluvy
C.APVV-0180-07.
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A. Pribulova, D. Baricova (Technical university Kosice,
Fakulty of Metalurgy, Department of Iron Metalurgy and
Foundry, Kosice, Slovakia): Compacting Possibilities of
Dust Waste with high Fe-Content

Dust from castings grinding with high Fe content
(87.9 %) is very valuable material that is still landfill in Slo-
vakia. Main goal of experiments has been to find the cheapest
way of dust compacting with minimum amount of binder. The
dust was pelletized and briquetted and as binders bentonite,
water glass and water were used. Water caused FeO rise in the
dust what is not suitable for its using in EIF. Briquettes made
from dust with addition of water glass got compression
strength after three months on the air about 82 kPa but they
had a very low drop impact resistance. Very good results were
observed by using of fine grained and coarse grained dust
with small addition of water and bentonite.
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VPLYV TEPLOTY NA FAZOVE TRANSFORMACIE SPAJKOVACICH ZLIATIN
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Obr. 1. Konfiguracia difrakrometra v geometrii Debye-Scherrera

1. Uvod
Bezolovnaté spajky na baze SnAgCu, SnAg a SnCu ziarenia ma mnoho vyhod v porovnani konven¢nymi labora-
(s teplotou tavenia pod 250 °C) st najviac rozsirenym nizko- tornymi rontgenovymi lampami, kedze poskytuje vysokoe-
teplotnym spajkovacim materidlom v oblasti elektrotechnic- nergeticky intenzivny tok foténov. Z déovodu urychlenia mera-
kého priemyslu. Podstatni ulohu preto z pohladu kvality ni boli difraktované luce detekované polohovo citlivym detek-
a spol’ahlivosti elektronickych zariadeni zohravaja spajkované torom OBI, pokryvajuci uhlovy rozsah 20, = 110°.
spoje. Zasadnym faktorom uréujiicim vlastnosti spajkovanych Vzorky spajkovacich zliatin vo forme prasku boli umies-
spojov je ich mikroStruktira. Mikrostruktiura spajkovanych tnené do sklenenych kapilar s vnutornym priemerom
spojov je vo vSeobecnosti ovplyvnena pouzitou spajkovacou 0,28 mm. Nasledne boli kapilary postupne (pre jednotlivé
zliatinou, procesom spajkovania, zlozenim spajkovanych spajky) vlozené do piecky STOE, ktord umoziuje simulaciu
materialov a pouzivanim elektronického zariadenia. Vsetky procesu spajkovania (narast, resp. pokles teploty zliatin). Tep-
Styri faktory maju vyznamny vplyv fazové transformécie lota v blizkosti samotnej vzorky spajky v piecke bola merana
v spajkovanych spojov nasledne ovplyviujice ich vlastnosti. termoclankom. Z dovodu elimindcie vplyvu textury
Mikrostruktira samotnych bezolovnatych spajok vo vSeobec- a zabezpecenia korektnych intenzit Braggovych difrakénych
nosti pozostdva z B-Sn dendritickych kryStalov s typickou vrcholov sa kapildra otacala s frekvenciou 2 Hz (@) okolo
dizkou 10'-10* pum. Daldou podstatnou zlozkou spajok st svojej horizontdlnej osi, v smere kolmom ku dopadajicemu
intermetalické zluéeniny. Spajky zaloZené na Sn s primesami monochromatickému l¢u s rozmermi 12 mm x 5 mm
ako Ag alebo Cu obsahuju dominantne itermetalické precipi- (obr. 1). Ked'Ze intenzita dopadajuceho luca postupne klesa v
taty AgsSn (=*1-10" um) alebo CueSns (= 1 um). RozloZenie dosledku ¢asového poklesu pozitronového pradu v synchrot-
intermetalickych zlugenin v zliatine je dané pomerovym réne, doba jednotlivych merani (pri konStantnej teplote) bola
hmotnostnym zloZenim jednotlivych prvkov v spajke'™. definovana dosiahnutim preddefinovaného poctu zaznamena-
Realizované in-situ rontgenové difrakéné merania nych fotonov. Meranie pri konstantnej teplote trvalo medzi 12
spajkovacich zliatin 95,5Sn3,8Ag0,7Cu, 99Sn1Cu a 96Sn4Ag az 14 min. Pocas narastu (30-210 °C) a poklesu teploty (190
(hmotnostné pomerové zloZenie) znazorfuju spravanie sa az30°C) sa aplikoval teplotny krok 10 °C, kym teplotny krok
tychto zliatin pocas narastu teploty (30-250 °C) a pocas po- 2 °C sa aplikoval pre detailnej$i zaznam procesov tavenia

klesu teploty (250-30 °C), simulujiic tak proces spajkovania. (210-250 °C) a tuhnutia (250-190 °C).
Déraz bol pri tychto meraniach kladeny na posudenie fazo-
vych premien v jednotlivych spajkovacich zliatinach najmé

pocas procesu tuhnutia. 3. Vysledky a diskusia
Difrakéné zaznamy vsetkych spajkovacich zliatin ziska-
2. Meranie nych pri pociatoénej teplote 30 °C poukazuju na pritomnost’
ostrych a intenzivnych vrcholov B-Sn fazy (PDF Nr. 4-673).
Ako zdroj rontgenového ziarenia pre difrakéné mera- Taktiez si v zdznamoch jasne viditeIn¢ jemné vrcholy AgsSn

nia sa pouzil ohybovy magnet experimentilneho stanoviita (PDF  Nr. 44-1300) pre zliatiny 95,55n3,8Ag0,7Cu
B2 synchrotrénu DORIS III v indtitite HASYLAB/DESY a 96Sn4Ag a jemné vrcholy CugSns (PDF Nr. 45-1488) pre

v Hamburgu (Nemecko). Experimentalne stanoviste umoziiu- zliatiny 95,55n3,8A¢0,7Cu a 99Sn1Cu*. Ked*7e nase merania
je realizovat merania v geometrii Debye-Scherrera boli zamerané najmi na posudenie fazovych premien, nasle-
v transmisnom reZime obr. 1. Pre naSe merania sa pouzila dujuce difrakéné zdznamy znazorfiujli spravanie sa analyzova-
vinova dizka Ziarenia . = 0,5384 A. Pouzitie synchrotronneho nych spajkovacich zliatin len poas procesu tavenia (ndrast

5482
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Obr. 4. Difrakéné zaznamy spajkovacej zliatiny 96Sn4Ag

teploty) a tiez pri vybranych teplotach (pocas poklesu teplo-
ty), pri ktorych sa formuju jednotlivé krystalické fazy.

V dosledku ohrevu vzoriek spajok v rozsahu 30 °C az po
teploty tavenia jednotlivych zliatin nedoslo v spajkach ku
vzniku novych krystalickych faz. Po dosiahnuti teploty 228 °C
(95,5Sn3,8Ag0,7Cu), resp. 238 °C (99SnlCu) a 232 °C
(96Sn4Ag) difrakéné vrcholy patriace hlavnej faze B-Sn rych-
lo poklesli, ¢o je znakom dosiahnutia teploty blizkej teplote
tavenia jednotlivych spajok. Po zvyseni teploty o d’alsie 2 °C
bolo mozné pozorovat dal$i pokles intenzity difrakénych
vrcholov jednotlivych faz spolu s vyraznym relativnym naras-
tom pozadia. Difrakéné zaznamy ziskané pri teplotach 232 °C
(95,5Sn3,8Ag0,7Cu), 244 °C (99Sn1Cu) a 236 °C (96Snd4Ag)
nevykazuju pritomnost’ Braggovych vrcholov, ¢o je dokazom
tekutého stavu spajkovacich zliatin obr. 2a, obr. 3a, obr. 4a.

Je dolezité poznamenat, ze v stlade s hodnotami publi-
kovanymi v databaze® a v binarnych diagramoch’, jednotlivé
teploty liquidu st namerané s odchylkou +(8—12) °C. Tieto
rozdiely st pravdepodobne dosledkom teplotného gradientu
vo vnutri piecky v kombinacii so zvolenym teplotnym kro-
kom (2 °C).

Nasledujuce izotermalne zihanie zliatin pri teplote 250 ©
C nespoésobilo vznik novych faz a difuzny charakter difrakc-
nych zaznamov ostal nezmeneny.

V dalSej faze merani sme sa sustredili na proces tuhnu-
tia, resp. krystalizacie spajkovacich zliatin. Difrakéné zézna-
my pri procese poklesu teploty vykazuju difizny charakter
Specificky pre amorfny (roztaveny) material az po teploty
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Tabulka I
Teploty liquidu a krystalizacie jednotlivych faz spajkovacich
zliatin

Narast Pokles teploty
teploty
liquidus liquidus  B-Sn  AgszSn CueSns

95,5Sn3,8Ag0,7Cu  232°C 228°C 228°C 228°C 228°C

99Sn1Cu 244°C  218°C 218°C - 206°C
96Snd4Ag 236°C 218°C 218°C 218C  —
228 °C (95,5Sn3,8Ag0,7Cu), resp. 218 °C (99Snl1Cu)

a 218 °C (96Sn4Ag) — obr. 2b, obr. 3b, obr. 4b, ked’ze pri
tychto teplotach vystupujii v zaznamoch prvé Braggove vr-
choly prisluchajice 3-Sn, resp. ostatnym krystalickym fazam.
Podobné difrakéné zaznamy (ak sa vezme do uvahy iba pri-
tomnost’ reflexii B-Sn) boli zaznamenané pocas teplotného
narastu pri teplote 230 °C (95,5Sn3,8Ag0,7Cu), 240 °C
(99Sn1Cu) a 234 °C (96Sn4Ag). Z tychto hodnét je mozné
usudit’, Ze rozdiel medzi teplotou liquidu pri procese tavenia
a teplotou liquidu pri procese tuhnutia (pre jednotlivé spajko-
vacie zliatiny) sved¢i o teplotnej hysterézii skupenskych pre-
mien v spajkach®.

Nasledujtica Tab. I sumarizuje Gdaje ziskané z merani,
resp. z difrakénych zaznamov: teploty liquidu (pre narast a
pokles teploty), a tieZ pociatocné teploty vzniku krystalickych
faz pocas procesu chladenia.

V pripade vsetkych spajok sa pocas poklesu teploty sfor-
movala ako d’alSia krystalickd faza SnO, ¢o je pravdepodobne
vysledkom povrchovej oxidacie zliatin v dosledku pritomnosti
zvyskového kyslika v kapilarach.

4. Zaver

Difrakéné merania spajkovacich zliatin pouzitim syn-
chrotronneho réntgenového Ziarenia preukazali svoje opod-
statnenie. Umoznili detailni analyzu procesov tavenia a tuh-
nutia spajkovacich zliatin. Podstatnym vysledkom ziskanym
difrakénymi meraniami je urcenie hodnét teploty liquidu (pri
naraste a poklese teploty) spajkovacich zliatin, a tiez defino-
vanie poradia krystalizacie krystalickych faz v spajkovacich
zliatinach, ktoré objastiuje distribuciu jednotlivych krystalic-
kych faz v bezolovnatych spéjkach.
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Autori ¢lanku dakuju Tonymu Bellovi z DESY, HASY-
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Tento clanok bol vypracovany s podporou projektu VE-
GA ¢ 1/0298/09, 2009-2012: Analyza a navrh komplexnej
metodiky vyhodnocovania kvality spojov montaznych sucias-
tok a systémov zalozenych na bezolovnatych spdajkach.
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1. Uvod

Obalové plechy sa v sGicasnosti vyrabaji prevazne dvo-
ma spdsobmi valcovania. Hrubsie obalové plechy (0,18 az
0,30 mm) sa vyrabaju prevazne jednoduchym valcovanim, po
ktorom su plechy kontinuélne, resp. poklopovo zihané. Obalo-
vé plechy mensich hrubok (0,135-0,18 mm) su po jednodu-
chom valcovani a zihani druhy krat valcované (DR).

Vicsina sucasnych obalovych plechov sa d’alej spraco-
vava tahanim (tahanie dvojdielnych obalov, vieCka, twist
uzavery, a pod.). Z toho dovodu st na tenké obalové plechy
kladené isté poziadavky na ich mechanické a plastické vlast-
nosti. Dodrzanie mechanickych vlastnosti, ktoré st charakteri-
zované najmid medzou klzu a pevnostou v tahu, nie je
v sucasnosti problematické zo strany vyrobcu dosiahnut’
v pozadovanych medziach. Podstatne va¢si problém predsta-
vuju plastické vlastnosti tenkych obalovych plechov a spdsob
ich hodnotenia. V sucasnosti sa pre hodnotenie tenkych oba-
lovych plechov (v zmysle normy) pouziva najmi tahova
skuska, ale na zaklade dodavatel'sko — odberatel'skych vzta-
hov st ¢asto pouzivané iné skusky a postupy sktsania (skiiska
odpruzenim, skuska kaliSkovacia, skuska podla Erichsena,
Bulge test, ai.). Na zéklade doterajSich skusenosti sa javi hod-
notenie tenkych DR obalovych plechov tahovou skiskou ako
problematické. Problémy spocivajil najmé vo velkom rozpty-
le stanovovanych vysledkov t'aznosti, v poruSovani skisanych
vzoriek mimo merantl oblast’ a v nerovnomernom rozlozeni
plastickej deformacie na meranej Casti skaSobnej vzorky.
V prispevku su analyzované priebehy plastickej deformacie
a straty stability obalovych plechov vyrobenych jednoduchym
valcovanim a plechy dvakrat valcované.

2. Vznik plastickej deformacie a jej priebeh

V procesoch tvarnenia plechov, podobne ako aj v inych
procesoch tvarnenia, existuji urcité hranice pokial ide
o hodnoty dosiahnutych pretvoreni. Po pociatocnej faze rov-
nomerného pretvorenia nastupuje strata stability plechu
a lokalizacia deformacie vznikajica v dosledku plastického
oddelenia materialu. Sposoby lokalizacie deformacie ako aj
podmienky straty stability plechu v procesoch tvarnenia boli
popisané okrem inych'? aj Marciniakom™, ktory odliduje tri
sposoby straty stability; strata stability skuisSobnej vzorky,
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plechu a materidlu. Rovnako aj lokalizacia deformacie ako aj
jej charakter zavisia od spdsobu zatazovania a schopnosti
speviiovania materidlu. Uvedené spdsoby straty stability su
charakeristické pre jednoosové tahové namahanie Zihanych
plechov. U prevaznej va¢Siny nizkouhlikovych plechov defor-
macia prebicha rovnomerne po celej dizke skagobnej vzorky
a v urcitej faze procesu zacina strata stability, ktora sa preja-
vuje lokalnym zizenim a sten¢enim vzorky (obr. 1). Uvazo-
vany spoOsob straty stability sa zafina v momente, ked je
splnena zavislost’:

1)

do,/do = o, , vyplyvajica z U=1

Zmen$ovanie Sirky vzorky trvd do momentu, kym sa
v oblasti ziizenia neobjavi d’als$i sposob straty stability. Strata
stability plechu, ktora sa javi ako lokalna zmena hrubky po-
zdlz urditej linie. Tento typ lokalizacie deformécie mozno
pozorovat ako lokalne stencenie viditelné na povrchu skusob-
nej vzorky (obr. 1b) so $irkou, ktora zavisi od hrabky plechu.
Podmienkou lokalizacie deformacie je pokles hodnoty sily
prenaanej cez vzorku v smere kolmom vzhladom k dizke
vzorky. ZviacSovanie lokédlneho stencovania sa konéi
v momente, ked’ sa v nej objavia sklzové pasy (oblast’ sklzu)
prebiehajuce cez celt jej dizku. Pri strate stability materidlu sa
lokalizacia deformécie vo forme pasma Smyku (obr. 1c) zaci-
na v momente, kedy napitie dosiahne maximalnu velkost, ¢o
je mozné vyjadrit’ vztahom:
alebo (2)

do,/dp=0 U=0

Pokles hodnoty napédtia zvyCajne nastupuje pri velmi
velkych deforméciach, kedy speviiovanie materidlu uz ne-
vznikd a zaroven nastupuju procesy jeho sten¢ovania zaprici-
nené rastom mikrotrthlin a ich postupnym spajanim.
V dosledku toho dochadza k poruseniu materialu.

Tedrie medznych deformacii ocel'ovych plechov vypra-
cované viacerymi autormi, tykajiice sa definicie straty stabili-
ty pri plastickej deformacii umoziuji vyhodnotit’ vplyv mate-
ridlovych charakteristik a technologickych podmienok na
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Obr. 1. Sposoby straty stability plochej skuSobnej vzorky: a) stra-
ta stability tvaru, b) strata stability plechu, c) strata stability
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velkost’ ich pretvorenia. VSeobecne st prijaté tri zakladné
modely straty stability (obr. 1) medzi ktoré zarad’ujeme model
difizneho stenCenia (Swift), lokalneho stencenia (Hill)
a model pociatocnej nehomogenity v materidli (Marciniak,
obr. 2).

Podmienkou lokalnej nestability platnej iba medzi rovin-
nym stavom napitosti a jednoosovym namahanim je, Ze
v rovine plechu existuje smer s nulovym predizenim
a deformacné spevnenie je kompenzované sten¢ovanim ple-
chu. Podmienka difiiznej nestability plati iba v stave dvojoso-
vej napatosti.

Il

Obr. 2. Model geometrickej nehomogenity materialu

Pocas dvojosového tahu plechov nedochadza k prvému
sposobu straty stability a moznosti tvarnenia materialu sa
obmedzené az stratou stability plechu. V pripade dvojosového
tahu plechu je situacia odlisna. Ak je tvarneny napriklad gu-
lovy vrchlik, tak strata stability tvaru by mohla mat tvar
lokalneho vybulenia na povrchu. Rozne formy straty stability
nevznikaju sucasne, aj ked’ v realnych materialoch vystupuje
vela Cinitel'ov, ktoré oneskorujii lokalizaciu deformacie. Ta-
kymito faktormi st napriklad zmena pomeru hlavnych napéti
spdsobend zmenou geometrie telesa ako aj nerovnorodostou
rychlosti deformacie. Daldim faktorom méZe byt zavislost
hodnoty napitia od rychlosti deformacie. Ked'ze zvySenie
rychlosti deformacie ma za nasledok zvySenie pretvarneho
odporu, v oblasti lokalizacie deformacii sa sucasne so zvyse-
nim rychlosti deformacie zvySuje napitie. To spdsobuje one-
skorenie lokalizacie deformécii.V pripade nehomogénnych
oblasti deformacii, ktoré su napriklad v procese ohybania, je
lokalizacia deformécii v najviac pretvorenej vonkajSej vrstve
oneskorovana nasledkom stabilizujiceho pdsobenia menej
deformovanych oblasti, ktoré lezia vo vécsej vzdialenosti od
povrchu. Okrem tychto Cinitel'ov, ktoré pdsobia stabilizujuco
su aj dalSie, ktoré sposobuju urychlenie procesu lokalizacie
deformadcie. Patri k nim nehomogenita materialu, ktora spdso-
buje jeho miestne stenCenie a narast teploty v najviac pretvo-
renej oblasti spdsobeny teplom vytvorenym pri plastickej

odporu materialu, ¢o napomaha lokalizacii deformacie.
3. Experimentalna ¢ast’

Pre experimenty boli pouzité obalové plechy akosti TH
415 CA, hribky 0,23 mm (ozn. A) a TS 550 BA hrtubky
0,14 mm (ozn. B). Vzorky boli skuSané jednoosou tahovou
skuskou u vzoriek odobratych v smere valcovania a v smere
kolmom na smer valcovania, vyrobenych jednoduchym valco-
vanim a druhou redukciou. Dalsie vysledky boli ziskané
zo skusky dvojosovym t'ahom.Vysledky mechanickych sku-
Sok st uvedené v tab. 1.
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Tabulka I
Mechanické hodnoty skimanych plechov

Vzorka Jednoosovy tah Dvojosovy t'ah
Rpo, Rm Aso Re Rm Ag
[MPa] [MPa] [%] [MPa] [MPa] [%]
Al 451 441 16,1 314 512 18,0
Al 419 410 26,7
Bl 660 691 1,2 551 582 4,7
B|| 561 576 2,1

V ramci experimentu boli vykonané metalografické po-
zorovania §truktir jednotlivych plechov. Mikrostruktira oba-
lového plechu TH415CA (obr. 3) vykazovala pomerne rovno-
merné zrnd s lokalne nedostatoéne prezihanymi oblastami,
typické pre kontinualny spdsob zihania.

Mikrostruktara dvakrat redukovaného obalového plechu
TS550BA (obr. 4) vykazovala znac¢ne pretiahlé zrna v smere
valcovania, ¢o je dosledkom druhej redukcie za studena.

Na niektorych miestach boli tiez pozorované inkluzie.
Tato akost’ plechu vykazovala vyrazné riadkovité usporiada-
nie mikro$truktiry, ¢o malo vplyv na dosiahnuté medzné
deformacie ako aj sposob poruSovania.

Skusky jednoosovym tahom u materidlu s druhou reduk-
ciou boli naro¢né na vyhodnotenie, pretoze k porusovaniu
vzoriek dochadzalo mnohokrat mimo merany tsek. Na vzor-

Obr. 3. Mikrostruktira obalového plechu TH415CA

Obr. 4. Mikro$truktira obalového plechu TS550BA
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kach bolo pozorované, Ze k plastickej deformacii dochadza
v ramci meraného useku len na ur¢itych miestach. Po lokali-
zacii deformacie dochadza k poruseniu vzorky v rdznych
miestach s roznymi tvarmi trhlin, pri¢om podstatna ¢ast’ vzor-
ky zostava bez plastickej deformacie (obr. 5).

Priemerna hodnota t'aznosti plechov TS550BA bola na
urovni 1-3 %. Napriek tomu, Zze u plechu TH415CA bola
dosiahnuta taznost’” viac ako 20 %, aj tu sa vyskytovali na
vzorke plasticky nedeformované oblasti. Vyrazné rozdiely

Obr. 5. Detail oblasti poruSenia a) jednoducho valcovanych ple-
chov, b) dvakrat redukovanych plechov

mechanickych vlastnosti boli zaznamenané v smere 0° a 90°.
Vo vicsine pripadov bol rozdiel taznosti na Grovni 100 %.
Sucastou experimentu bola aj skiiska tahania valcového vy-
tazku (kaliskovacia skuska).

4. Vysledky a diskusia

Vysledky mechanickych skuasok ukazali, ze jednoosova
skuska obalovych plechov, zvlast dvakrat redukovanych,
neposkytuje skutoény obraz o ich plastickych vlastnostiach.
Tento fakt sa plne prejavil pri kaliSkovacej skuske, kedy
z obalového plechu s taznostou 1-3 % boli vytiahnuté vytaz-
ky (stupen tahania K= 1,67). Pri dvakrat redukovanych obalo-
vych plechoch napriek vel'mi malym hodnotam t'aznosti bolo
sledovanim miesta porusenia zistené, Ze porusenie je typické
plastické, v mieste porusenia dochadzalo k velkému zaZeniu,
ktoré charakterizuje obr. 6 a obr. 7.

Lokalizacia deformécie a porusenie vzoriek pri tahovej
skuske mozno vysvetlit na ziklade Marciniakovej tedrie
(obr. 2), podla ktorej k lokalizacii deformacie dochadza
v miestach s nehomogenitou materidlu. Nehomogenita moze
byt reprezentovana zmenou mikrogeometrie povrchu

WD 95mm

100gm

SEl 10,0k X100

Obr. 6. Detail vzorky plechu v mieste porusenia
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10gm WD 94mm

Obr. 7. Tvarny lom vzorky po vyraznej kontrakcii

a vnatornou nehomogenitou materialu (inklizie, mikrotrhliny
vzniknuté po druhej redukecii hlavne po hraniciach zfn). Poru-
Sovanie vzoriek je pravdepodobne iniciované tym, Ze po vy-
tvoreni krc¢ka na vzorke na urc¢itom mieste takto zizend oblast’
nedokaze dalej prenasat’ narastajiice napitie a k poruseniu
dojde prave v tejto oblasti bez plastickej deformacie celej
meranej ¢asti vzorky.

5. Zaver

V prispevku boli skiimané pri¢iny a rozdielnost’ straty
stability a poruSovania tenkych obalovych plechov jeden
a dvakrat redukovanych pri jednoosovom a dvojosovom na-
mahani. Bol analyzovany priebeh deformacie a strata stability
sktasobnych vzoriek pri skuske jednoosovym t'ahom.

Tato praca vzmikla za podpory projektu “Centrum vy-
skumu riadenia technickych, environmentdalnych a humdnnych
rizik  pre  trvaly  rozvoj  produkcie a  vyrobkov
v strojarstve” (ITMS:26220120060) na zdklade podpory OP
Vyskum a vyvoj financovaného z Eurdpskeho fondu regiondl-
neho rozvoja.
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1. Introduction

Car producers make an effort to achieve the lowest pos-
sible fuel consumption, high active and passive safety of pas-
sengers while decreasing the amount of emission'.

One of the possibilities of decreasing the car weight and
consequently lowering the fuel consumption is using various
combinations of materials, such as combination of conven-
tional deep-drawn steel sheet and high-strength steel sheet. In
the areas, where high passive safety is needed, high-strength
steels such as TRIP and DP steels can be used. The usage of
such steels can significantly reduce the car weight. Their
strength properties allow reducing the thicknesses of particu-
lar segments of a car body™>.

The car body consists of several parts which need to be
joined together to form one unit. Due to combining various
types of materials having different mechanical properties and
chemical composition, it is necessary to consider various
methods of welding and joining®. Specific demands on the
weldability of particular types of materials must be taken into
consideration to optimize welding parameters with the aim of
eliminating defects in welded joints’.

Weldability issues of deep-drawn steels in car body pro-
duction are generally well mastered and have been published
in many contributions. Weldability of TRIP steels is com-
monly classified as good. However, a combination of these
types of materials in resistance spot welding requires thor-
ough optimization of the welding parameters.

2. Materials used for experiments

Double-sided hot-dip galvanized steel sheets TRIP
40/70+Z100MBO of 0.77 mm thickness made by Voestalpine
Austria, and DX51D + Z (EN 10142/2000) of 1 mm thickness
made by U.S.Steel KoSice, Ltd. were used for the experi-
ments.

Average thicknesses of zinc coatings measured by con-
tact thickness gauge Quanix were as follows:

TRIP 40/70+Z100MBO — 18,2 um
DX51D + Z (EN 10142/2000) — 16.8 um.

The chemical composition of the observed materials and
their basic mechanical properties declared by the producers
are shown in Tab. I to IV.

Resistance spot welding was carried out in laboratory
conditions on a pneumatic spot welding-machine BPK 20

Table I
Chemical composition (wt.%) of TRIP 40/70+Z100MBO

C Mn Si P S Al Cu
0.204 1.683 0.198 0.018 0.003 1.731 0.028
Cr Ni Ti v Nb Mo Zr
0.055 0.018 0.009 0.004 0.004 0.008 0.007
Table I
Mechanical properties of TRIP 40/70+Z100MBO

Rpo2 [MPa] Rm [MPa] Asgo [%0] Ngo

450 766 26 0.278

Table III
Chemical composition (wt.%) of DX51D +
Z (EN 10142/2000)

C P S Mn Si Al Ti
Max. Max. Max. - - _ —
0.15 0.040 0.040

Table IV

Basic mechanical properties of DX51D + Z (EN 10142/2000)

Rm [MPa] Ago min [%]

Max. 450 23

made by VTS ELEKTRO Bratislava. CuCr welding elec-
trodes were used according to ON 42 3039.71 standard. The
diameter of working area of the electrode was d = 5 mm. The
parameters of resistance spot welding with marked tested
samples are shown in Tab. V (Fzv-pressing force, T-welding
time, I-welding current). The welding parameters were deter-
mined according to the recommended welding parameters by
IIW — International Institute of Welding, adapted to our weld-
ing machine and its possibilities.

Tensile test according to DIN 50 124 standard was used
for evaluation of carrying capacities of welded joints, with
samples of dimensions as shown in Fig. 1. The samples were
prepared by cutting against the direction of rolling. The length
of lapping was 32 mm. The surfaces of the samples were de-
greased in concentrated CH;COCHj.

The tensile test was carried out on tensile machine TIRA
test 2300 with the load speed of 8 mm min™".

Table V
Parameters of resistance spot welding

Sample A Sample B Sample C Sample D

Fzv [kN] 6 6 6 6
T [per.] 12 12 12 12
I [kA] 6 6.6 7 5.4
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Fig. 1. Dimensions of samples for the tensile test

The quality of welded joints was evaluated by light mi-
croscopy on metallographical scratch patterns prepared ac-
cording to ISO 6507-1 and ISO 6507-2 standards on Olympus
TH 4-200 microscope. The samples were etched in 3 % solu-
tion of HNO:;.

3. Results

Measured values of carrying capacities of joints on weld-
ing current are shown in Fig. 2. Only one type of the joint
occurs in all chosen parameters of welding — fusion welded
joint. The values of carrying capacity of welded joints were in
the range from 6166 N to 7680 N.

As the measurement results show, the highest carrying
capacity was measured on samples prepared with welding
parameters A — with welding current =6 kA.

The base material of DX51D + Z (EN 10142/2000) has a
fine-grained ferrite-perlite structure. The microstructure of the
TRIP steel base material with identified particular compo-
nents is shown in Fig. 3. It is a fine-grained multi-phase struc-
ture with dominant ferrite component, bainite and retained
austenite segregated on boundaries of ferrite grains.

The metallographical analysis showed the characteristic
areas of weld metal, heat affected zone and base material.
Fig. 4 shows the macrostructure of a spot weld of the sample
welded with parameters A.

Fig. 5 shows welded joint of a sample welded with pa-
rameters D with the lowest value of welding current —
I = 5.4 kA. Therefore, the weld nugget is smaller in compari-
son with the weld nugget of sample A.

The macrostructures of a weld joint show a characteristic
dendrite structure typical for resistance spot welds. The mi-

8000
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7500 ~ 75
*
*
*
z T000 y
*
F ‘
6500 '
+
6000
5500

55 [

1]

65 75

Fig. 2. Dependency of carrying capacities of spot welds Fmax [N]
on welding current I [KA]
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Fig. 5. Welded joint of a D sample

croscopic observation of macrostructures of the welds shows
no pores and cavities occurring in the weld metal.

Fig. 6 shows microstructure of weld metal of an A sam-
ple in the middle of weld nugget. The microstructure of weld
metal consists of mostly fine-grained martensite arranged in
typical lamellar formations. Such lamellar formations prevent
the austenite from transformation; therefore the retained aus-
tenite occurs in the microstructure. Besides martensite, also
ferrite and both forms of bainite occur in the microstructure of
weld metal.

The microstructure of DX51D + Z can be characterized
as a fine-grained ferrite-perlite structure. Because of heating
in resistance spot welding, continual growth of grains towards
the weld metal can be observed. A significant growth of per-
lite grains occurs in the heat affected zone. On the boundary
of the heat affected zone and the weld metal, there is bainite
transformation of perlite grains.

In the part of the weld metal of DX51D + Z, a bainite-
ferrite microstructure can be observed. There are dispersed
ferrite grains on the boundaries of bainite grains. In the part of
the weld joint of DX51D + Z, the structure of well visible
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Fig. 6. Structure of weld metal in TRIP steel of an A sample

dendrites is the same as in the part of the weld nugget of TRIP
steel, characteristic for solidification processes of the weld
metal in resistance spot welding.

In the middle part of the weld metal, there is a narrow
layer of weld metal mixing of both sheets, caused by the load-
ing force of electrodes (Fig. 7). The core of the nugget (on the
upper side of the figure) consists of martensite structure from
the side of TRIP steel. Besides of martensite lamellas, ferrite
grains and remains of retained austenite can be observed in
the structure of TRIP steel.

On the side of deep-drawn steel, there are bainite grains
with polyedric ferrite grains which were transformed into
acicular ferrite.

When using welding current 7 kA, there occurs cracking
in heat affected zone of TRIP steel, as shown in Fig. 8.

Current intensity had a significant influence on the
height of the weld nugget. The character of cracks is inter-
crystalline. However, a dynamic process of welding with
a hard regime was used, cracks creations occur when using
welding current over 6.6 kA. Such cracks occur only in heat
affected zone of TRIP steel.

Fig. 7. Area of weld metal of both types of steel

Fig. 8. Crack in the heat affected zone of TRIP steel above the
weld nugget with parameters C

s490

Material v inzinierskej praxi 2011

4. Conclusions

On the basis of the conducted experiment, the following
conclusions can be formed:
Fusion weld joints occur with all chosen parameters of
resistance spot welding.
The highest tensile strength was observed in samples
made with welding parameters A. The average carrying
capacity of samples was 7520 N. The lowest values of
carrying capacity were observed in samples made with
welding parameters D, where the average value of carry-
ing capacity decreased by 8.65 % in comparison to sam-
ples A.
Increasing the parameters of the welding current above
the value of 6.0 kA proved ineffective. In fact, the carry-
ing capacities decreased, and we observed overheating of
the weld metal and expansion of the heat affected zone.
The metallographical analysis confirms that the chosen
combination of deep-drawn sheet and high-strength sheet
is suitable for resistance spot welding. The welding cur-
rent has a determining influence on the weld joint. When
using the welding current of 5.4 kA, weld joint was of
high quality, fusible and without defects, but the weld
nugget had smaller dimensions in comparison with weld
nuggets made under parameters of A and B. Weld joints
of high quality were made with welding currents of
6.0 kA and 6.6 kA. Welding current of 7.0 kA is not suit-
able for the examined thickness and sheet combination,
because cracking was observed in the heat affected zone
of multi-phase material of TRIP.

The contribution is the part of project Center for re-
search of kontrol of technical, environmental and human risks
for permanent development of production and products in
mechanical engineering (ITMS:26220120060).
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The paper deals with the optimization of parameters of
resistance spot welding of joints made by combination of
galvanized  steel  sheets DX51D+Z and  TRIP
40/70+Z100MBO. For evaluation of joints quality, the shear
tension test according to DIN 50 124 standard was used. Some
samples were prepared for metallographic analysis where the
influence of the welding parameters on the structure of welded
joint was observed. Influence of welding parameters on the di-
mensions of the weld nugget was observed too.
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1. Introduction

Silicon nitride (Si;N4) ceramics are gaining recognition
in the market as triboelements such as ball bearings, seals,
tool dies, or engine parts. Intrinsic properties like hardness,
chemical inertness, low density and refractoriness are the
main advantages of these kinds of materials'. Despite of the
present knowledge on the Si;N4 processing routes, o/f3-Si3Ny
phase transformation, intergranular phase composition and on
the correlation between microstructural features and mechani-
cal properties, the wear parts producers still have some re-
straints in their industrial scaling up'?.

Si;N4 wear behaviour is reported to be controlled by the
following mecahnisms®*: a) mechanical- or thermal-induced
microcracking due to fatigue assisted stresses resulting from
friction at high normal loads, b) tribochemical reaction with
water vapour at low temperatures and normal loads (< 400 °C,
<10 N) and c) tribooxidation at temperatures that depend on
the composition and nature of the intergranular phases.

The mechanical properties of Si;N4-based ceramics can
be improved using suitable sintering additives or by the incor-
poration of second phase, micro- or nano- sized, into their
microstructure in the form of platelets, whiskers or particles.
Rare-earth (RE) oxide sintering additives are considered as
ideal additives for Si;N, due to their high melting point and
due to the fact that they control the oo — f§ phase transforma-
tion rate, the grain growth anisotropy and the aspect ratio of
the B-Si;N, grains™®. Introduction of SiC nanoparticles into
the silicon nitride matrix improves hardness, strength, resis-
tance to creep, oxidation and corrosion of SizNg4 ceramics’.
Regarding tribology, the addition of ceramic particles is for
two main reasons: 1) to increase the fracture toughness and 2)
to improve the self-lubricious properties by the selective oxi-
dation of these compounds.

Hyuga et al.® have recently shown that the materials
sintered with smaller rare-earth elements, leading to stronger
grain boundary bonding strength, exhibited higher wear resis-
tance. These results show that the wear properties of Si;Ny
ceramics can be tailored by selecting the kinds of additives.

It is the purpose of this study to illustrate how variations
in sintering additives (La,0;, Nd,0;, Y03, Yb,05 and Lu,0;)
influence the tribological performance of SizN4/SiC micro/
nano composites.
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2. Experimental procedure

The starting mixtures of the set of five Si3N,-SiC micro/
nano composites consisted of the following powders: o-SizNy,
amorphous SiO,, carbon black and different rare-earth oxides
RE,O; (where RE = La, Nd, Y, Yb, or Lu). All compositions
contained the same atomic amount of RE element. Amount of
SiO, and C was calculated to achieve 5 vol.% of SiC after
in situ carbothermal reduction process. Bulk bodies were then
hot—pressed at 1750 °C with a load of 30 MPa and 0.15 MPa
pressure of nitrogen during 1 hour.

X-Ray diffraction (XRD) (CuKa radiation, STOE pow-
der diffraction system, Germany) was used for the characteri-
zation of the crystalline phases of the materials.

The hardness values have been measured on polished
cross-sections of bars using the standard Vickers indentation
method at a load of 9,8 N (LECO LM-700, USA).

Fracture toughness was measured by the Single Edge V-
Notch Beam (SEVNB) method on the specimens with dimen-
sions of 3 x 4 x 45 mm® which were notched by sliding a
3 um diamond paste in the root of a 600 um thick and 600 pm
long saw notch using a razor blade. Using this method, a
notch root radius of 10 um or less on a 1.2 mm long notch
could be achieved. The notched samples were then broken
under 4-point-bending in a universal testing machine with
cross-head speed of 0.5 mm min~'. The fracture toughness
was then calculated using the equation given in’.

The wear behavior of the materials was studied by unlu-
bricated ball-on-disc experiments'® (DTHT 70010, Switzer-
land) against a polished commercial silicon nitride ball (with
a diameter of 6 mm) at room temperature. The silicon nitride
sintered bodies were machined into the plate specimens and
the tested surface was grinded to final roughness of 3 um. The
tests were performed in air with a relative humidity of
55 £ 5 %. The applied load was 5 N, sliding distance was
500 m and the sliding speed was 0.1 m s™'. The friction coeffi-
cients were continually recorded during the tests and wear
volume on each specimen was calculated from the surface
profile traces (usually 4) across the wear track and perpen-
dicular to the sliding direction using the profilometer
(Mitutoyo SJ-201, USA). The wear rate (r) is defined as the
worn volume per unit loading force, per unit sliding distance,

.

where F is loading force, [N]; L is total sliding distance, [m];
and V is worn volume, [mm®].

mm’
N.m

\Y%

Vv (1)
F.L

3. Results and discussions

All investigated materials exhibited a bimodal character
of microstructures which consists of the elongated B-SizN,4
grains embedded in the matrix of much finer Si;N, grains.
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The materials additionally contain globular nano and submi-
cron sized SiC particles, located intragranularly in the SizNy4
grains or intergranularly between the grains. The aspect ratio
of B-SizNy4 grains slightly increased with a decreasing ionic
radius of rare-earth from 5.4 to 6.5 for the La- and Lu-doped
composites, respectively.

The XRD results revealed (-Si;N4 as a major phase,
RE,Si,0; (where RE =Y, Yb or Lu) as a secondary phase and
SiC, SiO,, Si;N,O as the minor phases. RE,Si,0; crystalline
phase was not found in the materials containing La and Nd.

Table I
Hardness and fracture toughness of the investigated materials

Sintering additive ~ Radius of Hardness Kic
RE*[A] [GPa] [MPam'?]
La,0; 1.06 16.5+0.6 3.8+0.1
Nd,0; 0.98 16.9 +0.6 4.0+0.1
Y,0; 0.90 17.8+0.7 44+02
Yb,0; 0.87 18.9+0.7 53+0.1
Lu,04 0.85 184+04 52+0.1

Table I illustrates the ionic radius of used sintering addi-
tives as well as the hardness and the fracture toughness values
of all the studied materials. Both the hardness and the fracture
toughness slightly increased with decreasing ionic radius of
RE element. The fracture toughness of silicon nitride is
strongly influenced by the microstructure characteristics (such
as grain diameter, aspect ratio of grains, amount of elongated
grains, etc.) as well as by the chemical composition of secon-
dary intergranular phases. The composite doped with Lu ex-
hibited the highest aspect ratio and also the highest hardness
and fracture toughness values among all materials. On the
other hand, the composites with lower aspect ratio exhibited
lower fracture toughness values.

Fig. 1shows the influence of sliding radius on the friction
coefficient and specific wear rate of two choosen samples
(with La,0; and Lu,03). No significant effect of sliding radius
on these characteristics was observed, therefore radius of
3.5 mm was choosen as the only sliding radius for further
experiments.

Fig. 2 shows the friction coefficient and the specific
wear rate of the specimens as a function of the size of rare-
earth cations for all the studied composites. The friction coef-
ficient of materials slightly decreased with decreasing ionic
radius of RE** from the value of 0.71 to 0.64. Similarly, the
specific wear rate decreased with decreasing ionic radius of

a) b)
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Fig. 1. Influence of sliding radius on the a) friction coefficient and
b) specific wear rate of composites doped with La and Lu
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Fig. 2. Influence of different additives on the a) friction coefficient
and on the b) specific wear rate of the composites

RE®" from the value of 1.91x107° to 0.89x10™> [mm®/Nm] for
the Si3Ny-SiC sintered with La,0; and Lu,Os, respectively.

The specific wear rate of the ball counter body showed
the same trend, moreover, a significant difference between its
values and the values of specific wear rate of plate samples
was not observed, Fig. 3. Gomes et al.'’ reported that the wear
rates are one order of magnitude higher for the discs, the ro-
tating specimens, than for the pins, the stationary specimens.
This effect was attributed to thermal and mechanical fatigue
effects on the discs subjected to intermittent loading. Thess
effects were not be observed in the present work what is
probably caused by the fact that authors used the higher slid-
ing speeds (from 0.5 to 2 m s™') in their work'".

Hyuga et al.® investigated the influence of rare-earth
sintering additives (Lu, Yb and Y) on the wear behavior of
silicon nitride monolithic ceramics and reported increasing
wear rate with increasing ionic radius of RE, what is similar
to this work.

Fig. 4a and Fig. 4b show the worn surfaces (examined by
SEM) of the plate specimens sintered with the largest RE

r,, (10%) [mm’/N.m]

°

lonic radlus of RE” [A]

Fig. 3. Specific wear rate of the ball counter body
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Fig. 4. Worn tracks of the composites: a) La-doped, b) Lu-doped
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Fig. 5. Worn tracks of the composites: a) La-doped, b) Lu-doped

cation (La,O;) and with the smallest one (Lu,O;), respec-
tively. It is obvious that with increasing wear resistance the
worn surface became rather smooth but adherent debris can
be still observed. On the contrary, the highest amount of co-
herent debris was observed for the material with the highest
resistance, i.e. for composite sintered with Lu,Os. The coher-
ent debris layer, which was observed in all studied wear
tracks, constitutes a tribofilm that affords some protection to
the ceramic surfaces decreasing the wear coefficient of mate-
rials'!. More fractured areas and a higher amount of silicon
nitride debris have been observed in the wear tracks of the
specimens having lower wear resistance. These fractured
areas show a mixture of intergranular and transgranular fail-
ure modes in the worn surfaces.

The coherent layers formed on the wear surfaces contain
large amounts of oxygen (observed by the EDX analyses),
suggesting that the layers are composed mainly of the oxida-
tion products of silicon nitride. These oxides are products
formed by tribochemical reaction at the wear interface which
can occur at loads less than 10 N and relatively low tempera-
tures (< 400 °C)*.

The wear mechanism was the same for all the studied
materials in the form of mechanical wear (micro-fracture) and
tribochemical reaction. The tribochemical reaction area is
characterized by a relatively smooth surface and the micro-
fracture area is characterized by a rough surface and accumu-
lated wear debris. The tribochemical reactions create a film on
the tested samples and above a critical load the tribochemical
film was partially removed, resulting in micro-fracture in
discrete regions. These features can be clearly seen in the
Fig. 5a and Fig. 5b.

Several authors™ have recently shown that the bonding
strength between grains and grain boundary phases of silicon
nitrides increased with decreasing ionic radius of RE*". This
results in the highest bonding strength in Si;N, containing
Lu,0; as a sintering additive and restricts dropping of the
individual silicon nitride grains during the wear experiment. It
was reported12 that removal of the Si;Ny grains is rate control-
ling step in the abrasive environment. This fact together with
its highest hardness and fracture toughness values are the
reasons why material doped by Lu exhibited the highest wear
resistance among all studied micro/nano composites.

4. Conclusions

The wear resistance of studied SizN4;-SiC micro/nano
composites increased with decreasing ionic radius of rare-
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earth additives. The combination of mechanical wear (micro-
fracture) and tribochemical reaction was found as main wear
mechanism for all the studied materials. A higher amount of
coherent debris and fewer fractured areas (silicon nitride de-
bris) were observed in the wear tracks on the specimens hav-
ing higher wear resistance. Composite doped by Lu,O; exhib-
ited the highest hardness, fracture toughness and thus the
highest wear resistance among all the studied materials.

This work was supported by VEGA 2/0156/10, by Nanos-
mart Centre of Excellence of SAS and by LPP 0203-07.
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The wear resistance of hot-pressed silicon nitride/silicon
carbide micro/nano composites sintered with rare-earth oxide
additives (La,0;, Nd,O3, Y,0;, Yb,O5 and Lu,O;) has been
investigated under dry sliding conditions. The friction coeffi-
cient decreased with decreasing ionic radius of rare-earth
elements. Similarly, the specific wear rate significantly de-
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higher hardness and fracture foughness exhibited lower both
the friction coefficient and the specific wear rate.
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1. Uvod

Takmer vSetky suciastky pouzivané v automobilovom
a leteckom priemysle st vystavené ucinkom dynamického
zatazovania, ktoré Casto spdsobuje ich zlyhanie v dosledku
tnavy'. Z tohto dévodu sa pouzivaju rozne tepelné, chemické,
tepelno-chemické, tepelno-mechanické a mechanické postupy
na zlepSenie ich tnavovych vlastnosti.

Z celého radu spdsobov upravy a predipravy povrchu,
vstupuje do popredia tryskanie. Tato technoldgia patri do
skupiny mechanického opracovania povrchu zédkladného ma-
terialu, ktorého nastroj — tryskaci prostriedok, vyvola pri do-
pade v povrchovych vrstvach opracovanych suciastok plastic-
ku deformaciu®’. Spravne aplikované tryskanie vyrazne zvy-
Suje tnavovu odolnost’ kovovych konstrukénych materidlov.
NajefektivnejSie sa jeho ucinky daju vyuzit’ pri oceliach, tita-
novych a hlinikovych zliatinach®. Z pomedzi tvarnenych hli-
nikovych zliatin su na tryskanie za u¢elom spevnenia povrchu
a zvySenia Unavovej odolnosti vhodné len =zliatiny typu
2XXX, 6XXX a 7XXX’. Zliatiny typu 6XXX patria medzi
najpouzivanejsie hlinikové zliatiny. V automobilovom priemys-
le st pouzivané pre dynamicky namahané stciastky, a je snaha
zvySovat' ich inavovu odolnost’.

Tato praca sa zaobera experimentalnym skumanim vply-
vu trieskového obrabania (sustruzenia) a tryskania povrchu
balotinou na unavovu odolnost’ tvarnenej hlinikovej zliatiny
AW-6082-T6.

2. Experimenty

Experimenty boli vykonané na tvarnenej hlinikovej zlia-
tine AW-6082-T6, vyrobenej prietlaénym lisovanim v stave
po umelom starnuti na maximalnu pevnost’ (stav T6). Experi-
mentalna zliatina je komercnej kvality a jej chemické zloZenie
je uvedené v tab. I. MikroStruktira =zliatiny v stave
po prietlanom lisovani (obr. 1) je tvorena deformovanymi
polyedrickymi zrnami natiahnutymi v smere prietlacného
lisovania. V §truktire sa nachadza velké mnozstvo komplex-
nych intermetalickych faz, ktorych identifikacia je pomerne
obtiazna. V praci® boli jednotlivé intermetalické fazy identifi-
kované pomocou EDX analyzy s naslednym kvantifikacnym
vypoctom. V tejto zliatine su najpocetnejSie zastipené fazy
Mg,Si, AlgMn, AlgFe a v malej miere sa v nej vyskytuje aj
faza A13OSi3FezMn.

Zakladné mechanické vlastnosti boli stanovené Standard-
nou tahovou skigkou (rychlost deformacie 1-107° s7')
v pozdiznom smere. Vysledky mechanickych skagok st zhrnuté
v tab. IL.

Obr. 1. Mikrostruktiira hlinikovej zliatiny AW-6082-T6
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Tabulka I
Chemické zlozenie hlinikovej zliatiny AW-6082-T6
Obsah prvku [hm.%]
Si Fe Cu Mn Mg Cr Zn Ti Al
0,88 035 0,04 045 0,76 0,04 0,04 0,03 zv.
Tabul’ka II
Mechanické vlastnosti hlinikovej zliatiny AW-6082-T6
Mechanické vlastnosti
HVipo  Re[MPa] Rn[MPa]  As[%] E[MPa]
116 383 407 16,9 0,681.10°
Pre kusky na tUnavu boli pouzité skaSané tyce

s geometriou a rozmermi navrhnutymi podla odporacania’’.

Priemer merne;j Casti bol @ = 4 mm, pricom povrch prvej série
ty¢i bol sustruzeny na jemno a druhd séria ty¢i mala povrch
tryskany balotinou.

Tryskanie bolo vykonané sklenenymi gul6¢kami
(balotinou) s priemerom 0,45 mm. Vzdialenost’ medzi tryskou a
povrchom vzorky bola 80 mm a uhol dopadu gul'6¢ok bol 90°.

Topografia povrchu ziskana tryskanim pri tychto pod-
mienkach je zdokumentovana na obr. 2.

Tryskanie malo za nasledok znacnt deformaciu povrchu
(cely povrch je pokryty jamkami — pomerne hlboké vtlacky
do povrchu skusanej tyée), lebo kazdy naraz sklenenej gul'6c-
ky posobi ako mikroskopiské kladivko, vytvara silnu plastic-
ki deformaciu a zvySkové napdtia v povrchovej
a podpovrchovej vrstve.

Vlastnosti povrchu po tryskani boli stanovené meranim
drsnosti a meranim zvySkovych napiti pomocou Standardnej
rontgenovej difrakénej metddy. Drsnost’ po sustruzeni bola
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Obr. 2. Charakter povrchového reléfu hlinikovej zliatiny AW-
6082-T6 po tryskani balotinou

R, = 0,8 um a po tryskani R, = 3,5 um, vid’. obr. 3. Porovna-
nie zvySkovych napéti po ststruzeni a po tryskani je na obr. 4.

Skusky na unavu boli robené pri vysokofrekvenénom
cyklickom zatazovani so sumernym zatazovacim cyklom
charakteru tah — tlak (skisSobny stav KAUP — ZU, frekvencia
zatazovania f = 20 kHz, teplota T = 20 £ 5 °C, intenzivne
chladenie stlacenym vzduchom, koeficient asymetrie cyklu R
= —1)"°. Unavova Zivotnost’ bola skiiman4 v oblasti od 10® do
2.10° cyklov.

3. Vysledky a diskusia

Hlavnym cielom vyskumu bolo experimentalne overit
unavové vlastnosti hlinikovej zliatiny AW-6082 s jemne sus-
truzenym povrchom a porovnat’ ich s inavovymi vlastnosta-
mi tejto zliatiny po tryskani balotinou.

Odolnost’ vo¢i unave merand na skusanych tycéiach po
tryskani je vysSia ako na skuSanych ty€iach po ststruzeni. Pri
vztaznom poéte cyklov 10° dochadza k zvyseniu anavovej
pevnosti priblizne o 40 MPa. Obidve krivky tnavovej zivot-
nosti (obr. 5) maju plynule klesajuci charakter bez vyraznej
medze unavy, ¢o je charakteristické pre kovové materialy
s kubickou plosne centrovanou mriezkou.

Povrch a lomové plochy sustruzenych a tryskanych sku-
Sanych ty¢i boli skimané elektronovou a optickou svetelnou
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Obr. 4. Priebeh vnutornych napiti v hlinikovej zliatine AW-6082-
T6 s jemne sistruZenym povrchom a s povrchom tryskanym
balotinou

mikroskopiou, pricom bolo zistené, Zze dochadza len
k iniciacii povrchovych trhlin (obr. 6). Zmena mechanizmu
inicidcie unavovych trhlin pri prechode z oblasti vysokocyk-
lovej unavy do ultravysokocyklovej unavy sa pri tychto expe-
rimentoch neprejavila. Existuje niekol’ko $tudii o ucinku trys-
kania na unavu hlinikovej zliatiny AW-6082, ktoré vykazuju
podobné V}'lsledky”’ls, ale existujl’l taktiez niektoré studie,
podpovrchovu inicidciu unavovych trhlin'®. Ako je zrejmé
z obr. 4, tryskanie balotinou vnieslo do povrchovych vrstiev
materidlu zvyskové napitia prevazne tlakového charakteru. Je
zname, Ze pri nespravne zvolenych parametroch tryskania
moézu v povrchovych vrstvach prevladat’ napétia tahového
charakteru. Podobne po zvySkovom tlakovom napéti
v povrchovej vrstve mdZe v podpovrchovej vrstve v hibke
300 + 400 pm existovat’ V}'/razné napétova Spicka tahového
ho mechanizmu Unavovych trhlin by mohla nastat’ jedine
v pripade vzniku vyraznych napdtovych S$piciek tahovych
napéti, alebo vyskytu velkych ostrohrannych inklazii
v podpovrchovych vrstvach skusanych ty¢i.

PO00_DD1.TXT: R [Lc 1SO 13565 0,8 mm]

MRC 14.04.2008, 13:48

0.0 ' f -;A X
' \f\/\"\f \N'

AN/ V"WM/' \/ \/\fﬁ“"”\f \J\JV\!\«
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Obr. 3. Profil drsnosti povrchu hlinikovej zliatiny AW-6082-T6 po tryskani balotinou
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Obr. 5. Zavislost’ ¢, = f(N), zliatina AW-6082-T6 s jemne sustruZe-
nym povrchom a s povrchom tryskanym balotinou

Obr. 6. Povrchova iniciacia unavovej trhliny, zliatina AW-6082-T6

4. Zavery

—  Hlinikova zliatina EN-AW-6082-T6 po tryskani baloti-
nou vykazovala lep$iu tinavovu odolnost’ v porovnani so
stavom po sustruzeni.

—  Ocakavany pozitivny G¢inok vneseného tlakového napé-
tia a deformacné spevnenie po tryskani sa prejavili zvy-
Senim tnavovej pevnosti o 40 MPa.

—  Drsnost’ povrchu po tryskani sa neprejavila negativnym
uéinkom — vzniknuté mikrovruby neboli silnymi inicia-
tormi pre tnavovy degradacny proces.

—  Pri vSetkych unavovych skuskach prebichala len po-
vrchova inicidcia inavovych trhlin. Zmena mechanizmu
inicidcie unavovych trhlin na podpovrchovu inicidciu
nebola pozorovana.

—  Pri vol'be spdsobu Gpravy povrchu tryskanim je potrebné
kvalifikovane posudit’ vlastnosti materidlu, na ktory
bude tryskanie aplikované a vhodne zvolit' parametre
tryskania (druh tryskacieho prostriedku, jeho rozmery,
tvar, rychlost’ dopadu, uhol dopadu, atd’.), lebo vysledky
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namerané pri danych podmienkach nemaju platnost’ pre
iné podmienky a preto ich nie je mozné generalizovat’.

Praca vznikla za podpory Vedeckej grantovej agentury
MS VVaS SR a SAV (grant ¢. 1/0262/10) a agentiry APVV
(projekt SK-CZ-0091-09).
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F. Novy, O. Bokiivka, V. Skorik (University of Zilina,
Faculty of Mechanical Engineering, Department of Materials
Engineering, Zilina, Slovakia): Influence of Machinning
and Glass Bead Peening on Fatigue Resistance of AW-
6082-T6 Alluminium Alloy

The influence of glass bead peening on fatigue resistance
of the wrought EN-AW-6082-T6 aluminium alloy was inves-
tigated in the very high cycle region. Specimens with as-
machined and peened surfaces were subjected to high fre-
quency fatigue loading. Glass bead peening process led to the
formation of compressive residual stresses in the surface layer
and effectively improved the fatigue resistance. The tests
results showed that the fatigue strength for shot peened speci-
mens is much higher than that for as-machined specimens in
the all investigated range of cycles.
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1. Introduction

Electrical steels play a vital role in generation, transmis-
sion, distribution and use of electrical power. There are two
principal types of electrical steel: grain oriented and non-
oriented steels. The grain oriented electrotechnical steel lami-
nations are mainly used as core material in transformers. The
second type of the electrical steels is non-oriented one which
used in electrical rotating equipments.

The main industrial and research activities concerning
non-oriented steels are focused on achievement of increased
intensity of {100} crystallographic planes parallel to the sur-
face of the steel sheet. Steels with such texture could serve as
ideal cores for the electrical rotating equipments.

There are two classes of non-oriented (NO) electrical
steels: the semi-processed and the fully processed electrical
steels'. The processing of fully processed NO steel comprises
hot rolling, cold rolling, final annealing and coating. In the
case of semi-processed material grades a temper rolling fol-
lows the annealing and a final annealing, mostly done for the
stamped parts at the costumer’s site’. This is carried out in
order to have grain growth and elimination of residual
stresses'. The authors of the palper2 adjusted the temper roll-
ing process for development of particular textures {100}
<0vw> in vacuum degassed NO steels to achieve possible best
magnetic properties of the material. The idea here was con-
sisted in application of deformation induced grain growth of
grains with a particular orientation. The suggestion was par-
ticularly definite for vacuum degassed NO steels”. Since then
this implication has became one of the major object of investi-
gation pursued by the authors of the present paper.

Electron backscatter diffraction (EBSD), when employed
as an additional characterization technique to a scanning elec-
tron microscope (SEM), enables individual grain orientations,
local texture, point-to-point orientation correlations, and dis-
tributions to be determined routinely on the surfaces of bulk
polycrystals on a submicron scale’.

Very important fact about the EBSD is sensitiveness of
this method to the collective effects of dislocations that accu-
mulate in the lattice during deformation. This work reviews
approaches for mapping and assessing relative intensity of
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plastic deformation using the EBSD method. The authors will
operate with phrase of “assessing plastic deformation”
throughout this work, but it is important to note that there are
assessed changes in polycrystals that are the results of plastic
deformation, not the “percent plasticity” itself. Further impor-
tant application of the EBSD is a detection of grains orienta-
tions are most consuming the deformation energy.

2. Experimental part

A vacuum degassed NO electrical steel was used as ex-
perimental material. The chemical composition of the steel
was as following: C — 0.0053, Mn — 0.241, Si— 0.6, P — 0.123,
S —0.0049, Cu—0.014, Ni— 0.01, Cr — 0.031 wt.%. Strips of
thickness 0.65 mm were taken after final annealing from the
industrial line. The experimental materials were subjected to
laboratory cold rolling process. The cold rolling intensities
applied to the specimen, marked as F-01, F-02 and F-03, were
4, 6 and 8 % in thickness reduction respectively.

Crystallographic texture and plastic deformation assess-
ment were performed by an electron back scattered diffraction
(EBSD) method. The samples for the EBSD measurements
were prepared by means of ion beam etching. The device used
for this purpose was Precision Etching Coating System
(PECS) that provides a well polished specimen surface with-
out any excess deformation introduced during mechanical
preparation. The EBSD data were collected from the longitu-
dinal cross section plane of 1 cm long specimen. The thick-
ness of the deformed steel sheets was 0.62, 0.61 and 0.6 mm
according to applied deformation reductions. The JEOL JSM
7000F FEG scanning electron microscope was used to per-
form the data acquisition. The patterns of the back scattered
electrons were detected by the “Nordlys-I” EBSD detector.
The obtained data were processed by the CHANNEL-5, HKL
software package. This software package was also used for
assess and representation of plastic deformation detected in
the experimental materials.

3. Results and discussion

In order to follow deformation spread and behavior of
grains with particular orientation in temper rolled electrical
steel the EBSD analyses were performed. Fig. 1 shows in-
verse pole figure (IPF) maps obtained from the temper rolled
elctrical steel. The IPF maps show crystallographic plane
orientations distribution perpendicularly to the normal direc-
tion (ND) in the sample reference frame. As one can see, no
significant differences, derived from the intensity of applied
temper rolling, between the steels are displayed. However, the
IPF maps clearly show the approximately the same distribu-
tion of main crystallographic planes ({001}, {111} and
{101}) in all three specimens.

The first and most basic measurements and visualization
of plastic deformation is grain boundary mapping. Grain
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Fig. 1. Inveres pole figure (IPF) map obtained from longitudional cross section of the a) F-01, b) F- 02 and c¢) F-03 specimens, temper
rolled at 4, 6 and 8 % in thickness reduction respectivelly

boundaries in EBSD are determined as locations at which the est local misorientation in Fig. 3 correspond somewhat to the
misorientation between adjacent pixels is greater than regions of increased LAGB density as displayed in Fig. 2.
a predefined critical value. Fig. 2 represents grain boundary However, it is hardly can be assessed the plastic deformation
distribution map in the three investigated materials. The maps spread in particular grains form Fig. 2 while the LMM show
clearly show two principal types of grain boundaries low clear change of local misorientation level from grain to grain.
angle (LAGB) and high angle (HAGB). The HAGB demar- That is why on the base of these maps a data set was sepa-
cate the grains whereas the LAGB indicate the regions of rated that represent crystallographic orientations possessing
accumulated plastic deformation, see Fig. 2. It is evident that the highest plastic deformation level i.e. pronounced local
the LAGB are mostly allocated at grain boundaries in F-01 miorientation values. Acquired data with local misorientation
material. Pronounced impact of plastic deformation is seen in values larger than 1° were separated for F-01 sppecimen. The
F-02 and F-03 specimens. Here the deformation penetrated values after 2° were chosen for F-02 and F-03 specimens as
more inside the grains however it is hardly to estimate the real the deformation here showed much pronounced intensity
spread of the deformation. levels than in F-01 specimen, cf. Fig. 3 a,b and c. These data
Another misorientation approach is the local misorienta- sets were used for calculation of orientation distribution func-
tion map (LMM). Here, the average misorientation between tions (ODF). These ODF sections taken at ¢2=45° are pre-
each acquired pixel and its surrounding neighbors (in case of sented in Fig. 4. The ODFs reveal grains’ orientations most
the present work 11 neighbors) is calculated and the mean deformed at particular level of strain.
value assigns to the pixel. Such a map highlights regions of The Figs. 4a and 4b show the most intensively deformed
higher deformation. Misorientations over a certain value are grains are that with {111}<uv1> and {110}<001> orienta-
discarded (in our case 10°), so that the misorientations associ- tions. It means that at low deformation intensity, between 4—
ated with grain boundaries are excluded. Such maps were 8 % of thickness reduction, these grains are deformed first.
constructed for the three investigated specimens and shown in Increasing strain level leads to deformation of more grains
Fig. 3. Here the regions of high deformation and its spread with random orientations that can be suggested from examina-
and intensity are clearly visible. The last can be assessed from tion of Fig. 4c. These results are in a very good agreement
the rainbow scale below the maps, see Fig. 3. This visualiza- with the Taylor theory*, according to which the grains are
tion displays a net effect of internal network of misorienta- deformed in dependence of them orientation in the following
tion. By close inspection, one can see that the regions of high- order My10;<M111;< M211,< M{100;. Here, the M is the Taylor

Fig. 2. Grain boundary map obtained from longitudional cross section of the temper rolled a) FL-01, b) FL- 02 and c) FL-03 samples,
black lines are high angle (q > 10°) boundaries red lines are low angle (1° < q < 10°) boundaries
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Fig. 3. Lokal missorientation map (LMM) obtained from longitudional cross section of the temper rolled a) F-01, b) F- 02 and c) F-03
samples, degree of local misorientation denoted in rainbow scale (0° - 8°)
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Fig. 4. ODF section at @ = 45° calculated from the data set of the most deformed regions in the temper rolled a) F - 01, b) F- 02 and ¢) F -

03 samples, separated from the LMM in Fig. 3

factor determining the stress level necessary to activate a slip
system in the given orientation. Hence, as one can suggest
from the nspection of Fig. 4, the grains with {100}<0vw>
orientation are start to deform last with the increasing of
strain. These phenomena are successfully used in microstruc-
ture and texture design in vacuum degased electrotechnical
steels by the present authors.

4. Conclusions

Thus, from the present work one can draw the following
conclusions:

EBSD method can be successfully applied in study of
deformation behavior of the grains in polycrystals.

The achieved results are in a good agreement with the
widely accepted Taylor deformation theory.

This work was carried out within the framework of the
project “New materials and technologies for energetics”,
ITMS 26220220061 financed through the European Regional
Development Fund. The work is also partially supported by
the project APPV SK-UA-0024-09.
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1. Uvod

Vlastnosti kompozitnych materidlov su uréené vlastnos-

tami majoritnej a minoritnej zlozky, ich objemovym po-
dielom a spdsobom distribuicie. Tato méze mat’ jednorozmer-
ny (vlakno, tyc¢inka), dvojrozmerny (doska, lamela), alebo trojroz-
merny (priestorova siet’) charakter so stuptiom kontinuity — od tiplnej
az po diskrétne Castice. Podl'a materidlu majoritnej zlozky st
kompozity s keramickou matricou, kovovou matricou a polymérovou
matricou’. V poslednych 15-tich rokoch sa pomerne velka
pozornost’ sustredila na kompozitné povlakované prasky,
hlavne na baze zeleza — Fe/kov, Fe/keramika, Fe/anorganika,
Fe/polymér, napriklad®™. Vhodnou kombinaciou vlastnosti
zakladného prasku a elektroizolacného povlaku mozno pripra-
vit' rézne varianty takychto materialov, ktoré nachadzaji vyu-
Zitie ako magneticky mékké materialy™’. Ich vyvoj je motivo-
vany snahou nahradit’ konven¢né magneticky mékké materia-
ly (laminované plechy) lacnej$im praskovym kompozitnym
materidlom s porovnatelnymi  elektromagnetickymi
a mechanickymi vlastnostami (straty pri premagnetizovani,
pri pozadovanych hodnotach koercitivnej sily a magnetickej
permeability). Predpokladom je vysoka Cistota Fe prasku,
vhodné tepelné spracovanie (odstranenie defektov mriezky po
tvarovani prasku), dostatocne vysoka hustota tvarovaného
materidlu a dostatocne vysoky objemovovo rovnomerny elek-
tricky odpor. Kompozitné materidly s magnetickym Fe jad-
rom a elektroizola¢nou obalkou, napr. SiO,, mozno pripravit’
réznymi spdsobmi. Jednou z moznosti je sol-gel povlakovanie
gastic Fe vrstvou SiO, (cit.”), kompaktizovanie prasku na
teleso pozadovaného tvaru a hustoty a nasledné tepelné spra-
covanie minimalne pri teplotach potrebnych na odstranenie
defektov Fe mriezky po tvarovani. Kritickl ¢ast’ technoldgie
pripravy P/M kompozitnych materidlov predstavuje kompak-
tizdcia povlakovaného kompozitného prasku, pricom sa ma
dosiahnut’ ¢o najvyssia hustota bez poskodenia elektroizolac-
ného povlaku. Pouzivaji sa rozne technoldgie zhust'ovania,
napr. aj cenovo zna¢ne naro¢né technologie HIP alebo MIM,
ale ekonomicky najvyhodnejsie je tvarovanie povlakovaného
prasku jednoduchym, pripadne opakovanym lisovanim
a spekanim, ¢im sa dosiahne 90 az 95 % teoreticka hustota
kompaktizovaného materialu’.
Prispevok sa zaobera analyzou vplyvu tvaru a velkosti Castic
praskového zeleza a pridavku spojiv na lisovatel'nost” kompo-
zitného prasku Fe/SiO, pripraveného sol-gel metdodou
s hmotnostnym podielom povlaku ~1,0 %.

2. Experiment

Povlakovany prasok Fe/SiO, s hmotnostnym podielom
povlaku ~1,0 % bol pripraveny sol-gel metéodou podla
Yoldasa®. Sol-gel povlakované prasky boli tepelne upravené
susenim pri 100 °C/3 h/vzduch (A), kalcinovanim pri 400 °©
C/3 h/vzduch (B) a pri 600 °C/3 h/vzduch (C). Podiel povlaku
po suseni bol ~1,15 hm.%, po kalcinovani pri 400 °C 0,97 az
0,98 hm.% a po kalcinovani pri 600 °C ~ 2,48-2,53 hm.%
(prirastok od oxidacie). Ako substrat sa pouzil komerény Fe
pragok ASC 100.29 (vyrobcu Hogands AB”) a to v dodanom
stave a po Uprave mletim na gulovy tvar Castic s naslednym
vysitovanim frakcii s velkostou ¢astic 100-160 um a 45 az
63 um (tab. I).

Tabulka I
Pouzité varianty prasku ASC 100.29
Uprava Velkost’ Castic, um  Oznacenie
ASC 100.29 dodany granulometria <200 NP
stav, nepravidelny 100—160 N1
tvar Castic

45-63 N2
ASC 100.29, mlety na  granulometria <200 MP
sféricky tvar Castic 100—160 M1
zihany 600 °C/1 h

45-63 M2

N,+10 % H,

s500

Pre kazdy variant povlakovanych praskov bola urobena
chemick4 analyza obsahu Si, Fe’" a Fe®*. Na zaklade chemic-
kej analyzy a hmotnostnej bilancie procesu povlakovania sa
vypoéital podiel zloziek povlaku Tab. II a teoreticka hustota
materialu povlakovaného prasku. Podla prislusnych SN no-
riem boli merané sypné vlastnosti (sypnd hustota, hustota po
straseni a frikény index) povlakovanych praskov. Lisovanim
za studena jednoosovym tlakom 50 az 800 MPa sa vyrobili
cylindrické vzorky ®10 x 5 mm’. Lisovatelnost’ bola hodno-
tend zavislostou porovitosti P (%) na lisovacom tlaku p
(MPa). Lisovacie krivky boli kvantifikované parametrami
K, n lisovacej rovnice®:

P=P expl-K-p") @

Mikroskopicky bola analyzovana mikrostruktura povla-
kovanych Castic a vyliskov (Olympus GX71).

3. Vysledky a diskusia

Mikrostruktara a vlastnosti praskov Fe/SiO,

Na obr. la je metalograficky vybrus rezu Castice povla-
kovaného a kalcinovaného (400 °C) prasku Fe/SiO, na baze
ASC 100.29 s Casticami v dodanom stave (NP-B) a na obr. 1b
je rez casticou prasku M1-B na baze ASC 100.29 po uprave
mletim a zihanim. Pri velkom zvicseni vidiet, Ze povlak je
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Na obr. 4 su lisovacie krivky povlakovanych praskov aj
nepovlakovanych praskov NP-A a ASC 100.29 s cCasticami
nepravidelného tvaru (<200 pm) a s Casticami sférického
tvaru MP-A a ASC 100.29 (<160 um) po tepelnej Uprave
susenim. Vidiet, ze prasky s povlakovanymi Casticami maju
niz8iu sypnu poérovitost’ a lepsie sa zhust'uji, hlavne pri niz-
Sich tlakoch. Podstatou je Zelatinovy charakter povlaku, ktory
ma pozitivny vplyv na zhustovania premiestfiovanim castic.
V oblasti tlakov nad ~ 400 MPa je lisovatel'nost’ kontrolovana
a b plastickou deforméciou Fe matrice. Podobna zavislost’ zhus-

tovania na tlaku bola identifikovana aj v pripade praskov
kalcinovanych pri 400 °C.

Obr. 1. Povlakované Eastice NP-B (a), MP-B,3000x (b) Na obr. 5 su lisovacie krivky povlakovanych
a nepovlakovanych praskov s velkostou Castic 45—-63 pm
nepravidelného aj sférického tvaru (N2-A a M2-A) po tepel-

Tabulka I1 nej uprave sudenim. Obrazok ukazuje zretelne vyssie zhusto-

Zlozenie povlaku Fe/SiO, po suseni a kalcinovani (podl'a®)

Typ prasku Chemické zlozenie °
Fe/Si0,, suseny 100 °C Si(OH),,0-FeOOH, y-FeOOH 0

40
Fe/Si0,, kalc. 400 °C amorfny SiO,, a-Fe;03,Fe;0,4 w©
Fe/Si0,, kale. 600 °C 8i0,, 0-Fe,05 ;

[

SEEE FTEE TP FETEE FEEE SIS
tvoreny vrstvami Tab. II, ktoré boli identifikované RTG ana- & N ¢ & & B
Iyzou pri povlakoch vigsej hrubky®. Hribka povlaku je )

O SYPNA POROVITOST [%] B POROVITOST 200 MPa [%] OPOROVITOST 800 MPa [%]

~ 300 nm a dobre sleduje nerovnosti povrchu Castice. Defekty
povlaku, ako popraskanie alebo nesudrznost’ sa vyskytli iba
sporadicky, hlavne u Castic nepravidelného tvaru

Na obr. 2 su sypné vlastnosti praskov, vidiet' Ze, prasky
na so sférickymi Fe Casticami maju vysSiu sypnu hustotu pri
porovnani s Casticami nepravidelného tvaru. ZmenSovanie
velkosti Castic nepravidelného aj sférického tvaru vedie
k zvyseniu sypnej hustoty. Rovnaki tendenciu ma aj hustota
po straseni. Frikény index praskov s Casticami nepravidelného
tvaru je 1,25-1,31, pre sféricky tvar je 1,09-1,17.

Obr. 3. Hodnoty poérovitosti vS§etkych variantov praskov po lisova-
ni tlakom 800 MPa

Lisovatel'nost praskov Fe/SiO,
Na obr. 3 s hodnoty sypnej porovitosti, porovitosti po
lisovani tlakom 200 a 800 MPa pre vSetky varianty praskov.

Vidiet,, Ze niz§ia hodnota sypnej porovitosti praskov so sféric- T
k)”ml Casticami vedie k 1ep§e_] lisovatel’nosti/niiéej p(')rovitosti ~#-—-NPA W MPA —a— ASC100,29 —&— ASC100,29(miety) ]
pri tlaku 200 MPa, ale aj pri tlaku 800 MPa. Pozitivny vplyv

sférického tvaru Castic na lisovatel'nost’ sa prejavil hlavne pri Obr. 4. Lisovacie krivky nemletych praskov NP-A a ASC
praskoch po tepelnej Gprave susenim. (<200 pm) a mletych MP-A a ASC (< 160 pm) po suseni

1

0

PP T2 DX o2 oF Vo ¥ o oF VT2 V¥ o of
FELE T IV FEEE I
& & € & K o |
N & & & o 100 200 300 400 500 600 700 800
N
Tiak MPa)
O SYPNA HUSTOTA [g/lcm3] B HUSTOTA PO STRASENI [g/lcm3] OFRIKENY INDEX i [ ~—e—N2A ol M2A —=— ASC (63-45) —a&— ASC (63-45-mlety) |

Obr. 2. Sypné vlastnosti povlakovanych praskov Fe/SiO, a prasku Obr. 5. Lisovacie krivky nemletych praskov N2-A a ASC (45-
ASC 100.29 (vSetky tvarové aj velkostné varianty) 63 pm) a mletych M2-A a ASC (45-63 pm) po suSeni

s501
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vanie praskov so sférickymi Casticami, ¢o je dané lepSim
usporiadanim cCastic uz pri nasypani ako aj efektivnejSim
zhustenim premiestnenim cCastic. V rozsahu tlakov nad
~ 400 MPa sa zhustovanie riadi plastickou deformaciou Fe
matrice. Podobnll tendenciu ukézali aj lisovacie krivky pras-
kov s ¢asticami 100-160 pm po suseni, ale aj po kalcinovani
pri 400 °C. Kalcinacia pri 600 °C vyrazne zhorSuje lisovatel’-
nost, pri¢inou je vznik oxidov Fe na povrchu castic. Bola
preukazana velmi dobra korelacia experimentalnych lisova-
cich kriviek s rovnicou (/). Koeficienty korelacie r boli
v rozsahu 0,9065 az 0,9838.

S cielom zlepSenia lisovatelnosti a sudrznosti vyliskov
bol Studovany vplyv pridavku spojiv k povlakovanym Fe/
Si0, praskom kalcinovanych pri 400 °C. Pouzili sa dva typy
spojiv Silan a sddno-kremicité sklo, obe v mnozstve 1 hm.%.
Po pridani spojiv boli prasky susené pri 50 °C 30 min/vzduch.
Boli merané ich sypné vlastnosti a boli urobené skusky liso-
vatelnosti. Pridavok Silanu vyrazne zlepsil zhust'ovanie pras-
ku uz v prvych etapach lisovania a pri tlaku 800 MPa klesla
porovitost na P = 6,5-3,4 %. Tento efekt bol najvyraznejsi
v pripade sférickych castic velkosti 100—160 um. Pozitivny,
ale menej vyrazny vplyv mal pridavok sddno-kremicitého
skla; pri p = 800 MPa klesla pérovitost’ vyliskov zo sféric-
kych povlakovanych Castic na 6,4-8,0 %. Porovitost’ analo-
gickych vzoriek bez spojiv bola 14,6 %. Obe spojiva maju
pozitivny vplyv na sidrznost’ a pevnost’ vyliskov a to aj pri
nizkych lisovacich tlakoch.

Mikrostruktara vyliskov

Mikrostruktara vyliskov po lisovani tlakom 800 MPa,
obr. 6 a, b, ukazuje, ze povlak tvori suvisli sietovinu, bez
mikroskopicky zretelnych prasklin alebo inej destrukcie aj pri
pouziti vysokého lisovacieho tlaku. Zachovanie stvislej sieto-
viny vo vylisku sved¢i o dobrej sudrznosti povlaku so substra-
tom pocas manipulacie s praSkom aj pocas lisovania. Morfo-
logia sietoviny je uréend geometriou deformovanych castic
Fe prasku, ¢o znamend, Ze lisovatenost’ je kontrolovana
schopnost'ou matrice plasticky sa deformovat’. To potvrdili aj
koeficienty korelacie experimentalnych hodnét s rovnicou (7).

4. Zavery

Sol-gel povlakovanim boli pripravené povlakované pras-
ky Fe/SiO, s hmotnostnym podielom povlaku ~ 1,0 hm.%

W&&/\ ...k\ ,b

AN =2 [

>3 —\,E;-.\ e
s v? - T?.:__\_“M % o
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Obr. 6.a,b MikroStruktira vyliskov z prasku N2-B (a), z prasku
M2-B (b)
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a hrabkou ~ 300 nm. Povlak bol rovnomerny bez zretelnej-
Sich defektov typu popraskania alebo nesudrznosti.

Povlakované prasky so sférickymi ¢asticami maji vyssiu
sypnu hustotu aj hustotu po straseni. Pozitivny vplyv na obe
charakteristiky ma aj zmenSovanie velkosti Castic a tepelna
uprava suSenim a kalcinaciou pri 400 °C.

Prasky so sférickymi casticami, hlavne po tiprave suse-
nim, maju lepsiu lisovatel'nost’ ako prasky s Casticami nepra-
videlného tvaru, ¢o suvisi s efektivnejSim zhustovanim pre-
miestfiovanim Castic v oblasti nizsich tlakov; pri tlakoch nad
400 MPa je zhust'ovanie kontrolované plastickou deformaciou
Fe matrice.

Pridavok spojiv, (Silan a sodno-kermicité sklo)
k praskom Fe/SiO, vyrazne zlepSuje zhustovanie; pridavkom
Silanu sa pri tlaku 800 MPa dosiahlo zhustenie az na 95 %
teoretickej hustoty. Obe spojiva maji pozitivny vplyv na si-
drznost’ a pevnost’ vyliskov.

Z hladiska lisovatelnosti st najvyhodnejSie prasky Fe/
Si0; so sférickymi Casticami velkosti 100-160 um a 43—65 um
po tepelnej uprave suSenim, pripadne kalcinaciou pri 400 °C
s pridavkom Silanu ako spojiva.

Prispevok bol spracovany na zdklade vysledkov riesenia

projektu LPP—-0246-07. Autori dakuju Agenture APVV za
poskytnutie financnych prostriedkov na jeho riesenie.
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Slovakia): Properties and Compressibility of Composite
Coated Fe/SiO, Powders

Contribution deals with the effect of both size and shape
of Fe particles and addition of binders as well on the com-
pressibility of composite coated powders Fe/SiO,
(~ 1 wt.% SiO,; coating thickness of ~ 300 nm) prepared by
sol-gel method. The compressibility of coated powders is
controlled by plastic deformation of iron matrix without sub-
stantial effect of SiO, coating. In terms of compressibility the
best are the Fe/SiO, powder variants prepared on the basis of
Fe powder with spherical particles of the size 100-160 um
and/or 43—65 pm processed by drying at 100 °C or by calcina-
tion at 400 °C with an addition of Silane as a binder.



Chem. Listy 105, s503—s505 (2011)

Material v inzinierskej praxi 2011

STRUKTURA A ZIARUPEVNOST ROVNORODYCH A NEROVNORODYCH

ZVAROVYCH SPOJOV OCELE T92

LADISLAV FALAT®, JAN KEPIC*, ANNA
VYROSTKOVA®, MILAN SVOBODA", PETER
BRZIAK®

@ Ustav materidlového vyskumu SAV, Watsonova 47, 040 01
Kosice, Slovenska republika, b Ustav fyziky materialii AVCR,
Zizkova 22, 616 62 Brno, Ceskd republika, © Vskumny tistav
zvaracsky — Priemyselny Institut SR, Racianska 71, 832 59
Bratislava, Slovenska republika

lfalat@imr.saske.sk

Kracové slova: ziarupevna ocel’ T92, zvarové spoje, Strukti-
ra, creep

1. Uvod

Sucasny trend v energetike je charakterizovany snahou
o zvySovanie tepelnej u¢innosti kotlovych zariadeni, ktoré je
mozné dosiahnut’ zvySovanim teploty pary na vystupe
prehrievadov'. Z hradiska namahania a mozného porusovania
su kritickymi miestami kotlovych konstrukcii najmé zvarové
spoje’. V &astiach parnych kotlov pracujucich pri rovnakych
podmienkach sa pouzivaju rovnorodé zvarové spoje, t.j. spoje
medzi materidlmi s rovnakym chemickym zloZenim.
V primarnej Casti kotlov st na konstrukciu vyparnikov pouzi-
vané nizkochréomové (0,5—-1 % Cr) resp. strednechromové
(2,5 % Cr) feritické ocele'?. Vo vysokoteplotnom okruhu su
masivne Casti kotla konstruované z vysokochréomovych (9 az
12 % Cr) feritickych oceli’. Prehrievade pary s vyribané
z Cr-Ni austenitickych oceli’. Ked’ze kotlové zariadenie po-
zostava z obvodov pracujucich pri réznych podmienkach, st
pre jeho konStrukciu nevyhnutné aj nerovnorodé zvarové
spoje, t.j. spoje medzi materialmi s roznym chemickym zloze-
nim.

K poruSovaniu zvarovych spojov pocas creepu moze
dochadzat’ viacerymi spdsobmi. Pomerne Castym spdsobom
porusovania nerovnorodych spojov byva ,,poruSovanie typu
I resp. Ila* v uhlikom ochudobnenej teplom ovplyvnenej
oblasti (TOO). Tvorba oduhli¢enej zony je spdsobena difu-
ziou uhlika proti koncentracnému spadu v dosledku gradientu
chemického potencialu®®. Typickym spésobom porusovania
rovnorodych spojov feritickych oceli je ,,porusovanie typu
IV* v jemnozrmnej interkritickej TOO®.

Cielom predkladanej prace bolo §tudium rovnorodych
feriticko/feritickych a nerovnorodych feriticko/austenitickych
zvarovych spojov z hl'adiska ich §truktiry a creepovych cha-
rakteristik. Fazové zloZenie zédkladnych materidlov je zname
(cit.” ') a preto nebolo predmetom badania v tejto praci.

2. Experimentalny material a procedury

Rurky zakladnych materidlov (D = 38 mm, h = 5,6 mm)
boli obvodovo zvarené metodou TIG. V pripade rovnorodych
spojov T92+T92 bol pouzity pridavny material na baze ocele

T92. V pripade nerovnorodych spojov T92+TP316H bola ako
pridavny material pouzitd Ni-zliatina Nirod 600. Rovnorodé
spoje boli zvarané vyssim pradom (120-160 A) nez nerovno-
rodé spoje (70-110 A). Po zvareni boli oba typy zvarovych
spojov tepelne spracované za rovnakych podmienok (760 °C/
1 h/vzduch). Struktira zvarovych spojov bola skiimana pomo-
cou svetelnej a elektronovej mikroskopie. Creepové ,.cross-
weld“ skusky boli realizované pomocou tahovych vzoriek (Lo
= 40 mm, dy = 4 mm). Chemické zlozenia zakladnych
a pridavnych materialov pouzitych pri vyrobe zvarovych spo-
jov st uvedené v tab. L.

Tabulka I
Chemické zlozenie [hm.%] pouZzitych materidlov
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3. Vysledky a diskusia
3.1. Struktiira zvarového spoja T92+T92

Na obr. la je celkovy pohlad na $trukturu zvarového
spoja T92+T92 a na obr. 1b je detail popustenej martenzitic-
kej Struktary neovplyvneného zakladného materidlu (ZM)
ocele T92. Ked’ze Struktira rovnorodého spoja je symetricka
k stredovej osi zvaru, je postacujuce analyzovat' len jednu
polovicu zvaru. Jednotlivé regiony spoja st: (IK / JZ / HZ)
TOO - (interkritickd / jemnozrnna / hrubozrnnd) teplom
ovplyvnena oblast’, ZS — zéna stavenia, ZK — zvarovy kov.

Obr. 1. a) Struktira zvarového spoja T92+T92; b) Struktira
zakladného materialu ocele T92

s503

Obr. 2. a) Struktira interkritickej resp. jemnozrnnej TOO; b)
Struktiira hrubozrnnej TOO
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Detailné Struktiry dalSich regionov s na obr. 2 a 3.
Plynuly prechod medzi interkritickou a jemnozrnnou TOO je
na obr. 2a. Ked’ze oba tieto regiony su jemnozrnné, nie je
mozné ich rozlisit' vo svetelnej mikroskopii. Na obr. 2b je
Struktara hrubozrnej TOO. Velkost' primarnych austenitic-
kych zin v tejto oblasti je vdcSia nez v ZM ocele T92
(obr. 1b).

Obr. 3a dokumentuje $truktiru zvarového kovu v bliz-
kosti zony stavenia. V Struktire je mozné pozorovat’ pritom-
nost’ d-feritu. Na obr. 3b je zobrazena Struktira centralnej
Casti zvaru s viditelnym striedanim oblasti ,,éerstvych® zvaro-
vych husenic (vysokokontrastné oblasti) s oblastami medzi-
htsenicovych TOO (matné oblasti).

Obr. 3. a) Struktiira zvarového kovu v blizkosti zény stavenia; b)
Struktira centralnej ¢asti zvarového kovu

3.2. Struktiira zvarového spoja T92+TP316H

Na obr. 4a je celkovy pohl'ad na Struktiru feritickej ¢asti
zvarového spoja T92+TP316H vedla Ni zvarového kovu (Ni
ZK). Struktiry sub-regiénov TOO si analogické ako
v pripade TOO zvarového spoja T92+T92 (obr. 2) a preto
nebudii opitovne dokumentované. Struktura austenitickej
Casti spoja T92+TP316H (obr. 4b) je minimalne ovplyvnena
teplotnym cyklom zvarania.

Struktara Ni zvarového kovu Nirod 600 v blizkosti roz-

Obr. 4. a) Struktira feritickej ¢asti spoja T92+TP316H; b) Struk-
tira austenitickej ¢asti spoja T92+TP316H
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Obr. 5. a) Struktira zvarového kovu Nirod 600; b) Fazovy dia-
gram Ni zliatiny FM-82 (cit.')
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hrania s T92 ocelou je na obr. 5a. Fazovy diagram zliatiny
FM-82 velmi podobného chemického zlozenia ako Nirod
600, vypogitany Ramirezom a Lippoldom'’ je znazorneny na
obr. 5b.

Struktira Ni ZK je velmi heterogénna s ohPadom na
vel'kost a morfologiu zfn ako aj distribiciu precipitacie.
V Struktare je pozorovatelna pritomnost’ tzv. hranice typu II
(dlha hranica orientovana paralelne k hranici stavenia s oce-
Tou T92, vid prava ast’ obr. 5a). Dalej st v Struktire dobre
rozpoznatel'né krystalizaéné hranice a subhranice (t.j. hranice
dendritickych ~ buniek). Fazova analyza publikovana
v predchadzajucej praci'® potvrdila pritomnost’ intragranular-
nych karbidov NbC ako aj intergranuldrnych karbidov Cr,;Cs.

3.3. Struktira zvarovych spojov po creepe

Rovnorodé aj nerovnorodé zvarové spoje boli porusova-
né v jemnozrnnej interkritickej TOO, tj. sposobom
»porusovania typu IV“. Na obr. 6a je vidiet lomovu Ciaru
a Strukturu IK TOO zobrazenu pomocou rastrovacej elektro-
novej mikroskopie (REM) v rezime sekundéarnych elektronov
(SE). Charakter lomovej ¢iary indikuje interkrystalické tvarne
porusenie. Z obrazka je zrejma aj stuvislost medzi tvorbou
creepovych kavit a pritomnostou zhrubnutych castic precipi-
tatov popr. ich zhlukov. Na obr. 6b je §truktura IK TOO zob-
razend pomocou REM v rezime spétne odrazenych elektronov
(BSE), umoznujucim rozliSenie karbidickych CryCg, resp.
karbonitridickych (V,Nb)(C,N) precipitatov (,,sivé™ Castice)
od intermetalickej Lavesovej fazy Fe,(W,Mo) (,,0stro-biele*
Castice).
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Obr. 6. a) Struktiira IK TOO zobrazens v rezime SE; b) Strukti-
ra IK TOO zobrazena v reZime BSE

3.4. Creepové charakteristiky zvarovych spojov

Hodnoty napédtovych exponentov (n) a creepovych akti-
vaénych energii (Q.) skimanych zvarovych spojov boli publi-
kované v praci'®. Hodnoty n a Q. nerovnorodych spojov
T92+TP316H boli nizsie nez u rovnorodych spojov T92+T92
v dosledku rozdielnej deformacnej schopnosti feritickych
a austenitickych materialov. Napr. aj Kloc a kol. (cit."”) zistili,
ze hodnoty n a Q. austenitickej ocele AISI 316 st nizSie nez
u feritickej ocele P91. Kedze rovnorodé aj nerovnorodé zva-
rové spoje boli porusované rovnakym spdsobom (obr. 6), je
ucelné vzajomné porovanie creepovej zivotnosti (obr. 7) ako
aj kontrakcie (obr. 8) u tychto spojov.

Pocet experimentalnych dat v obr. 7 a 8 je obmedzeny,
pretoze mnoho testov bolo prerusenych v stadiu sekundarneho
creepu. Creepova Zzivotnost' rovnorodych spojov bola nizsia
nez u nerovnorodych spojov (obr. 7). NavySe hodnoty kon-
trakcie rovnorodych spojov boli spravidla vyssie neZ u nerov-
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Obr. 7. a) Creepova Zivotnost’ spojov po creepe pri 625 °C; b)
Creepova Zivotnost’ spojov po creepe pri 650 °C

f;?é

625 °C .| es0°c

120 MPa 140 MPa

= T92+T92
s T92+TP316H

92479
T92+TP316 H

o38885883

@ Kontrakcia [% ]
T Kontrakcia [% ]

120 MPa

160 MPa 100 MPa 140 MPa

Obr. 8. a) Kontrakcia zvarovych spojov po creepe pri 625 °C; b)
Kontrakcia zvarovych spojov po creepe pri 650 °C

norodych spojov (obr. 8). S ohl'adom na vysoku $truktirnu
heterogenitu skimanych spojov a komplexnost’ ich creepové-
ho spravania, nie je mozné uvedené rozdiely trivialne vysvet-
lit. Javi sa, Ze rozdielne deformacné charakteristiky jednotli-
vych regionov zvarovych spojov maji vplyv aj na finalne
lomové charakteristiky. Navyse, pouzitie vysSieho pradu pri
zvarani rovnorodych spojov zrejme viedlo k vyraznejsej de-
gradacii TOO, ¢o mohlo prispiet’ k zhorSeniu ich creepovej
zivotnosti v porovnani s nerovnorodymi spojmi.

4. Zhrnutie a zaver

Zo $tadii zameranych na Struktrne a creepové charakte-
ristiky rovnorodych a nerovnorodych zvarovych spojov ocele
T92 Vyplynuh nasledovné zavery:

Struktira feritickej ocele (T92) skamanych zvarovych
spojov v blizkosti rozhrania so zvarovym kovom vyka-
zuje vyrazni TOO, pozostavajucu z hrubozrnnej a jem-
nozrnnej Casti, ako nasledok transformacnych procesov
pocas teplotného cyklu zvarania.

Tepelné ovplyvnenie austenitickej ocele (TP316H) ne-
rovnorodych zvarovych spojov je minimalne v dosledku
jej povodnej uz plne zrekryStalizovanej hrubozrnnej
austenitickej Struktuary.

Rovnorodé spoje T92+T92 a nerovnorodé spoje
T92+TP316H vykazuji kvalitativne rovnaké creepové
lomové spravanie, avsak rozdielnu creepovu Zivotnost’,
¢o mozno zrejme pripisat’ ich rozdielnym deformaénym
charakteristikdm aj podmienkam zvarania.

Praca bola realizovanad za financnej podpory projektov
APVV 99-045105 a VEGA 2/0128/10. Autori prispevku vyslo-
vuju podakovanie Doc. Ing. Jozefovi Pechovi, CSc. (SES, a.s.
Tlmace) za experimentdlne zvarové spoje a cenné konzultdcie.
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L. Falat’, J. Kepi¢®, A. Vyrostkova’, M. Svoboda®,
P. Brziak® (‘Ustav materidlového vyskumu SAV, Koice, SR,
YUstav fyziky materialic AVCR, Brno, CR, “Vyskumny tstav
zvaracsky — PI SR, Bratislava, SR): Structure and Heat
Strength of Homogeneous and Heterogeneous Welded
Joints of Steel T92

In this study the microstructure and creep characteristics
of similar ferritic/ferritic and dissimilar ferritic/austenitic weld
joints have been investigated. In the case of similar T92+T92
weld joints the T92-based filler metal was used, whereas the
dissimilar T92+TP316H weldments were prepared using the
Ni-based welding consumable Nirod 600. All weldments were
fractured in their ferritic part by the ,,type IV cracking® failure
mode. The similar welds exhibited lower creep life and higher
reduction in area than the dissimilar ones. These differences
may be related to the different welding conditions of the simi-
lar and dissimilar welds as well as their different creep defor-
mation characteristics influencing the final creep fracture
behaviour.
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1. Introduction

Powder metallurgy (PM) is a well establish technology
for manufacturing parts to net or near net shape.

Some recent developments have been introduced with
respect to improvements of the PM parts performance. In
terms of chemical compositions, a new alloying systems using
cheaper alloying elements as Cr and Mn'™ have been used. In
terms of density improvements or porosity control, compact-
ing techniques have been developed including various meth-
ods of severe plastic deformation*’. The sintering process has
also been modified due to the full control of sintering condi-
tions, such as temperature profile, sintering atmosphere pu-
rity, oxygen/carbon control, dew points, cooling rates®'*.

Different heat treatment processes can also be used. The
vacuum heat treatment is a very successfully tool as a secon-
dary operation, due to the high flexibility and advantages
which is needed for secondary hardening processes in the PM
parts production. The final microstructural constituents
mainly depend on cooling rate, and dimension of the part as
well as on chemical composition. In any case, heat treatments
are necessary to tune the mechanical properties to the final
requirements and consequently, the effect of the heat treat-
ments on their microstructure and mechanical properties has
constituted a very dynamic research field during the last
years'*?,

The main aim of the present paper was to study different
vacuum heat treatment of Fe — [1.5 Cr — 0.2 Mo] — 0.6 C steel
on the microstructural and fracture changes.

2. Material and experimental procedure

Powder mixtures were homogenised in a Turbula mixer
using commercial Fe-Cr-Mo powder (namely Astaloy CrL,
Hogands AB), graphite powder and commercial AW wax
powder as lubricant, then the final composition was Fe - [1.5
Cr-0.2Mo]-0.6 C.

Specimens with a green density of approximately 7.0 x
10° kg m™ were obtained using a 2000 kN hydraulic press,
applying a pressure of 700 MPa. Two different specimen
types were prepared: “dog-bone” tensile (ISO 2740) and un-
notched impact energy 55x10x10 x 107° m’ (ISO 5754).
Specimens were debinded before sintering in Nabertherm

s506

type furnace.

The heat treatment conditions consist of the sintering
process in vacuum furnace at 1393 K for 1800 s~ with an
integrated final tempering at 473 K for 3600 s™'. The average
cooling rates were calculated in the range of 1393 K to 673 K
and were 0.1 K/s, 0.235 K/s, 3 K/s and 6 K/s, respectively.

In vacuum furnaces, the cooling rate is generally deter-
mined by the pressure of the gas (N,) introduced into the
chamber. Different gas pressures were used 0 Pa, 50 kPa,
200 kPa and 600 kPa. The cooling rate was monitored and
recorded by means of thermocouples inserted in the central
axis and close to the surface of the specimen. The processes
run fully automatically and the documentation of the process
by curves of the programmer to give reproducible results.
Therefore, the average cooling rates were calculated.

Sintered specimens were tested in static tensile tests on
a ZWICK Z100 machine, and in an impact testing apparatus
ZWICK RKP 450. Microstructures observations were carried
out using light microscopy. The apparent hardness HV10
(measured on the tested specimen surfaces) was determined
by means of Vickers hardness indenter. Densities were evalu-
ated using the water displacement method.

3. Results and discussions

The microstructure behaviour of the studied materials is
presented in Figs. 1-4.

At the lower cooling rates 0.1 K/s, Fig. 1, the microstruc-
ture consists of predominantly pearlite microstructure.

In the system cooled at 0.235 K/s, Fig. 2, microstructure
is a mix of bainite and pearlite.

Increasing cooling rate results in an increased amount of
bainite/martensite. In the system cooled at 3 K/s, Fig. 3, mi-
crostructure consists of mix of martensite and bainite with
small amount of tempered martensite.

In the system cooled at 6 K/s, Fig. 4, dominant marten-
sitic microstructure with small amount of tempered martensite
was observed. A fully martensitic microstructure or predomi-
nant martensitic microstructure (for the same chemical com-
position with 0.4 wt.% carbon addition) can be formed at the

Fig.1. Microstructure of material cooled at 0.1 K/s rate
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cooling rate 1 K/s, according to Engstrém et al.'’. On the
other hand, on the same chemical composition of base mate-
rial with 0.5-0.55 wt.% carbon addition a microstructure con-
sisting of upper bainite, lower bainite with some martensite
cooling at 0.8 K/s was obtained by Marcu Puscas et al.'’.
Microstructures achieved can vary with respect to the sinter-
ing conditions includes sintering atmosphere purity and oxy-
gen/carbon control.

The fracture surfaces of investigated materials are pre-
sented in Figs. 5-8. The surface showed a basically brittle
behaviour material, but at higher magnification, different
fracture micromechanisms are detected.

Fig. 5 shows a ductile fracture surface with localised
plastic flow, mainly visible at higher magnification. Fig. 6
shows a ductile fracture surface.

Fig. 3. Microstructure of material cooled at 3 K/s rate

T
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The surface presented in Fig. 7 and Fig. 8 are presented
transgranular cleavage fracture mode. Fig. 7 presents the
transgranular cleavage fracture with river patterns features.

Fig. 8 presents also the transgranular cleavage fracture
with river patterns features as well evidence of plastic defor-
mation by slip.

According to various authors ™, these fracture behav-
iour are called — quasi-cleavage, especially in the fracture of
quenched and tempered steels. In any case, Krauss'® under-
lined that the dividing line between the terms “cleavage” and
“quasi-cleavage” is somewhat arbitrary.

The detailed information about microstructural constitu-
ents, prevailed fracture surface mode and mechanical proper-
ties are presented in Tab. I.

It is well-known that brittle intergranular fracture at prior

18,19

Fig. 4. Microstructure of material cooled at 6 K/s rate

Fig. 7. Fracture surface of material cooled at 3 K/s rate
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Table I
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Microstructural constituents, prevailed fracture surface mode and mechanical properties

Cooling Microstructure constituent [%] Fracture surface Mechanical properties
rate P F B M TRS IE HV10
[K/s] [MPa]  [J]
0.1 97 3 - - Ductile, localised plastic flow 934 17.0 191.2
0.235 23 - 77 - Ductile, localised plastic flow occasionally 1009 16.8 193
3 - - 22 78 Cleavage 1114 13.9 220.4
6 - - 8 92 Quasi-cleavage, Shallow dimple 1211 9.3 435.8

Fig. 8. Fracture surface of material cooled at 6 K/s rate

grain boundaries are detected in steels containing more than
0.5 mass% carbon with low temperature tempered martensitic
microstructures (between 423 and 473 K).

The results of mechanical properties show that with in-
creasing values of transverse rupture strength (TRS) decrease
impact energy values. Various authors® ™ suggest that the
decrease of the impact energy after heat treatment is justified
in the microstructural changes, mainly if a part of the bainite
is converted to brittle martensite. The bainite microstructure
produces better response to dynamic loads than martensite.
This is fully confirmed by the fracture surface mode at higher
magnification revealing three main micromechanisms of frac-
ture: brittle (transgranular cleavage fracture), ductile
(dimples) and quasi-cleavage (transgranular cleavage fracture
and plastic deformation by slip). The brittleness is also caused
by a complex effect of microstructure heterogeneity around
huge contaminations (complex refractory oxides where chro-
mium oxide is dominant), mainly in places surrounding the
original powder particles. Karlsson reveals™ that oxides can
be formed during the atomisation of low alloyed chromium
sintered steels. These oxides are much harder to be reduced in
subsequent processing. Such a layer of oxides will still cover
the surfaces of the annealed powders.

4. Conclusion

1. Vacuum heat treatment supporting bainite-martensitic
microstructure with increasing cooling rates, provide
a marked increase in strength coupled to a decrease in
ductility.

2. Three main micromechanisms of fracture have been
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identified in the evaluated systems: brittle, ductile and
quasi-cleavage.

The results indicate that microstructure and fracture
investigations very well matched with results of strength
and ductility.

R. Bidulsky thanks the Politecnico di Torino, the Regione
Piemonte, and the CRT Foundation for co-funding the fellow-
ship.
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R. Bidulsky’, M. Actis Grande®, J. Bidulska®
(“ Politecnico di Torino, Sede di Alessandria, Italy, by
Kosice, Faculty of Metallurgy, Dpt. of Metals Forming, Slo-
vakia): Microstructures and Fracture Investigations of
Low Alloyed Vacuum Treated Sintered Steel

The present paper deals with evaluation of different vac-
uum heat treatment on the microstructure developments of
a low alloyed sintered Fe - [1.5 Cr - 0.2 Mo] - 0.6 C steel. The
cooling rate was determined by the pressure of the gas intro-
duced into the chamber. Different gas pressures were used
0 Pa, 50 kPa, 200 kPa and 600 kPa. The results show that
increasing the nitrogen pressure resulted in an increased
amount of bainite/martensite microstructure with high level of
properties achieved. In terms of fracture investigation, the
contents of cleavage rised with increased cooling rates and
matched with impact energy data.
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1. Introduction

The rolling force (Fgr) is one very important technologi-
cal indicator characterizing deformation parameters of mate-
rial processing as are: deformation resistance with depend-
ence on strengthening or softening in plastic deformation
conditions, friction state between material and roll, etc. Verti-
cal component of rolling force is usually including for calcu-
lation and description can be written as follows:

K (1)

where Fgr[N] — rolling force; b,,.=(bo+b;)/2 [mm] — average
value of width; P(x) [MPa] — normal rolling pressure in roll-

ing gap; lg [mm] — length of contact arc ([, =VR-Ah ),
Ah=h;—h; [mm] — absolute thickness reduction; hy, h; [mm]
— input resp. output thickness of rolling material; by and b,
[mm] — input resp. output width of rolling material.

The classical theoretical works'™ were dealt with analy-
sis of rolling forces and deformation zone of rolling gap.
While in the hot rolling conditions is necessary consider with
strengthening mechanisms accompanying with softening
processes as are dynamic or postdynamic recrystallization in
cold rolling processes only strengthening process is observed.
For cold rolling processes the normal rolling pressure is de-
pend only on rolled material parameter described by flow
stress and also on rolls diameter, front and back tensions and
friction conditions in rolling gap. Numerical and mathematical
simulations were proven technique as well as physical model-
ling, in order to analyze the global and local deformation re-
sponse of the workpiece, loading and material properties, to
compare the effects of various parameters, and to search for
optimum process conditions for a given material’”*2. Last but
not least enables to save time and cost as well as they are prom-
ising tool for identifying potential problematic points during
forming processes. Therefore, let us assume simplification of
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rolling gap as two dimensional objects without any axial ten-
sions and with normal and shear stress distributions after
Fig. 1. In length of contact arc (xe<0; 14~) we can recognize
only two slipping zones, one is backward slip zone (AB) and
other is forward slip zone (BC). Vertical section where shear
stresses are changes from positive (EB) to negative (BD)
value is calling as neutral line (ED). Rolling force is function-
ing in maximal point of normal rolling pressure.

by by

Fig. 1. Stress and geometrical conditions in rolling gap

If is considering only with backward and forward slip
zones in plastic deformation zone the relationship between of
shear and normal stresses can be described by next formula:

)

Tave = S Frve

7(x)=f-P(x) 3)

where Tue, Pave [MPa] — average shear resp. normal stress in
plastic deformation zone; 1(x), P(x) [MPa] — shear resp. nor-
mal stress in plastic deformation zone (xe <0; 15>).

For calculation of average normal rolling pressure in
rolling gap existing minimally two theoretical approaches.
One is described by Korolev' and other by Celikov”.

Author' described average normal rolling pressure in rolling
gap by following final equation:

1,
P [T’J 4
e\ o) 1

ave _

1
Res [l

h

ave

where P, [MPa] — average normal rolling pressure (normal
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stress); Res [MPa] — yield strength without of work hardening
(state before rolling); f [-] — friction coefficient; h,,. [mm] —
average thickness of rolled material: h,,.= (hgt+h;)/2
The average normal rolling pressure from eq. (4) can be
calculated as follow:
()
hoe ) _y

)

Re,S

Pave: fld
h

‘e

ave

Authors® described average normal rolling pressure in
rolling gap by following equation:

(©)

Pave :ﬂ‘Re,S'nU'”v’nw

where p=1-1.15 [-] — coefficient bearing on average normal
stress (for narrow strip f=1 and for wide strip f=1.15); n, [-]
— coefficient including influence of rolling speed (for cold
rolling n,=1); ny[-] - coefficient including work harden-
ing during plastic deformation; n,[-] — coefficient of stress
state.

Yield strength of rolled material including work harden-
ing during cold plastic deformation can be described:

Re = Re,S 1y, (7)
The coefficient described stress state has form:
g =Ng 1 Ng2 Ns3 )

where n,; [-] — coefficient including influence of external
friction (n,;=1/(2.1)); ns, [-]- coefficient including influence
of external non deformation zones (if 1¢/hae>1 s0 ngp=1; if 14/
hyye<I 80 n,5= ld'o'4/have); n,3 [—] — coefficient including influ-
ence of tension forces in rolled material (if rolling process is
without tension forces so n,3=1)

The final equation of average normal rolling pressure in
rolling gap after authors’ has then form:

R

R 9)
2-f

P

ave =

Paper deals with analysis mathematical forms of rolling
gap and their comparison with experimental results of C-Si
electrotechnical steel processing in cryo and ambient tempera-
tures.

2. Material and methodics

Chemical composition of experimental material C-Si is
follow (wt.%): 0.006 C, 0.237 Mn, 1.07 Si, 0.025 Al, 0.015 N,
0.008 P, 0.006 S, 0.06 Cu, 0.003 Ti.

Diameter of ferrite grains before rolling was 0.65 um.
Sample sizes before rolling were: hxbx1=0.65x30x200 mm.
The samples were laboratory rolling in Duo 210 mill (rolls
diameter D=210mm) with constant circumferential speed of
rolls v,qi=0.66 m/s at ambient and cryo temperatures. Cryo
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temperature was achieved by samples under cooling in liquid
nitrogen. Immediately after under cooling samples were
rolled. Cold rolling thickness reductions were made in inter-
val g€ <2; 40> [%] as one pass deformations. The rolling
forces during each pass were measured by tensometric ele-
ments with signal registration in Spider apparatus. For visuali-
sation and statistical data processing were used software prod-
ucts Excel and Matlab.

3. Results and discussion

Dependences of measured maximal rolling forces on
deformations, ratio ly/h,,. and strain rate are given in Fig. 2,
Fig. 3, Fig. 4. From graphical dependences is resulting only
small increasing of rolling forces for cryo conditions with
comparison of rolling in ambient temperature. When deforma-
tion achieved level g.q > 23 % difference in rolling forces
was minimize because of deformation warmth was increased.

250
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v 150 /?/
s
o
S
2 100
o .//‘/ —e— Cold Rolling - Classic
c
= —=— Cold Rolling - Cryo
g 50
0

10 20 30 40 50
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Fig. 2. Maximal rolling forces in dependence on cold thickness
deformations
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Fig. 3. Maximal rolling forces in dependence on ratio lg/h,y.e



Chem. Listy 105, s510—s513 (2011)

250
= 200 F—.
X
g
w 150
3
2 /’
£ 100
t:n ./// —e— Cold Rolling - Classic
% —a— Cold Rolling - Cryo
x 50

0
0 20 40 60 80
Strain Rate: ¢ [s'1]

Fig. 4. Maximal rolling forces in dependence on strain rate

Approximation based on regression analysis of measure-
ment data of rolling forces in ambient and cryo temperatures
was used for derivation of following two parametric depend-
ences:
for ambient temperature:

- —0.53

Fmax,reg =148- 50'7 ) (1 0)
for cryo temperature:
Fmax,reg :1272~51'l4 .¢—1.52 (11)

where & [%] — relative thickness deformation; @ [s™'] — strain
rate calculated after formula: @ = /1) - InCho/hy)

and for observed experimental conditions with constant
Vro=0.66 m/s is valid @ = flg)

Comparison of measurement data with calculated values
from regression eqs. (10, 11) is shown in Fig. 5, which is
referring on good correspondence measured and calculated
values with precision £ 10 %.

250 T T
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w
.. | *
8
‘5 100 -
s
[=2] [
£
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Rolling Force: Frax,reg [kN]

Fig. 5. Comparison of measurement values with calculated from
regression eqs. (10, 11)
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When measurement data were processing by linear sta-
tistical methods the following regression equations were de-
rived:
for ambient temperature:

Pmax,amb = 9016- 50'314 '(/.770'75 (12)
for cryo temperature:
Pmax,cryo :51619"50.63 '¢71-46 (]3)

Graphical interpretation eqs. (/2, 13) is given in Fig. 6
from which is resulting higher values of rolling pressures
obtained in cryo rolling conditions toward values from clas-
sic ambient temperatures.

Cryo and Claszic

B |

laszic |

X004

Fig. 6. Comparison of rolling pressures for ambient and cryo
rolling conditions after eq. (12) and eq. (13)

4. Conclusions

On the basis of literature analysis and own experimental
meaasurements it is possible to perform following conclu-
sions:

1. for description of average value of normal rolling pressure
in rolling gap exist only two relevant equations from authors
Korolev and Celikov

2. for description of rolling forces in ambient and cryo tem-
perature conditions were derivates following two parametric
formula:

0.7 --0.53
Fmax,reg =148-¢7" -9
and
.14 .-1.52
Fmax,reg =1272-¢ R4

3. from experimental data were derivate regression equations
of rolling pressures in ambient and cryo temperature condi-
tions as well:

0314 --0.75

Pmax,amb = 9016- & @

and
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Pmax,cryo = 51619- 50'63 : ¢_]'46

4. the higher values of rolling pressures obtained in cryo roll-
ing conditions toward values from classic ambient tempera-
tures.

This work was realized within the frame of the project
“Technological preparation of electrotechnical steels with
high permeability for electrodrives with higher efficiency”
which is supported by the Operational Program ‘“Research
and Development” ITMS 26220220037, financed through
European Regional Development Fund.
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I. Pokorny, M. Kvackaj, M. Vlado (Department of Metals
Forming, Faculty of Metallurgy, Technical University of
Kosice, Slovakia): Forces Parameters in Cryo and Classic
Rolling Conditions of C-Si Steel

Electrotechnical C-Si steel in ambient and cryo tempera-
tures of cold rolling conditions was investigated. The plastic
deformation zone of rolling process was analysis from point
of view of normal rolling pressure distribution during contact
arc and rolling forces. Simplification of rolling gap as two
dimensional objects without any axial tensions was used. In
length of contact arc were defined only two slipping zones
(backward and forward slip zone). Analytic mathematical
equations for calculation of average normal rolling pressure in
rolling gap are discussed. Experimentally measured data of
rolling forces were processed by linear regression and two
approximation equations were created.
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1. Introduction

The traditional process is to obtain the improvement in
the mechanical properties of aluminium alloys through the
precipitation of a finely dispersed second phase in the matrix.
This is accomplished by a solution treatment of the material at
a high temperature, followed by quenching. The second phase
is then precipitated at room or elevated temperatures. For
aluminium alloys this procedure is usually referred to as age
hardening and it is also known as precipitation hardening.
Conventional forming methods are ineffective in the achiev-
ing of favourable properties area of produced parts, adequate
to structural properties; moreover through them only limited
levels of structural and strength-plastic characteristics can be
obtained. The solution may be non-conventional forming
methods'” as well as Severe Plastic Deformation (SPD)*™®,
such as more preferable are equal channel angular pressing —
ECAP and equal channel angular rolling — ECAR technolo-
gies, to obtain results structured at the nm level. A combina-
tion of high strength and ductility of ultrafine polycrystalline
metals, prepared by SPD, is unique and it indeed represents
interesting cases from the point of view of mechanical proper-
ties’ . In the past decade, the research focused on to
strengthen Al alloys without any ageing treatment, via SPD'.

The present paper focused on the effect of ECAP on the
properties and structural developments of high purity alumin-
ium processed by twelve ECAP passes in room temperature.

2. Experimental material and conditions

Experimental material high purity aluminium (99.999 %
Al) was prepared by zonal refining. Structure after producing
was heterogeneous with average grain size dg ~ 650 pm. Me-
chanical properties before ECAP processing are given in
Tab. L.

The ECAP process was carried out at room temperature
by route C (sample rotation around axis about 180° after each
pass) in an ECAP die with channels angle ® = 90°. The
scheme of ECAP method is shown in Fig. 1. The round-

shaped samples (dy = 10 mm, Iy = 80 mm) were extruded
twelve ECAP passages at rate of 1 mm s™'. The static tensile
test on the short specimens dy X lp = 5 x 10 mm was per-
formed. Tensile test was done after every second ECAP pass
by EN 10002-1. Subsequently, characteristics of the strength
(yield strength: YS; ultimate tensile strength: UTS) and elon-
gation (El.) were determined. The microhardness test was
done on polished surface in longitudinal direction of sample
after every second ECAP pass. Transmission electron micros-
copy (TEM) analysis with electron diffraction in longitudinal
direction of sample was done on thin foils. The thin foils were
prepared using a solution of 5 % HF at a temperature —25 °C
and the time 30 s.

Table I

Initial mechanical properties of high purity aluminium
0.2%YS [MPa] UTS [MPa] EL[%]  HVIO0[]
36 52 27 242

s514

Fig. 1. ECAP equipment with detail information about angles

3. Results and discussion

The mechanical properties are in Fig. 2.

Ultimate tensile strength (UTS) is slightly sensitive on
ECAP passes and substructure formation. Yield strength
(0.2 % YS) is decreasing up to 6™ pass where achieved local
minimum. From 6™ up to 12" pass is growing. Elongation to
failure (EL.) is inversing to 0.2 % YS. Microhardness depend-
ence is given in Fig. 3 from which resulting microhardness
growth with an increase of ECAP passes.

TEM analysis was performed on samples after 8" and
12" ECAP passes and micrographs are shown in Figs. 4-6.

Initial structure is creating with large polyedric grains
(dg~ 650 um) and low dislocation density. Dislocations gen-
erated with severe plastic deformation are arranged to disloca-
tion walls, which later transform to subgrains with low or
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Fig. 4. TEM microstructure before ECAP (g5 ~ 650 pm)

high angles as it is seeing in Fig. 5. Subgrains are equiaxial
with average size dsg ~ 2.2 um.

Substructure after 12™ ECAP pass is equiaxial with low
misorientation and average subgrain size dsg ~ 1 um (Fig. 6).
The significant substructure refinement was observed after
6th ECAP pass. Yield strength starts to grow also after 6™
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Fig. 5. TEM microstructure after 8" ECAP pass (dgg ~2.2 pm)

pass, what coincide with strengthening from grain size refine-
ment after the Hall-Petch equation.

5. Conclusions

The investigation of high purity aluminium material
processed by ECAP method refers on slight sensitivity ulti-
mate tensile strength in dependence on ECAP passes.
Stronger influence from ECAP passes on yield strength, elon-
gation, microhardness and subgrain diameter was recognized.

The values were changed in following intervals:

YS =26-39 MPa,

UTS = 49-52 MPa,

A =27-56 %,

dg=650-1 pum.

From the literature analysis is resulting non-uniform
opinion on softening mechanisms of high purity Al during or
after SPD in ECAP unit. The opinions are recognizing from
recovery in dynamic and static regime up to recrystallization
in dynamic, metadynamic and static regime. Tensile test re-
sults show that, in the stress-strain curves, the stress increased
with increasing strain conditions due to severe plastic defor-
mation via ECAP. However, it was observed also that the
ECAP exhibited decrease in ductility.

SPD via ECAP may be a very useful process on increas-
ing mechanical properties with only partial decrease and ac-
ceptable of ductility. Strengthening of material is caused by
grains refinement and strain hardening of solid solution.

This work is supported by Slovak Agency APVV-20-
027205. J. Bidulska thanks the bilateral project SK-PL-0011-
09.
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Fig. 6. TEM microstructure after 12" ECAP pass (dgg ~0.98 pm)
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The high purity aluminium (99.999 % Al) was process-
ing by SPD in ECAP unit at ambient temperature with route
C. Influence of plastic deformations defined by number of
ECAP passes on microstructure and mechanical properties
was observed. The diameter of grain size was reduced from
initial state before ECAPd ;= 650 um on value ds ~ 0.98 um
obtained after 12" ECAP pass. Microhardness was increased
with ECAP passes. Mechanical properties were slight sensi-
tive, while elongation is depended on ECAP passes.
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1. Introduction

Boron is the element added into complex alloys and
steels. It is known to increase the hardenability and creep
strength of alloys'™. It is also of a big concern in the ad-
vanced steels for energy industry because of increasing the
creep strength due to segregation at the grain boundaries
(GB). Boron segregated at M,;C¢/GB interfaces prevents from
the carbide particles growth. The precipitation of fine BN
particles leading to creep strength increase has been one of the
tasks solved in the frame of few EU projects. Vanadium is
also a well known alloying element increasing the steel
strength.

Calphad method used for phase diagrams modeling is
based on the experimental verification of thermodynamic
calculation of the diagrams. Concerning the Fe-B-V system
there is only very little knowledge up to now. The only infor-
mation found in literature is in the form of experimental re-
sults obtained by Kuzma and Starodub at 1073 K from 1973
year®.

In the system studied there were included the alloys with
high content of B and V resulting in the alloys with high melt-
ing temperatures. Vanadium is known to form stabile borides
with melting temperatures from 2000 to more than 3000 K.
The borides are brittle with high hardness, what caused some
problems during sample preparation.

2. Material and methods used

The experimental alloys were prepared from elements of
relatively high purity: Fe (99.98 %), B (99.9 %), and V
(99.8 %). The alloys were produced in argon arc furnace with
a water-cooled copper pan using non-consumable tungsten
electrode and Zr getter. As can be seen in Fig. 1, the alloys
cover roughly all possible areas of three-phase existence.

Prepared samples should have weight around 15 g, how-
ever mass loss after the production achieved values from 0 to
2 mass%, extremely 7 %. That is why verification of the alloy
chemical compositions was carried out by atom absorption
spectrometry method. The alloys were cut to slices by electric
spark method and annealed at 1353 and 903 K after being
sealed in silica glass. Phase analyses of the states after the
melting and annealing have been done by EDX and X-ray
difraction methods.

FRACTION V

Fig. 1. Prediction of the phase diagram using binary data only
with marked model alloys produced

3. Results and their discussion

An advantage of the model alloys production in argon
arc furnace is the protective atmosphere ensuring the protec-
tion against the oxidation of the bath. However the big disad-
vantage is the microstructure heterogeneity resulting from the
use of water cooled copper pan. The melt in contact with the
plate solidifies very quickly compared to the cap part of the
loaf-shaped cast. The upper part then consists of large colum-
nar crystals and bottom part of very fine equiaxed ones often
with different chemical composition, Fig. 2a, b.

Also the imperfect stirring of the alloys containing vana-
dium borides with high melting temperature (because of in-
sufficient heat input) was another source of the heterogeneity.
In these cases only a part of the alloy under the arc was in
liquid state, the rest remained in solid state heated to under-
liquid temperature. The resulting shape then was irregular
instead of the loaf-shape, Fig. 2c.

To avoid this we have tried to prepare the alloys in in-
duction furnace, however we met with problems of a suitable
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Fig. 2. Solidified shapes of alloys with different melting tempera-
ture; a — cross section of the sample with pores and different
crystal size, b — different areas of microstructure in a sample; ¢ —
irregular shape of a sample after the solidification
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Fig. 3. Contamination of alloys with Si; a — EDX-spectrum of the
strange phase with Si; b — FesSiB, phase (light background in the
figure)

crucible. Silica glass reacted with our alloys and contaminted
them as is shown in Fig. 3, carbon-grafite could not be used
from similar reasons.

Grinding was found to be another source of Si in the
alloys. In this case SiC particles were embedded in soft bce
(Fe-V) phase. In all cases the use of higher quality material
and/or another way of preparation were chosen to avoid the
contamination. Mostly it was the use of grinding disc with
diamont particles.

Porosity of prepared melts was another phenomenon
observed mainly in the alloys with higher melting tempera-
tures, Fig. 2, when only a part of batch under the arc was in
liquid state. Argon, entrapped in the alloys could not flow out
and bubbles of different size were created. Fortunately this
kind of porosity does not influence the alloy purity and hence
the phase equilibria. It however, makes difficulties at grinding
and polishing during a sample preparation. Moreover, most of
prepared alloys is very brittle and porosity deteriorates this
material property, as well. Therefore the handling with alloys
at cutting and other processes of sample preparation and
analysis had to be very careful.

Another form of free surfaces in the alloys was rela-
tively dense net of cracks, Fig. 4. The cracks created in hard
boride phases most probably already during fast cooling after
the melting of alloys. Water cooling after isothermal anneal-
ing supported the tendency to cracking.

Chemical composition-microstructure homogeneity of
alloys in our investigation is of crucial importance. Therefore
most of melts was few times re-melted. Nunes et al.” and
Lima et al.® used 3 and 5 melting steps respectively for the
preparation of their V-B alloys. In our case this number was
sufficient only for iron-rich alloys, e.g. 67Fe-18B-15V, 68Fe-
27B-5V. For most of other alloys 11 to 14 remelts were
needed as well as the reduction of the batch weight to 9-10 g.
In spite of this few of the alloys still show the signs of hetero-
geneity, Fig. 2b.

Fig. 4. Pores and cracks in brittle borides; a — 67Fe-18B-15V
alloy; b — 13Fe-25B-62V alloy
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Above mentioned mass losses of individual elements
during melting and re-melting resulted from the elements
lower latent heat of liquefaction compared to the melting
temperature of the respective alloy.

According to our measurements the hardness increases
in the order VB, V;B4-V;,B; and VB, from 1500 do 3500
HVO0.05. Values for FeB lay between 1700 and 2100, for Fe,B
they achieve values of 1600-2000 HV0.05. The ferritic matrix
(Fe-V solid solution) is soft, with only 600 HV0.05 and pure
Fe should have value only 140 according to Gongarov et al.”.
Zhou et al.® reffer the value above 1700 for Fe,B. Moreover
B-rhombohedral boron in the alloys with amount of boron
above 50 at.% is the second hardest elementary crystal after
diamond.

The mentioned extremely high hardness led to the sam-
ple cracking and crumbling (see Fig. 4) during the preparation
and resulting roughness of samples reduced the analyses qual-
ity. In some cases the slices broke into few pieces during cut-
ting and grinding procedures. Thin slices had to be treated
manually without using any holder and the process of grind-
ing took quite a long time because of the alloy hardness. We
have found that handling should be gentle during grinding and
the grinding itself should be as short as possible to avoid men-
tioned cracking and crumbling. Almost no polishing was
needed after the grinding with finest papers no. 2400 (Stuers).
One of possible ways to get a flat sample surface could be the
use of ion milling, in some cases also electrolytic polishing
could be helpful.

4. Concluding remarks

The goal of the work was to prepare homogeneous and
clean model Fe-V-B alloys.
1. Most difficulties in achieving required homogeneity
resulted from high melting temperatures and hardness of
the alloys.
To reduce chemical heterogeneity and avoid porosity,
the equipment with higher heat input than that of argon
arc should be used.
The minimising the weight of alloys is also useful. It
means to avoid any alloy re-melting.
Only high quality materials should be used for sample
grinding and polishing to avoid its contamination and
shor-tening the duration of the sample preparation proc-
ess.

The authors acknowledge the financial support of the
project VEGA 2/0042/09 and the project MVTS SAV solved in
the frame of the COST Action 536.
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A. Vyrostkova, L.Ciripova, V. Homolova (Institute of
Materials Research SAS, Kosice, SR): Difficulties We Met
with at the Production of Fe-B-V Model Alloys and Sam-
ple Preparation

The work describes problems to be solved during the
preparation of Fe-B-V alloys and samples for phase analysis.
Main request on the material used in the research focused on
modeling of phase diagrams by Calphad method is its purity
and homogeneity. The problems to be solved were the com-
paction of the powders of different mesh, high melting tem-
perature of some alloys with high boron content and weight
losses. Extremely hard and brittle alloys led to further diffi-
culties with material cutting and sample preparation. In the
paper some of the ways used to prepare the samples of re-
quired quality are mentioned.
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1. Introduction

Conventional tests for determination of strength of ce-
ramics describe failure behaviour related to a simple stress
state which is mostly uniaxial with insignificant gradients.
Considering practical applications, mechanical loading leads
to an inhomogeneous multi-axial stress state which can be
simulated, regarding laboratory measurements, by contact line
or point loading. The contact line/point is induced by two
opposite rollers and spheres. Weibull analysis' is commonly
used for describing the values of the bending strength results
which are characterized by the characteristic strength ¢, and
the Weibull parameter m which is the measure of the scatter
in strength values. The Fett’s theory” which defines relation-
ships between parameters of the Weibull analysis for the four-
point bending test (Gopend> Mbend) and single-cycle contact test
using rollers (6o contr Mcontr) 15 derived as

)

M pona = 2 mcont,r > O-O,bend ~ O_O,cant,r

The characteristic strength Gopena and Gocon results from ex-
perimental values of Gyeng and Geontr, respectively, defined as’

3P(S, - S,)
23

1.96P
cont,r = W

)

s

Obend =

S and S, represent outer and inner spans, respectively. # and
t are dimensions of a sample along directions parallel and
perpendicular to a direction of the applied force P at failure,
respectively.
Finally, the stress Gcones along with the Young’s modulus £
have the forms®

I: :| 1/3

where E;, vs and E,,, v, are the Young’s modulus, the Pois-
son’s ratio for the spheres and a ceramic material, respec-
tively.
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The paper deals with the determination of contact
strength of laminar composite ceramics by opposite rollers
and spheres. Results of the single-cycle contact tests are com-
pared with those of the standard bending test, and an analysis
concerning the Fett’s theory is presented. Additionally, the
contact test by the spheres is also performed in a multi-cycle
mode.

2. Experimental material and tests

An experimental material is represented by Al,Os;-ZTA
laminar composite ceramics which is made by tape casting
followed by binder burn-out and sintering, where ZTA =
60 vol.% Al,O; + 40 vol.% ZrO,. This 9-layered material of
five layers of Al,O; and four layers of ZrO,.was prepared at
the Institute of Science and Technology for Ceramics, Faenza,
Italy.

The bending test was applied at S, = 40, S, = 20 (mm).
The single-contact mode by rollers of a standard hardened
steel was performed in such way that the load P increased to a
value of failure of specimens, where D = 3 mm is a diameter
of the rollers, L = 10—15 mm is length of specimens, and W =
3 mm, { =4 mm.

The contact modes by standard hardened steel spheres with
the radius R = 2.5 mm were applied to specimens with the
dimensions W =3 mm, t = 4 mm, L = 25 mm, at a loading
range of 0—5 kN. Additionally, the multi-cycle contact mode
was performed at the frequency /= 10 Hz and the number n =
10%,10°, 10, 10° of cycle.

Specimens loaded without their failure were cut through a
centre of a contact surface and polished due to optical and
electron microscopy used for the determination of the cone
crack length ¢, and the angle o which is measured between a
contact surface and the cone crack.

Each of the tests was performed at room temperature.

With regard to Eq.(2), material parameters of Al,0;-ZTA and
standard hardened steel (SHS) of spheres are presented in
Tab. I (ref*).

3. Results and discussion

Microstructure of the materials was studied by scanning
electron microscopy of polished and etched samples. Micro-
structure of the ZTA layer (see Fig. 1a) consists of relatively

Table I
Material parameters of Al,0;-ZTA and standard har-dened
steel of spheres (SHS)*

Material E., [GPa] Vin E [GPa] Vy
Al Os- 377 0.16 - -

ZTA

SHS - - 200 0.2

$520
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large ALLO; grains and small ZrO,. grains as dark and bright
phases with size of 1 um and 0.3 pm, respectively, where
both phases exhibiting equiaxed shapes are uniformly dis-
persed throughout the ZTA layer with thickness of 529 um.

The AlO; grains with size of 3 um (see Fig. 1b) in the
AL O; layer with thickness of 193 pum exhibit well-faceted
boundaries and sharp triple points. Finally, the two layers, i.e.
Al O; and ZTA, are well defined by straight interfaces with
no significant residual porosity at the interfaces (see Fig. 1c).
The Weibull characteristics for the investigated material are
as follows: Gy pena = 650 MPa, myend = 19.8; G contr = 715 MPa,
Meontr = 79’ 0-com,s =3453.3 MPa’ Meonts = 216, 0'O,mm,r /GO,bend
= 11, Mpend / Meontr = 2.5.

As presented in Fig. 1b, the Al,O; layer exhibits grains
with a diameter of 25-30 um which is much greater than
diameters of <1 um and 3-5 pum of the Al,O; and ZrO, grains
of the ZTA layer (see Fig. 1a), respectively.

Fig. 2 shows a fracture surface of Al,05;-ZTA loaded by
rollers of the single-cycle contact test along with a large proc-
essing flaw in the ZTA layer. Such flaws along with the large

Fig. 1. SEM micrograph of microstructure of the ALO;-ZTA
interface

50 um

Fig. 2. SEM micrograph of a large processing flaw in the ZTA
layer
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150 um

Fig. 3. SEM micrograph of a cross-section view with a cone crack
induced by the single-cycle contact test using spheres
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Fig. 4. The length ¢ and angle o of the cone crack as functions of
the cycle number n, where the cone crack is formed during the
multi-cycle contact test by the spheres

grains of AL,O; in the AL,O; layer might be assumed to be a
reason of a deviation from the Fett’s theory regarding the ratio
Mpend | Meone 1N cONtrast to the ratio Gy contr/Cobend Which corre-
sponds to the Fett’s theory. Additionally, due to the difference
ao3<0zra in thermal expansion coefficients, the Al,O5 and
ZTA layers are loaded by compressive and tensile thermal
stresses acting in a plane of a layer, respectively. These
stresses in each layer exhibit a significant distribution along
the plane normal. This distribution might be assumed to be
also a reason of the deviation from the Fett’s theory.

Fig. 3 shows SEM micrographs of a cross-section view
of AL,O;-ZTA with a cone crack which is formed during the
single-cycle contact test by spheres. The cone crack as a rea-
son of failure and strength degradation of the material exhibits
a perpendicular course below the contact surface, followed by
a linear course.

Fig. 4 shows the length ¢ = ¢(n) and angle o0 = a(n) of
the cone crack as functions of the cycle number n, where the
cone crack is formed during the multi-cycle contact test by the
spheres. An increase of ¢ is less significant at a higher value
of n than at a lower value of n, i.e. the tangent dc/dn is a de-
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Fig. 5. SEM micrograph of a cross-section view with multiple
cone cracks induced by the multi-cycle contact test using spheres

creasing function of n. This result is in an agreement with that
presented in’. In contrast to ¢ = ¢(n), the function & = ()
exhibits an increasing-decreasing course with a maximum for
n~10.

Fig. 5 shows SEM micrograph of a cross-section view of
Al,O3-ZTA with multiple cone cracks which are formed dur-
ing the multi-cycle contact test by spheres. The Al,O5 layer is
harder than the standard hardened steel of the spheres. The
higher hardness of Al,O; layer is assumed to be a reason of
the formation of the multiple cone cracks due to higher defor-
mation of the spheres. The higher deformation is a reason of
an increase of the contact surface.

4. Conclusions

Results of this paper concerning the Al,O;-ZTA laminar
composite ceramics are as follows. The characteristic strength
by the Weibull analysis of the bending test and contact test by
rollers are in an agreement with the Fett’s theory. The dis-
agreement of the Weibull moduli of these tests with the Fett’s
theory is assumed to be caused by (/) the presence of large
processing flaws; (2) much greater grains in the AL,O; layer
than those in the ZTA layer; (3) a significant distribution of
thermal stresses, where the distribution is related to a normal
of a plane of the ALL,O;-ZTA layers.

The contact test by spheres in a single-cycle mode in-
duces a single cone crack in contast to a a multi-cycle mode
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which induces multiple cone cracks. The multiple cone cracks
are formed due to an increase of a contact surface. The con-
tact surface increase is due to lower hardness of the standard
hardened steel of the spheres than hardness of the Al,O; layer.
A dependence of the cone crack length at the multi-cycle
mode on the cycle number is in an agreement with results
published in *°. Finally, a dependence of the cone crack angle
on the cycle number exhibits an increasing-decreasing course.

This work was supported by the Slovak Research and
Development Agency under the contract No. APVV-0034-0;
by VEGA 2/0088/08; and by MNT-ERANET HANCOC.
REFERENCES

1. EN 843-1 Advanced Technical Ceramics: Determination
of Flexure Strength, CEN, 2006.
Fett T., Munz D.: Eng. Fract. Mech. 69, 1353 (2002).
Fett T., Ernst E., Munz D.: J. Mater. Sci. Lett. 21, 1955
(2002).
Skocovsky P., Boktvka O., Pal¢ek P.:
ence. EDIS, Zilina 1996.
Fett T., Ernst E., Rizzi G., Munz D., Badenheim D.,
Oberacker R.: Fatig. Fract. Eng. Mater. Struct. 29, 876
(2006).
Zeng K., Breeder K., Rowcliffe D. J.: Acta Metall. Ma-
ter. 40, 2595 (1992).
Zeng K., Breeder K., Rowcliffe D. J.: Acta Metall. Ma-
ter. 40, 2601 (1992).

Materials Sci-
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040 01 Kosice, Slovak Republic): Contact Strength and
Crack Formation in Laminar Ceramics

The paper deals with the determination of contact
strength of laminar composite ceramics by opposite rollers
and spheres. Results of the single-cycle contact tests are com-
pared with those of the standard bending test. Parameters of
the Weibull analysis which is considered for the determina-
tion of strength of ceramic materials are presented. The con-
tact test by the spheres is also performed in a multi-cycle
mode. The multi-cycle mode induces multiple cone cracks in
contrast to the single-cycle mode which induces a single cone
crack. Parameters of the multiple cone cracks are analysed.
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1. Introduction

The ultrafinegrained, ultrafinecrystalline (UFG, UFC) or
nanostructured materials (NM) are defined in literature as
materials with average grain size in nanometric scale range
(d ~ 1000-100 nm). Nanostructured materials have been in-
vestigated in scientific community all over the world in detail
because of their advanced properties as high strength and
suitable ductilityl, improved corrosion resistance?, enhanced
fatigue properties® in comparison with their coarse-grained
counterparts. According to properties mentioned above,
nanostructured materials have become attractive for automo-
tive industry, medical devices and sport products, electronics.

Nowadays, several available methods have been used to
produce nanostructured materials. These methods can be di-
vided into following groups: mechanical alloying (including
cryomilling) and followed compaction®’, severe plastic defor-
mation (SPD)®’, gas-phase condensation of particles and con-
solidation®, electrodeposition®. The SPD processing is distin-
guished from conventional metal-working procedures in such
a way that reduction in overall parameters of sample should
not be reduced. The ECAP, ECAP-BP, HPT'*"" have been
well known SPD methods nowadays and successfully used to
structure formation with grain size ~ 70-500 nm.

As material properties depend upon their internal struc-
ture, which can be modified during plastic deformation proc-
ess, intensive research focused on explanation of nanostruc-
ture formation in pure metals and alloys has taken place at the
present time. For that purpose, electron microscopy meth-
ods'*"® (TEM, SEM) have been utilized. The main considered
feature is that when a grain size is being reduced, the fraction
of atoms within and near the grain boundary would be in-
creased exponentially. Consequently, plastic deformation
processes which are managed by grain boundary, such as
grain boundary diffusion, or grain boundary sliding have been
considered'®.
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2. Experimental Procedure

The OFHC (oxygen free high conductivity) copper sup-
plied in a cold-drawn state was used as experimental material
in this study. The sample in a cylindrical cross section
(diameter 10 mm, length 100 mm) was subjected to 1, 5
passes of ECAP and rotated according to route C. The ECAP
process was conducted at room temperature using a die hav-
ing @ = 90°, y = 0°. Microstructures were observed by trans-
mission electron microscopy (TEM) with selected area dif-
fraction patterns (SADP), using samples prepared by jet elec-
tropolishing at subzero temperatures, cut from longitudinal
direction. The TEM was performed using FEI TECNAI G2
F20 S-TWIN.

3. Results and discussion

The Fig. 1 shows TEM microstructure of copper in the
initial state before ECAP processing. According to Fig. 1,
dislocation density can be estimated as intermediate and not
a large fraction of subgrain in the structure was found. More-
over, the structure included large grains with different sizes
and shapes distributed in non-homogeneous way.

Fig. 1. TEM image of the initial copper sample (without ECAP
processing)

According to authors'’, main grain refinement was
achieved after the 1st ECAP pass. Therefore, TEM micro-
structure of copper after the 1st ECAP pass was performed
and is given in Fig. 2. It can be seen that initial grains include
a high density of lattice dislocations, some of them are ar-
ranged within grains and divided them to smaller fragments
(see arrows in Fig. 2). The arrangement of lattice dislocations
inside original grains leads to formation of the dislocation cell
substructure and consequently leads to an increase of ho-
mogenous subgrain structure.
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Fig. 2. TEM image of copper after the 1st ECAP pass

The SADP showed higher degree of structure misorien-
tation in comparison to initial state (where diffused reflections
along Debye-Sherrer rings can be seen).

Following TEM microstructure of copper after the Ist
ECAP pass were focused on study of the dislocations cell
substructure. It was found that during the 1st ECAP pass
a high density of dislocations was being introduced to the
material. These dislocations arrange to subgrains (shown by
arrows in Fig. 2) which consequently transform into ultrafine
grains in the following ECAP passes. The subgrain from
which later probably the ultrafine grain will be formed is il-

Fig. 3. TEM image of copper after the 1st ECAP pass focused on
study of dislocations cell substructure
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lustrated in the Fig. 3a (by an arrow). The SADP taken from
area in the circle (where dislocation subgrain is emerged)
revealed relatively low structure misorientation (Fig. 3b).

The investigation of material microstructure after the 5th
ECAP pass was performed because reports from literature'®
revealed stabilization in the mechanical properties. The Fig. 4
shows that structure after the Sth ECAP pass already includes
well-defined equiaxed ultrafine grains with grain size diame-
ter approximately 500 nm (however, structure was still non-
homogeneous and included great grains). Moreover, high
degree of grain refinement as well as high structure misorien-
tation was also confirmed by the SADP, where diffused re-
flections along Debye-Sherrer rings can be seen at much lar-
ger angles than in Fig. 2.

Following investigations revealed that the formation of
dislocation cell substructure is not a finished process, but still
continues during the Sth ECAP pass (shown by arrows in the
Fig. 5) and structure can be further refined, leading to finer
grain formation.

Fig. 5. TEM image of copper after the Sth ECAP pass showing
dislocation arrangement into a cell substructure
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4. Conclusions

The formation of dislocations cell substructure in OFHC
copper within the 1st ECAP pass was found. However, dislo-
cations cell substructure is further developed during the next
ECAP passes and transform to well-defined equiaxed ul-
trafine grains with grain size diameter approximately 500 nm
(up to the 5th ECAP pass). The study of structure misorienta-
tion revealed the changes in misorientation in dependence on
number of ECAP passes introducing. According to data
achieved from SADP, the Sth ECAP pass causes higher de-
gree of grain refinement as well as higher structure misorien-
tation in comparison with the 1st ECAP pass.

This work was supported by the Slovak agency APVV-
20-027205 and the Bilateral Project SK-PL-0011-09.
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The paper presents electron microscopic study of copper
structure formed during equal-channel angular pressing
(ECAP). It was found that a high density of dislocations was
introduced to the material during the 1st ECAP pass. Conse-
quently, they started to form dislocation cell substructure. The
S5th ECAP pass is sufficient to introduce an ultrafine-grained
structure in the OFHC copper. However, the structure is still
not enough homogeneous. The studies of structure misorienta-
tion implies that ECAP method leads to the refinement of
microstructure by transformation of dislocation cell subgrains
well-defined ultrafine grains probably by mechanisms as sub-
grains rotation or grain boundary sliding.
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1. Uvod

Elektrotechnické ocele hraju doleziti ulohu v oblasti
vyroby, prenosu, distriblcie a pouZzivania elektrickej energie.
Tieto ocele patria do skupiny magneticky mékkych materia-
lov a st zname pre ich dobré magnetické vlastnosti, ako st
vysoky elektricky odpor a nizke magnetické straty, ktoré sa
dosahuju vysokym obsahom kremika'”.

Neorientované elektrotechnické ocele sa vyznacuju pri-
blizne rovnakymi magnetickymi vlastnostami vo vSetkych
smeroch roviny plechu. Z tohto dovodu je optimalne ak sme-
rova izotroépia magnetickych vlastnosti v neorientovanych
elektrooceliach  je  zabezpeCena  kubickou textlrou
{100} <Ovw> (cit.>*).

Zlepsenie magnetickych vlastnosti ¢asto sposobuje zhor-
Senie mechanickych vlastnosti. ZlepSenie magnetickych vlast-
nosti v elektrooceliach zahfiia optimalizaciu viacerych dolezi-
tych fyzikalno-metalurgickych charakteristik ako st velkost’
zrna, kryStalografickd textura, stavba hranic zfn a sekundarne
inklazie. Pohyb hranic zfn v interakcii s precipitaciou predsta-
vuju zékladné fyzikalne deje pri evolicii mikrostruktiury
a textary v priebehu termo-mechanickych procesov vyroby
elektrotechnickych oceli*®.

Finalizacia vyroby elektrotechnickych oceli pozostava
z valcovania za studena s naslednym tepelnym spracovanim.
Pasmo deformacie procesov valcovania sa vyznacuje nachyl-
nostou na tvorbu heterogénnej plastickej deformacie v obje-
me materialu, ktora zavisi od vonkajs$ich a vntitornych pome-
rov valcov a defomovaného materialu”®. Na heterogenitu
deformacie vplyva hlavne: trenie medzi vzorkom a valcami,
geometricky pomer lg/hs (14 — diZka zaberového obluka, hy —
stredna hribka rozvalku), nerovnomerné vlastnosti tvarnené-
ho materialu (chemicka a Struktirna heterogenita, anizotropia
mechanickych vlastnosti, rozdielne teploty, a pod.) a iné.

Heterogenitu plastickej deformacie pri valcovani plo-
chych vyvalkov je mozné sledovat’ a analyzovat’ aj pomocou
numerickych simulacii zalozenych na metdéde konecnych
prvkov (MKP). Aj ked’ zékladné vzt'ahy medzi geometrickym
pomerom a prienikom plastickej deformacie st zname, je
malo prac ktoré ich overili pripadne rozsirili poznatky o vply-
ve trenia na rozvoj deformacnej heterogenity. MKP boli vyu-

7ité pre §tadium: distribucie valcovacieho tlaku pozdiz 3irky
pasu’, elastickych vlastnosti valcov na vstupnej a vystupnej
strane valcovacej medzeri'’, termo-mecahnickej analyzy pri
valcovani za tepla'', dostupnych modeloch popisujucich kon-
taktné trenie pri valcovani za studena'®.

Predmetom prispevku bolo preskimat’ podmienky plas-
tickej deformacie pri valcovani tenkych plechov
z neorientovanej elektrotechnickej ocele pomocou MKP
s naslednou laboratdrnou verifikaciou.

2. Experimentalny material a metody

Ako experimentdlny materidl bola pouzitd vzorka zo
zrnovo neorientovanej elektroocele po studenom valcovani so
74 % deforméciou. Vzorka bola nasledne Zihana
v laboratornych podmienkach pri teplote 800 °C po dobu
10 min vo vodikovej atmosfére. Chemické zlozenie tejto oce-
le je uvedené v Tab. 1.

Predmetom experimentu bolo zistit’ prienik malych plas-
tickych deformacii pri valcovani tenkych plechov. Heteroge-
nita plastickej deformécie po hrubke vzorky bola sledovana
pomocou matematického a fyzikdlneho modelovania plastic-
kych deformécii.

Tabulka I

Chemické zlozenie elektrotechnickej ocele (wt.%)

Material C Mn Si P S Al N
[]  [%]  [%]  [%] [%] [%] [%]

FCi,,5s 0,006 0,24 1 0,07 0,009 0,013 0,011
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V softvérovom programme Deform 2D boli realizované
matematické simulacie valcovania s 2, 4, 6, 8 a 10% deforma-
ciou. Proces bol definovany ako rovinne symetricky model,
ktory pozostaval z dvoch pracovnych valcov a vzorky. Simu-
lacie boli robené na troch priemeroch pracovnych valcov D =
86, 210 a 310 mm, ktoré boli definované ako dokonale tuhé
telesd. Pre vSetky tri priemery valcov bola pouzitd rychlost’
valcovania v = 0,8 m s™'. Vzorka s hribkou » = 1,5 mm
a dizkou / = 150 mm bola definovana ako plasticky objekt,
ktory bol opisany konecno-prvkovou sietou s 10 000 elemen-
tami. Pocet elementov po hribke vzorky je 25. Plastické
vlastnosti materialu po rekrystalizaénom zihani boli definova-
né napatovo-deformaénou krivkou. Elastické vlastnosti vzor-
ky su definované Poissonovym ¢islom 0,33 a Youngovym
modulom pruznosti 2,1 x 10° MPa. Pre vietky vstupné defor-
macie boli pouzité tri hodnoty koeficientu kontaktného trenia
f=0,1; 0,6 a 0,9 [-]. Proces valcovania bol simulovany pri
teplote 7= 20 °C.

Pre laboratérne valcovanie bola pouzita valcovacia stoli-
ca DUO 210. Po rekrysaliza¢nom zihani, boli vzorky valcova-
né so 6 % deformaciou, pri kotaktnom treni f'= 0,1. Vstupny
rozmer valcovanej vzorky bol / = 150 mm, » =30 mma /& =
0,65 mm. Valcovanie bolo realizované pri teplote okolia.
Spevnenie po plastickej deformacie bolo stanovené pomocou
testu mikrotvrdosti. Mikrotvrdost' bola merand na zariadeni
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»CSM Instruments (MHT) Micro-Hardness Tester pomocou
Standardnej metddy merania, s pouzitim hrotu Berkovich.
Meranie mikrotvrdosti bolo realizované po hriibke vzorky v
matici 10 x 10 indentacii (v osi x —20 pm a v osi y — 60 um)
pri maximalnom zatazeni 10g a ¢ase 10s. Vysledky merania
boli hodnetené Vickersovou tvrdostou HV, ktora bola z in-
dentacnej tvrdosti ,Hir” (Berkovich) prepocitand pomocou
vztahu (/):

HV = 0,0945. Hyy (1)

3. Vysledky merania a diskusia

Heterogenita efektivnej plastickej deformacii (Ag.r) je
pri valcovani najviac ovplyvnend geometrickym pomerom /, /
h, a koeficientom kontaktného trenia. Prienik plastickej defor-
macie po valcovani bol merany po hrubke vzorky. Matematic-
kymi simulaciami bola hodnotena A@.s na troch priemeroch
pracovnych valcov D = 86, 210 a 310 mm, pri jednotlivych
stupnioch pomernej deformacie € = 2, 4, 6, 8 a 10 % a koefi-
ciente kontaktného trenia /= 0,1; 0,6 a 0,9. Geometricky po-
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Obr. 1. Prienik efektivnej plastickej deformacie po hriubke vzorky
pri valcovani na pracovnych valcoch s D = 86 mm
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Obr. 2. Prienik efektivnej plastickej deformacie po hriubke vzorky
pri valcovani na pracovnych valcoch s D =210 mm
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mer I; /hs pre uvedené podmienky deforméacie sa pohyboval v
intervale od 0,6 do 3,4. Heterogenita plastickej deformacie
vyjadrena prienikom efektivnej plastickej deformacie po
hrubke vzorky je zobrazena na obr. 1 pre priemer valcov D =
86 mm, na obr. 2 pre priemer valcov D = 210 mm a na obr. 3
pre priemer valcov D = 310 mm. Vo vSetkych grafickych
zavislostiach je zahrnuty vplyv stupna deformacie a kontaktné
trenie.Zo zavislosti je mozné sledovat’, ze vys$sia plasticka
deformacie je pod povrchom vzorky, ktora postupne klesa
k jej stredu. Takyto priebeh rozlozenia deformacie naznacuje,

= 10%,f=0,9 —=-10%,f=0,6 —10%,f=0,1
0.185 & -»-8%,f=09  -=-8%f=06 —8%f=01 J®
, -6%,f=09  —=-6%f=06 —6%f=0,
4% =09  -=-4%f=06  ——4% f=@1
0.165 —-2%,f=09  —=—2%,f=0,6  —2% f#0,1
S 0,145 7
K]
S ) é’i .
& 0,125 ] e e
i paan .-
[ 4
3 0,105 7‘
g
> 0,085 “"-\.\. | o—=—=n
[
{5 0,065 4
1
0,045 -
0,025 ==
0 03 06 0,9 1,2
Hrabka vzorky [mm]

Obr. 3. Prienik efektivnej plastickej deformacie po hribke vzorky
pri valcovani na pracovnych valcoch s D =310 mm
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Obr. 4. Percentualny rozdiel efektivnej deformacie medzi okrajom
a stredom vzorky
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Obr. 5. Rozdiel mikrotrdosti HV10 po hrubke valcovanej vzorky
po 6% deformacii

ze pod povrchom dochadza k vys$Siemu spevneniu. Heteroge-
nita plastickej deforacie po priereze vzorky bola hodnotena
percentualnym rozdielom @, medzi povrchom a stredom pod-
I'a vzorca AQer= (Qefmax—Pefmin/Pefmax)- 100 %. Obr. 4 zobrazu-
je percentuélny rozdiel Ag.r medzi okrajom a stredom vzorky.
Pri 2% deformacii je najvyssi rozdiel Ages pozorovany pri
valcovani na valcoch s D = 86 mm, kde Ags = 18 %.
Pri valcovani na valcoch s D = 86 mm kontaktné trenie ne-
vplyva na zmenu A@., pre deformacie € = 2, 4 a 6 %. So
zvacSovanim g, je pri kontaktnom treni f = 0,1 pozorovany
pokles Ager [%] pre vsetky sledované priemery valcov.
V celom sledovanom rozsahu I, /h;,, je pri kontaktnom treni
f = 0,6 pozorovand heterogenita plastickej deformacie na
urovni Ager ~ 12%. Najvyssi vplyv kontaktného trenia na A@er
je pozorovany pri = 0,9, ktory so zvySujicou sa deformaciou
¢ dosahuje rozdiel medzi okrajom a stredom vzorky
A(pef =30-34 %.

Vysledky ziskané z merania mikrotvrdosti HV10 na
vzorke po valcovani pri izbovej teplote s 6% deformaciou st
graficky zobrazené na obr. 5. Ako vidiet, najvyssie spevnenie
je pozorované pod povrchom vzorky v mieste merania I. a III.
V stredovej oblasti (II.) bola namerana mikrotvrdost’ o 4,5 %
niz§ia ako na jej okrajoch. Tento rozdiel je v sulade
s vysledkami ziskanymi z numerickych simulécii, kde nerov-
nomernost’ plastickej deformacie pri kontaktnom treni
f=0,1bola Aper= 4,5 %.

4. Zaver

Z vykonanych matematickych simulécii valcovania ten-
kych plechov za studena s materialovou charakteristikou neo-
rientovane;j elektrotechnickej ocele je mozné konstatovat’, ze:
—  najvysSia intenzita effektivnej deformacie bola pozoro-

vana pod povrchom vzorky, ktord postupne klesa k jej

stredu
—  pri 2% deformécii bola najvysSia heterogenita A¢ do-
siahnta pouzitim pracovnych valcoch D = 86 mm (A =

18 %), ktora nieje ovplyvnena kontaktnym trenim
—  pri kontaktnom treni /' = 0,6 je A¢ pozoravna na urovni

12 %, v celom sledovanom rozsahu /, /4, = 0,6—-3,4

Material v inzinierskej praxi 2011

—  najvysSia heterogenita A¢ bola sledovana pri kontakt-
nom treni f'= 0,9 ktora pri primere valcov D =210 a 310
mm a deformacii € = 6, 8 a 10 % bola A = 33 %, takéto
vysoké kontakné trenie moze ovplyvnit’ povrchovia kva-
litu valcovaného materidlu.

Z fyzikalnych simulacii valcovania, kde Ae = 6 % a
= 0,1 bolo pomocou mikrotvrdosti potvrdené vyssie spevne-
nie v podpovrchovej Casti vzorky ako v jej strede. Rozdiel
mikrotvrdosti medzi povrchom a stredom bol 4,5 %, tento
rozdiel koreSponduje s vysledkami numerickych simulacii.

Tato prdaca bola vykonana v ramci projektu
“Technologia pripravy elektrotechnickych oceli s vysokou
permeabilitou urcenych pre elektromotory s vysSou ucinnos-
fou”, ITMS 26220220037, projekt je spolufinancovany zo
zdrojov EU.
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Metals Forming, Faculty of Metallurgy, Technical University
of Kosice, * Institute of materials research, Slovak Academy of
Sciences, Slovakia): Plastic Deformation Heterogeneity in
Rolling of Non-oriented Electrotechnical Steel

The paper deals with mathematical and physical simu-
lation of non-oriented electrotechnical steel sheet cold rolling.
Penetration of plastic deformation, at different geometrical
ratio [y/h, from 0.6 to 3.4 and contact friction coefficient 0.1,
0.6 and 0.9, was analysed by means of numerical simulation
based on the finite element method. The highest value of ef-
fective strain intesity was observed in the sample subsurface
and gradually decreases towards to the center. Effective strain
intensity difference between the surface and the center of the
samplesranged from 5 to 30 %. Physical simulations con-
firmed higher reinforcement below the surface of the sample
usingmicrohardness tests.
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1. Introduction

Ceramics are hard and stiff, which makes them very
attractive materials for use in contact-mechanical and tri-
bological applications'. The high hardness and relatively good
toughness give an excellent abrasion resistance, adding fur-
ther to the good tribological properties of silicon carbide
(SiC)?. SiC is an important engineering structural material and
is widely used in applications like bearings, valves and seals.
Therefore, friction and wear properties of SiC are investigated
to a greater depth. Tribological performance of the sliding
pairs depends on environmental conditions, interfacial media,
sliding velocity, load, initial surface quality, microstructure of
the mated materials and other factors. Tribological behavior
of SiC is determined by oxidation reactions in the presence of
oxygen and/or humidity in the surrounding atmosphere®. Tri-
bochemical reactions often take place during sliding leading
to the formation of a protective layer. Absorption of water on
sliding surfaces may increase friction and wear or decrease
them depending on the nature of ceramics, applied load and
sliding speed*. Cho’ investigated liquid-phase-sintered (LPS)
SiC and mentioned that an abrupt transition in the wear
mechanism from an initial grooving process to a grain pullout
process occurred during the test. Takadoum® carried out slid-
ing test in humid air and reported the formation of hydrated
silicon oxide on the worn surface of SiC. When the silica
debris was removed and the test was continued, coefficient of
friction (COF) increased. Murthy® studied the effects of rela-
tive humidity and doping elements on the COF and wear of
SiC in unlubricated condition. At higher humidity, the COF
are low and are independent of doping elements. The effect of
microstructure on the sliding wear studied Borrero-Lopez’. It
has been shown that coarser ceramics have poorer sliding-
wear properties, where the wear-mechanism transition occurs
sooner during sliding wear. An introduction of elongated
grains in ceramics instead of equiaxed-grain coarsening is
a more effective way of improving their damage tolerance and
long-crack toughness.

The aim of the present contribution is to study the effect
of heat treatment and 10 wt.% silicon nitride addition on tri-
bological properties of LPS SiC+Si;N, composites.

$529

2. Experimental procedure

B-SiC powder (HSC-059, Superior Graphite) was mixed
with ALLO; (A 16 SG, Alcoa), Y,05 (grade C, H.C. Starck)
and Si3Ny (AlY-3/54, Grade C, Plasma & Ceramic Technolo-
gies Ltd.). The final chemical compositions of the investi-
gated materials are listed in Tab. I. The powder mixtures were
ball milled in isopropanol with SiC balls for 24 hours. The
suspension was dried and subsequently sieved through 25 pm
sieve screen in order to avoid hard agglomerates. The samples
were sintered by hot pressing at 1850 °C/1 h under mechani-
cal pressure of 30 MPa in N, atmosphere. The hot pressed
samples were subsequently annealed under various tempera-
ture conditions given in Tab. 1. After sintering and annealing
the specimens were cut, polished to a 1 um finish and plasma
etched. The microstructures were then studied using an SEM
(JEOL JSM-7000F).

Hardness was determined by Vickers indentation
(hardness testers LECO 700AT) under a load of 49.05 N with
a dwell time of 10 s. Fracture toughness was measured by the
Single Edge V-Notch Beam method on the specimen with
dimension 3 mm x 4 mm x 45 mm. The toughness was calcu-
lated using equation listed in ref ®.

Wear testing was carried out at room temperature on
a High Temperature Tribometer (CSM) using the pin-on-disc
method. Alumina balls 6 mm in diameter were used as fric-
tion parts. Normal load of 5 N and sliding speed of 0.1 m s
were applied. Testing was done in dry conditions in air with
a relative humidity of 45-50 %. Total sliding distance was
500 m. The friction coefficients were continually recorded
and wear volume on each specimen was calculated from the
surface profile traces across the wear track and perpendicular
to the sliding direction using the profilometer (Mitutoyo SJ-
201, USA). The wear surfaces were studied using SEM to
identify the wear mechanisms.

3. Results and discussion

Typical microstructures of a polished and plasma etched
surface of the monolithic SiC and SiC+SizN, composites are
shown in Fig.1. The microstructures of hot pressed SC-NO-HP
(Fig. 1a) and SC-NO0-1650 material annealed at 1650 °C con-
sist of fine submicron-sized equiaxed SiC grains with a low
aspect ratio (approximately 1). No visible effect of the heat
treatment at 1650 °C was found on the microstructure of the
material. In the case of SiC+Si;N4 composite the addition of
silicon nitride resulted in a finer microstructure of the com-
posites. The microstructures of the SiC material and
SiC+Si3;N4 composites significantly changed after their post-
sintering high temperature treatment at 1850 °C, Fig. 1b. They
have a bimodal distribution and consist of elongated SiC
grains with higher aspect ratio (4.4) and of equiaxed SiC
grains.

In our case no significant change in the values of hard-
ness due to the heat treatment and silicon nitride addition has
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Table I
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Chemical composition and mechanical properties of monolithic SiC materials and SiC+Si;N, composites

Material Chemical composition [wt.%] Annealing Density Average  Hardness Fracture
[gem™]  grain [GPa] toughness
size[um] [MPa m"?]
SiC SisNs Y203 AlLOs
SC-NO-HP 91 0 6 3 HP(1850°C/1h) 3.220 0.39 20.4+0.9 3.19+0.2
SC-N10-HP 81.9 10 5.4 2.7 HP(1850°C/1h) 3.249 0.37 20.6 £0.7 3.55+0.1
SC-N0-1650 91 0 6 3 HP(1850° C/1h) 3.220 0.45 194+1.3 3.62+0.5
+A(1650°C/5h)
SC-N10-1650 81.9 10 54 2.7 HP(1850° C/1h) 3.241 0.41 20.8 + 1.1 3.82+0.3
+A(1650°C/5h)
SC-N0-1850 91 0 6 3 HP(1850° C/1h) 3.189 2.25 20.6+0.3 4.68+0.3
+A(1850°C/5h)
SC-N10-1850 81.9 10 54 2.7 HP(1850° C/1h) 3.204 2.04 207+ 1.1 4.86+0.3
+A(1850°C/5h)

Fig. 1. SEM micrographs of b) SC-N0-HP; d) SC-N0-1850

been observed. According to the results, the fracture tough-
ness is increased with annealing temperature. For fine-grained
globular microstructure of hot pressed SiC and SiC+Si;Ny
composites the fracture toughness had a value of K¢ in inter-
val from 3.19 £ 0.2 to 3.55 + 0.1 MPa m'?. After heat treat-
ment at 1650 °C the toughness slightly increased and its val-
ues changed from 3.62 + 0.5 to 3.82 + 0.3 MPa m"* For an-
nealed materials at 1850 °C/5 h with platelet microstructure
the highest toughness was obtained (from 4.68 = 0.3 to 4.86 +
0.3 MPa m'?). This relatively significant improvement of K¢
upon annealing at 1850 °C/5 h can be directly correlated with
the larger grain size and higher aspect ratio despite some indi-
cation of transcrystalline fracture behavior.

In Tab. II, the results of the wear test of the experimental
materials are illustrated. The specific wear rate is given by

vy (1)
CFyL

s

where W; is the specific wear rate (mm’ N"'m™), V the vol-
ume of removed material (mm®), Fy the normal load (N) and
L is the total sliding distance (m). From the results is evident,
that the friction curve had the same character for all tests. The
COF started at relatively high level around 0.7-0.8 and then
decreased to a constant level for the rest of the test (Fig. 2).
According to the results COF of materials with fine globular
microstructure were always lower than samples with coarser
plate-like microstructure. The samples with smaller grain size
show COF around 0.4. The COF increased to 0.6 with aspect
ratio of SiC grains. The high starting value of COF
is attributed to the generation and interposition of wear debris.
The latter are compacted during sliding and form a protective
layer (hydrated silicium oxide). The wear is enhanced when
the wear debris are removed during sliding®. The same trend
with specific wear rate was observed. The wear rate increased
from 2.16 x 107 to 4.51 x 10 mm’ N™' m™ with increased
aspect ratio of SiC grains.

09
— SC-N10-HP
081 — SC-N10-1650
Table 11 _ 071 SC-N10-1850
Tribological properties of experimental materials 208 ‘ {
"§ 051 | el —
Material Coefficient of Specific wear rate g 04+
friction pt [x 107 mm®/Nm] 203
SC-NO-HP 0.42 2.16 021
SC-N10-HP 0.43 3.20 ”
SC-N0-1650 0.42 2.86 0 100 200 300 400 500
SC-N10-1650 0.47 3.80 siing dstance (m)
SC-N0-1850 0.59 4.24 Fig. 2. Friction coefficients of SiC+Si;N; composites
SC-N10-1850 0.57 4.51

s530
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Fig. 3. Worn tracks and worn surfaces of a-b) SC-N0-1650, c-d)
SC-N10-1850

From the Tab. Il is also visible, that specific wear rate of
SiC+Si3Ny composite was always higher compared to the
wear rate of monolithic SiC samples. In the present tests the
wear rates were in the range 10 mm® N™'m™ and the COF
were about 0.4-0.6. Similar levels have been reported from
other pin-on-disc investigations at low and intermediate ve-
locity’. The results presented here demonstrate that worse
frictional properties of tested materials can be achieved by
incorporating of Siz;N4 into microstructure of SiC and by post-
sintering high temperature treatment.

Examples of worn surfaces are listed in Fig. 3. The worn
surfaces of hot pressed and annealed samples at 1650 °C/5 h
(Figs. 3a-b) were smooth showing some micro scratches.
They are covered by a smaller quantity of wear debris. More
fractured areas and higher amount of SiC debris have been
observed in the wear tracks of the specimens hawing lower
wear resistance (samples annealed at 1850 °C/5 h, Figs. 3c-d).
The micro-fracture area is characterized by a rough surface
and accumulated wear debris. The main wear mechanism in
this work is similar for all studied materials in the form of
mechanical wear (micro-fracture) and tribochemical reaction.
These reactions create a film (coherent layers) on the tested
samples and above the critical load the tribochemical film was
partially removed'’. EDS analysis indicated that the coherent
layers mainly consisted of silicon dioxide (Si0O,), suggesting
that the layers are composed mainly of the oxidation products
of silicon carbide.

The wear rate of tested samples increased with the in-
creasing of fracture toughness (materials with grain elonga-
tion). This observation is in contrary to the results reported by
Borrero-Lopez', who observed that wear resistance
is dramatically improved with anisotropic grain coarsening of
LPS SiC ceramics. Our explanation is that more fractured
areas and grain pullout process after annealing at 1850 °C/5 h
occurred during the sliding test.
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4. Conclusion

Heat treatment at temperature 1850 °C and time 5 hours
results in the B-o0 SiC crystallic phase transformation, which
is accompanied by grains growth and change of the grain
shape from substantially globular to elongated. The fracture
toughness was increased by changing of the SiC grains size
and aspect ratio after the heat treatment at 1850 °C/5 h. The
friction coefficient and specific wear rate slightly increased
with increasing of fracture toughness of monolithic SiC mate-
rial and SiC+Si;N4 composites as well. The main wear
mechanism is similar for all studied materials in the form of
mechanical wear (micro-fracture) and tribochemical reaction.

This work was financed by the Slovak Government
through project LPP 0203-07 and by MNT-ERA.NET HAN-
COC.
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Academy of Sciences, Bratislava, Slovakia): Influence of
Heat Treatment on Wear Resistance of SiC Based Ceram-
ics

The friction and wear properties of the silicon carbide —
silicon nitride composites prepared by liquid-phase-sintering
were investigated. The results were compared to those ob-
tained for a reference silicon carbide material, prepared by the
same fabrication route. Dry pin-on-disc tests were conducted
in air at room temperature under load of 5 N. Mechanical
wear (micro-fracture) and tribochemical reactions were found
as the main wear mechanisms in all investigated materials.
The heat treatment at 1850 °C/5 h and addition of 10 wt.%
silicon nitride into microstructure of silicon carbide had
a negative effect on wear resistance of silicon carbide ceram-
ics.
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Introduction

Cemented carbides are widely used as cutting, forming
and machining tools in different areas of industry because of
their high hardness and strength, good fracture tougness and
excellent wear resistance. Their mechanical properties are
determined by their microstructure parameters but are also
dependent on the testing methods'?.

During the last decade, the instrumental indentation at
very low loads (nanoindentation) has shown an important
development to measure the mechanical properties of thin
films and multiphase materials as cemented carbides by pre-
cise control and measuring of very small displacements and
loads applied by the indenter. The main mechanical character-
istics that can be obtained from a nanoindentation technique
are hardness, Young’s modulus, adhesion, friction coefficient
and crack growth’.

The aim of the present contribution is to study the influ-
ence of the applied load, testing method and microstructure
parameters on the hardness and fracture toughness of WC-Co
cemented carbides.

Experimental procedure

The experimental materials, supplied by Pramet Sumperk,
have been prepared using standard processing routes. The
microstructure parameters were obtained using point counting
on a planar test section (volume fraction of Co — f¢,) and
boundary intercepts method and test lines on planar sections,
measuring the average number of intercepts per unit length of
test line with traces of the carbide/cobalt interface, (NL)wc/co,
and of carbide/carbide grain boundaries, (Np)wcwce. From
these quantities the average carbide grain size*:

Dwc=2fwc/(2(NL)wewet(NL)werco)s (1)
the contiguity of the WC phase:

Cwe = 2(NDwewe!/ CNLwewe HNL)werco)s 2)
and the mean free path in the binder (cobalt) phase

Lco= 2fco/(NL)werco 3)

have been calculated.
The CMC™ (Continuous Multi Cycle) method was ap-
plied using instrumental Nano Hardness Tester (CSM-
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Instruments SA) with Berkovich diamond indenter. In each
test run, the indenter was driven into the specimen surface
under a load gradually increased from 5 mN to 450 mN with
10 stops at predefined loads. At each stops the indent was
unloaded to 10 % of the load after being held at that load for
10 s, and then driven again into the specimen surface to
a higher value. At least 15 test runs were recorded on each
sample. Single cycle tests were also carried out for compari-
son. The instrumented indentation hardness has been calcu-
lated as

H = Ppax/Ac = Ppnax/24.5h2 (4)
where h,, the contact depth was determined using the Oliver
& Pharr analyses.

Traditional Vickers hardness measurement was per-
formed with the loads from 0.981 N to 298 N and calculated
using parameters and formula defined in Fig. 1.

The fracture toughness was measured by indentation
method. The polished surfaces were indented by Vickers in-
denter at loads from 298 to 1177 N and the size of indents/
cracks was measured by optical microscopy, (see Fig. 1). The
Palmgqvist toughness was calculated as®

W =P/T (5)

were P is the load in N and T is the total crack length in mm
and the fracture toughness as

W = 0.0028 (HV)"® (Wg)"?
where HV is the hardness in N mm™ and Wk in N mm™".

(©)

Results and discussion

Characteristic microstructures of the studied WC-Co
systems are illustrated in Fig. 2, together with the microstruc-

Hardness: Indentation force, P:

H=_18544 P
[(d, + d)/2]

[ /
- d,
3

usually 30 kgf for
hardmelals

|«
| ! /|

N

N

L

Fig. 1. Schematic illustration of the indent/cracks system®
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Fig. 2. Characteristic microstructure of the studied WC-Co ce-
mented carbides. (a) system 20 — fc, = 11.5 %, Dwc = 1.51 pm,
Lco = 0.34 pm  and Cyc¢ = 0.39, (b) system 35 — fc, = 10.7 %,
Dwc = 1.69 pm, Lc, = 0.29 pm and Cywc = 0.37, (¢) system 60 —
fco = 35.3 %, Dwc = 1.07 pm, Lc, = 0.76 pm and Cyc = 0.23, (d)
system 110 — fo, = 10.8 % Dwc = 0.81 pm, L¢, = 0.20 pm and
Cwc=0.52

ture parameters. According to the microstructure parameters
the systems 20 and 35 are similar, the system 110 exhibits the
lowest WC grain size and the system 60 has the highest vol-
ume fraction of Co binder.

In Fig. 3, the results of the CMC and single cycle meth-
ods are compared for the systems 35 and 60. It is evident that
the CMC method results in the same hardness values as the
single cycle indentation.

The influence of the load on indentation hardness for all
systems is similar as it is illustrated for systems 35 and 60 in
Fig. 3; hardness increases when the load decreases below
50 mN. However the indentation size effect (ISE) is not so
remarkable for the studied materials. The scatter in hardness
increased significantly with decreasing load in all systems,
especially at loads below 100 mN. At loads below 10 mN the
hardness values for the system 60 with the highest value of
L, trends to split into two distributions, corresponding to WC
and Co binder, respectively, Fig. 4.

30
-4 35 Single Cycle
- 35 CMC
E B 60 CMC
-+ B0 Single Cycle
S
@
C Q15
5
=
£ 10-
5
0 100 200 300 400 500
Load, F [mN]

Fig. 3. Comparison of hardness dependencies on applied load
determined using CMC and single cycle indentation
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The influence of the applied load on traditional Vickers
hardness is similar to the behaviour of instrumented indenta-
tion hardness. Similar indentation size effect was found,
the hardness increases from 1570 to 1700 kg mm™ with de-
creasing load from 9.81 N to 0.981 N in systems 110, Fig. 5.
Other systems exhibit analogous behavior, Fig. 6.

It seems that the scatter in traditional Vickers macro
and micro hardness, as well as in instrumental indentation
hardness at the loads > 100 mN is caused mainly by the scat-

0,012
001 4 H = cca 30 GPa
— 00084 -
=4
W 0005 4
-
o
S 0,004 4
0,002 -
04 T T 1 T T T
0 2608 4E08 GED8 BE08 1E07 12607 14E07
Depth, h [m]
0,012
sl Bos H = cca 8 GPa
0,008 A
z
w 0.006 A
k-]
S 0.004 1
|
0,002 A
0 9 T -
0 5E-08 1E-07  15E-07 2E-07  25E-07
Depth, h [m]

Fig. 4. Characteristic load vs. depth curves during indentation of
WC grain (a) and binder (b) with characteristic values of hard-
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Fig. 5. Influence of the applied load on traditional Vickers hard-
ness and it’s scatter in the system 110
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ter in measurement of indent size. At loads below 100 mN,
the indent size became smaller. The volume of the deformed
area below the indent contains therefore lower number of WC
grains and of Co areas. The influence of the property of indi-
vidual phase is increasing and the scatter is also increased. At
very low loads, below 10 mN, the indent size is comparable
or smaller than the characteristic microstructure parameters of
the system and the scatter is significant, caused by the very
different hardness of the individual phases.

The fracture toughness measurement using Palmqvist
indentation technique has some problems in the case of the
investigated WC-Co systems. The indentation cracks origi-
nated at the corner of the indents during the indentation were
long enough and similar in size only for the system with the
highest hardness, i.e. for the system 110, (Fig. 7). The meas-
ured fracture toughness for this system is 9.8 MPa m™. In
systems 20 and 35, the cracks are short and not uniform even
in the case of highest indentation load. The estimated fracture
toughness for these systems is approximately 15 MPa m®’.
For the system 60 with the highest volume fraction of Co
phase, no crack initiation has been found, and the Palmqvist
technique is not applicable.

1900
1700 | ea,
T - . o110
E 1500
o
E’ 1300 | ¥ i ST R L
T T s
g 1100
é 900 | T =P - 60
=
T 700
500 - - - - - -~
0 200 400 600 800 1000 1200
Load, F [g]

Fig. 6. Influence of the applied load on Vickers hardness of the
investigated systems

Fig. 7. Indent and crack system in the WC-Co 110
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Conclusions

The differences in microstructure parameters of studied
WC-Co systems result in significant differences in traditional
Vickers hardness but in smaller differences in their instru-
mented indentation hardness. It seems that the volume frac-
tion of Co, fc,, determines the macro/micro hardness (both
indentation and traditional) at loads above 100 mN. The nano-
hardness (indentation hardness at loads less as 50 mN) is
strongly influenced by the location of the indentation and
determined by the properties of Co phase and WC grains.
These results in the increase of the scatter of the indentation
hardness with decreasing load. Small ISE was found in all
investigated materials. The fracture toughness with Palmqvist
indentation method was possible to measure in reliable way
only in the system with highest hardness, with a value of
9.8 MPa m®’.

This work was partly supported by APVV LPP 0174-07,
APVV-0034-07, VEGA 2/0088/08 and MNT-ERA.NET HAN-
COC.
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The influence of the applied load and microstructure
parameters on the traditional Vickers and instrumented inden-
tation hardness and fracture toughness of four WC-Co sys-
tems have been investigated. The traditional hardness at
higher applied loads is determined mainly by the volume
fraction of Co binder. At low loads, the indentation hardness
is location sensitive, and it is determined by the size and prop-
erties of the WC and binder phase. The scatter in the meas-
ured hardness increases with decreasing loads in both meth-
ods. In the case of traditional hardness the scatter is controlled
by the errors in indent size measurement while the heterogen-
ity of the microstructure is the cause in indentation nanohard-
ness. The fracture toughness of the system with the highest
hardness measured by indentation methods is 9.8 MPa m®’.
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1. Introduction

Seldom in real life is a structure subjected only to static
loads. More often products and structures are subjected to
vehicular, impact, crash, earthquake, handling, or fabricating
dynamic loads. In the linear-elastic range, dynamic effects can
be divided into two categories: free vibrations and forced
vibrations, and the latter can be further subdivided into one-
time events or receiving loads. Mathematically, natural
vibration problems are called eigenvalue problems. They are
represented by homogeneous equations, for which nontrivial
solutions only occur at certain characteristic values of
a parameter, from which the natural frequencies are
determined. In a natural vibration the displacement field
comprises a normal mode' ™.

2. Shear Deformation Theory of Sandwich
Plates

The constitutive equations can be written in the con-
densed hypermatrix form*:

N A B 0)e (1)
M|=|C D 0|«
\% 0 0 Ay
with the stiffness coefficients™:
_ 4 (3) 2
Aij_Aij +Aij Bl-j :%h2<A’£3)_A£1)) ()
_ ()
Cij a Cij i Cij Dy = %hz (C@(/'3) - Cz(/l))
ij = Eith

where 4;; are coefficients of in-plane stiffness, B; and C;; are
coefficients of coupling stiffness, D;; are coefficients of bend-

ing stiffness, 4; are coefficients of shear stiffness, E, are
the transverse shear moduli of the core.

The equilibrium equations are formulated for a plate
element dxdy (Fig. 1) and yield three force equations:
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aN Xi anxi asz,j\:i 0 i:1’3 (3)
5 i _
Ox Oy oz
aN xyi aN vi aVZjl
L2+ —2=0
Ox oy oz
aV\': + Yz + p — 0
ox oy
where:
aI/le _ asz} =7 (4)
az zx 6Z zx
oM. oM. v oM . oM OV,
VY- = X + ) + XZ — v + V + yz
T ox oy Oz o ox oy oz
ov, 6Vyz ok
62 xz' 72 62 - Ty; 2

We can choose from typical boundary conditions for rectan-
gular plate:

_ ow (5)
u =0 — oW _
i vi=0 w=0 51’1_0 M, =0V, =
pdxdy
Viss VistVizsx
2 3 3,
---------- S W L S
h . '3 NT>
' My Ms+Mg,
1
h d I
2
: T 2 l (Tt T )
; 7oy
i -
' Ny il 1t Moy
Frde C—m e -2, %T'DN_%;ll Nt Nt
! M, S A
Vo 1 Vit Ve,

xzl

Fig. 1. Stress resultants applied to a sandwich plate element (the
plane x, z)

3. Natural Vibrations of Sandwich Plates

Including Transverse Shear Deformation
Effects
The governing partial differential equations for

a sandwich plate or panel that is specially orthotropic and
midplane symmetric are given':
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o’a o’a B, (= 0 o’
D11§+D66§+(D12+D“)$—k Ass(a +a—jj— az? =0
(6)
o’a o’ OB s, (= ow o’B
(DI2+D66)%+D66(3X72+D22 P —k*A,, ﬂ+5 -1 P =0
(7)
2 2 A2 2
PR/ BN T (o ALY AL
o o’ oy oy ot
®)
where p,, is given by:
1& )
pm = 7Zpk (hk -
hiS
P, 1s the mass density of the kth layer, and / is given by:
N (10)

for the usual foam, solid or honeycomb core sandwich panel.
In Equations (6—8) the &' are transverse shear deformation
parameters.

For the simply supported plate we get:

— (11
w(x, ,1) ZZCW sm( )sin(je’”"
m=1 n=1 n
alx,yt)=Y> 4, cos( jsin(wjei”” (2
m=1 n=1 n
, (13)
B(x,y,t) ZZB s1n[ jcos(’?)e”’”
m=1 n=1

Substituting these into the dynamic governing equations
above results in a set of homogeneous equations that can be
solved for the natural frequencies of vibration':

Ll v Ly Ly Ar‘mz 0 (14)
L, Ly L, {8, =10
Ly L, Ly;||C,, 0

where the quantities L; are defined in the following form:

, 3 (15)
L,=L,- Lul a)nzm
12
' pmh3
Ly,=Ly- 12 ;in
Las =L; _pmhwmn
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where:
L, :Dn;ifn +Dés/1i +kSA55 (16)
L,= (Du + Dy )ﬂ’mln
L,= kSAssim Ly, = Dss/i/zn + Dzzli + kA‘A44
Lzs :kSA44/1n L33 :ksAssﬂ“fn +/1i
and
4, =22 4, ="z (17)
a b

Three eigenvalues (natural frequencies) result from solving
(14) for each value of m and n. However, two of the
frequencies are significantly higher than the other because
they are associated with the rotatory inertia terms, which are
the last terms on the left-hand sides of Equations (6) and (8)
and are very seldom important in structural responses. If they
are neglected then L, =L, and L, =L,, above, and the

square of the remaining natural frequency can be easily found
to be:

@, = 0Ly + 2L, Loy Ly — Ly, — L, 2, |/ p, hO (18)
where:
0o=1L,L,-L, (19)
o~ Laln =Ll o

LoLy—LLy,

mn mn

0

4. Numerical Example

We consider a rectangular sandwich plate a = 2.75 m, b
= 1m, simply supported in two oposite sides (Fig. 2)°. The
face sheets (i.e., layers 1 and 3) are assumed to be orthotropic
with the following material properties’®: E;=21.10'" Pa,
E»=19.10° Pa, v =021, G;;=4.8.10° Pa, p =2100 kg m™ and
the core material is isotropic and is characterized by the fol-
lowing material properties:

E=16.10°, v = 0.3, p =150 kg m™, h, is 100 mm / 150 mm /
200 mm.

h3:5mm ...........................
hy =100/150/200mm | [roce
h1:5mm '''''''''''''''''''''''''''''''''

Fig. 2. Sandwich plate panel with thickness characteristics
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Fig. 3. Natural mode 1

Fig. 4. Natural mode 2

Fig. 5. Natural mode 4

Fig. 6. Natural mode 6

Fig. 7. Natural mode 8
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Fig. 8. Natural mode 12
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Fig. 9. Calculated natural frequency comparison

5. Conclussion

In the frame of static and natural vibration analysis there
is included transverse shear deformation effects. If we wish
to find the natural frequencies of sandwich composite plate,
that has midsurface symmetry (B; = 0), but transverse shear

deformation & #0, &, #0  then we put p(x, y) = 0 and
add — ph(azw/ 6t2) to the righthand side of the Egs. (6) and
(7). In addition, because z and S are both dependent
variables of w, there will be an oscillatory motion of the linear
element across the plate thickness about the midsurface of the
plate. This results in the last term on the left-hand side of Eqgs.
I o’a B

(6) and (7) becoming 5,2 and * 52 respectively.

We can see the selected natural modes of the simply
supported rectangular sandwich plate with the core thickness
100 mm in the Figs. 3—8. Comparison of calculated natural
frequencies is shown in the Fig. 9. We can see that when the
plate is thicker we become lower frequency and when the
plate is longer in the stiffer direction, the natural frequencies
are significantly higher. It is obvious by the higher number of
frequencies.

The scientific research and the paper presented as its
result were supported by the Projects “Center of Excellence
for integrated research of progressive building constructions,
materials and technologies “ and VEGA 1/0201/11.
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1. Uvod

Degradacné procesy sposobené unavou su sledované uz
viac ako 150 rokov. Napriek tejto skutocnosti viac ako devét'de-
siat percent vSetkych prevadzkovych lomov s lomy zapricine-
né tmavou. Unavové lomy sii pozorované v oblasti nizkocyklo-
vej, vysokocyklovej aj ultravysokocyklovej. Najméd oblast’
ultravysokocyklovej tmavy (107 < N < 10" cyklov)
je v poslednych desiatich rokoch stredobodom zaujmu experi-
mentalnych pracovisk s cielenou orienticiou veducou
k zvySovaniu Zivotnosti, bezpecnosti a spol’ahlivosti suciastok
a konstrukeii. Problémom je vSak Casova narocnost’ a preto
originalne zariadenia pracujuce s frekvenciami okolo 20 kHz
maju su¢asné aj budice opodstatnenie’ .

Iniciacia tnavovych trhlin v degradaénom tinavovovom
procese je viazana na povrchové aj podpovrchové vlastnosti
materidlov; diskutuje sa priorita povrchovej, resp. podpovrcho-
vej iniciacie s ohPadom k poétu cyklov®. Na tieto skutotnosti
potom nadvizuji otazky, napr. mikroCistoty, heterogenity mate-
ridlov, velkosti a tvaru Struktarnych faz atd’., ale tiez otazky
technologickych tGprav povrchov, teda skutocnosti umoziujtice
zvySovanie Unavovej rezistencie a predlzovanie Unavovej
Zivotnosti**.

Nitrooxiadacia je difizna chemicko-tepelna metdda spra-
covania povrchov konStrukénych materidlov pouzivana
s cielom zlepsit’ mechanické vlastnosti materidlov pri zachova-
ni ich tvarniacich vlastnosti, zvySuje tribologické a kordzne
vlastnosti, a to aj pri zvySenych teplotich®. Pozostiva z procesu
nitridacie, pri ktorom sa nasycuje povrch sti¢iastok dusikom za
vzniku tvrdej nitridovanej vrstvy. Po procese nitridacie nasledu-
je oxidacia povrchu v atmosfére vodnej pary. Dosahuje sa tak
vi&sia odolnost’ proti korézii ako pri klasickom nitridovani®,
Proces nitridacie a naslednej oxidacie konstrukénych materialov
je pomerne zndmy. Nemeckd firma Degussa vypracovala tento
postup ako proces TENIFER QPQ s aplikiciou
v dusicnanovych soliach. Aplikacia takéhoto procesu
s vyuzitim fluidnej techniky je u nds menej znama, ekologicky
menej narocna a cenovo dostupnejsia, ako spojenie dusi¢nano-
vych soli s kyanidmi’ ¥,

Ciel'om tejto prace je odhalit’ vplyv nitrooxidacie na una-
vové spravanie nizkouhlikovej hlbokot'aznej ocele DC 01 EN
10130-91. Pozornost’ je venovana Struktirnej analyze ocelo-

vych plechov po nitrooxidacii, ureniu a porovnaniu inavovej
zivotnosti pred a po nitrooxidacii s ohl'adom na spdsob poruso-
vania.

2. Experimenty

Ako experimentalny material bola pouzita nizkouhlikova
hlbokot’azna ocel’ DC 01 EN 10130 - 91 (Cr 01 ISO 17/12N49-
69, 11 321.21), dodana vo forme plechu s hrubkou 1 mm. Jej
chemické zlozenie je uvedené v tab. L.

Tabul’ka I
Chemické zlozenie ocele DC 01
Obsah prvku [hm.%]
C Mn P S Si Fe
0,12 0,60 0,045 0,045 0,1 Zv.

Pre unavové skusky boli pouzité dve sady skuSanych te-
lies, a to 8 kusov zo zékladného materialu bez chemicko-
tepelného spracovania a 12 kusov z materialu po nitrooxidacii.
Proces nitrooxidacie bol aplikovany vo fluidnom pecnom zaria-
deni v podniku Kaliaren, s.r.o., Povazska Bystrica. Ako fluidné
prostredie bol pouzity piesok Al,O; so zrnitostou 120 pm.
Nitridacia bola vykonana pri teplote 580 °C s trvanim 45 min,
pricom vznos fluidného prostredia zabezpecoval NH;. Proces
oxidacie sa uskutocnil pri teplote 350 °C, trval 5 min, priom
fluidné prostredie sa dostavalo do vznosu pomocou pary desti-
lovanej vody a nasledovalo ochladenie na vzduchu.

Mechanické vlastnosti zakladného materidlu a materialu
po nitrooxidacii su uvedené v tab. 1. Z tab. II je zrejme, ze
proces nitrooxidacie vedie k narastu medze klzu R, a medze
pevnosti Ry, pri su¢asnom miernom poklese taznosti A
v porovnani so zakladnym materialom.

Struktdra materialu bola dokumentovana na vylestenom
a naleptanom povrchu ocele riadkovacim elektronovym mikro-
skopom. Ako leptadlo bol pouzity 3 % Nital. Na obr. 1
je Struktura ocele DC 01 po nitrooxidécii. Na povrchu skiima-
ného materialu sa nachadzala tenka suvisla vrstva oxidov, typu
Fe,05 a Fe;04 s hribkou priblizne 3 um. Pod touto vrstvou bola
identifikovana vrstva ¢ fazy (Fe;N), ktorej hrabka bola cca 10 p
m. Na ¢ fazu nadvézovala feritickd matrica s vylu¢enymi ma-
sivnymi nitridmi FesN — v' ihlicového tvaru (obr. 2). Hrabka
tejto vrstvy bola okolo 50 pum. Za touto vrstvou nasledovala
diftizna zéna s hrubkou okolo 150 um, vid’. obr. 3. Tato z6éna

Tabulka II
Mechanickeé vlastnosti hlbokot'azného plechu z ocele DC 01

Mechanické vlastnosti

DC 01 R. [MPa] R [MPa] A [%]
zakladny material 200 280 31
po nitrooxidacii 310 380 23

s539
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bola tvorena jemnymi nitridmi Fe;¢N, — a" s nepravidelnym
geometrickym tvarom, rovnomerne vylu¢enymi vo feritickej
matrici. Pod touto vrstvou tvorila Struktiru povodna feriticka
matrica s jemnymi karbidmi, priCom feritické zrna boli natiah-
nuté v smere valcovania.

Unavové skiisky boli uskutoénené na ultrazvukovom
tinavovom zariadeni KAUP — ZU v podmienkach ohybového
zatazenia s frekvenciou kmitov f = 20 kHz. Zatazovaci cyk-
lus bol sinusovy s asymetriou cyklu R = —1 (symetricky cyk-
lus). Tvar a rozmery skuSanych telies st navrhnuté tak, aby
splfiali  rezonanéné  podmienky  vysokofrekventného
zatazovania’. Unavové skusky boli vykonané pri teplote
T =20 + 3 °C, pricom bolo pouzité chladenie destilovanou
vodou, ktora obsahovala antikordzny inhibitor'’.

3. Vysledky a diskusia

Vysledky vysokofrekvenénych unavovych skuSok ziska-
nych na plechoch z ocele DC 01 v podmienkach symetrického
ohybového zatazenia st prezentované na obr. 4, vo forme S-
N kriviek (zavislost amplitidy napétia o, vs. pocet cyklov do
lomu Ny). Merania boli uskutoénené v intervale amplitudy

Obr. 2. Hrubé ihlice Fe,N
nitridov

Obr. 3. Jemné nitridy Fe;cN,
rovnomerne rozloZené v
matrici
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napitia ¢, = (260 + 80) MPa, ktorému odpovedal pocet cyk-
lov do lomu od N¢ = 8.10° cyklov do N = 2.10° cyklov.
V danom grafe su vzajomne porovnané vysledky unavovych
skusok plechov pred nitrooxidaciou (prazne body) a po nitro-
oxidécii (plné body), pricom vsetky skusané telesa boli cyklo-
vané az do porusenia. Oblast’ ¢asovanej medze tnavy mozno
v obidvoch pripadoch charakterizovat' krivkou, ktord bola
prelozena experimentalnymi bodmi pomocou metddy najmen-
Sich Stvorcov a jej rovnica je pre ocel’ pred nitrooxidaciou
vyjadrena v tvare:

o, =522N " (1)

Koeficient determinacie R? charakterizujuci preloZenie je
0,85. Prelozenie experimentalnymi bodmi je pomerne tesné.
Rovnica S-N krivky pre ocel’ po nitrooxidacii ma tvar:

o, =TI5N " )

s koeficientom determinacie R = 0,69.

Z obr. 4 je zrejmé, ze v pripade oboch sérii skusanych
telies experimentalne zistena unavova zivotnost kontinudlne
klesé v celom skiimanom intervale. Pocet cyklov do lomu vyka-
zuje znacny rozptyl, a to najmd v pripade nitrooxidovanych
telies (koeficient R* v pripade nitroxidovanych telies
je podstatne niz$i ako v pripade telies bez nitrooxidacie). Napri-
klad na hladine amplitidy napétia 210 MPa sa jedno nitroxido-
vané teleso porusilo po 1,2.10° cykloch zatial’ ¢o iné malo na tej
istej hladine napétia tnavova Zivotnost’ 2,4.107 cyklov. Aj na-
priek tymto skutocnostiam je z obr. 4 jasné, Ze unavova zivot-
nost’ plechov bez nitrooxidacie je v celom intervale cyklického
namahania podstatne nizSia ako Unavova Zzivotnost plechov
s nitrooxidickou vrstvou (t.j. ¢iarkovana S-N krivka lezi nad
bodko-¢iarkovanou). Zmluvna medza Gnavy o,y bola stanove-
na pri vztaznom poéte cyklov do lomu 107 cyklov a jej hodnota
bola priblizne 100 MPa pre ocel’ pred nitrooxidaciou a okolo
200 MPa pre ocel po nitrooxidacii.

Fraktografickou analyzou unavovych lomovych ploch
bolo preukazané, ze tnavové trhliny sa v pripade plechov bez
nitrooxidovanej vrstvy iniciovali véc¢Sinou sucasne z oboch

300
DC 01 EN 10130-91
— r [ ] po nitrooxidacii
g 250 |— » O pred nitrooxidaciou
2 | “ee
£ 200 ® el
1@ [ [ ] ® ~~_ [ J
& - S~i_ @
c S~
© 150 — o
e}
;_3 L s o [ 1)
Q. T~
g 100 5~
g ®~. o
50 m Ll Lol |
1x10° 1x107 1x10°

pocet cyklov do lomu N;

Obr. 4. Vysledky tinavovych skiisok vo forme S-N kriviek pre ocel’o-
vé plechy DC 01
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stran povrchu plechu — vid’ Sipky. Takto iniciované trhliny sa
kde doslo k poruseniu zostatkovej Casti nosného prierezu tvar-
nym lomom (obr. 5) s charakteristickou jamkovou morfolégiou.

V pripade plechov s nitrooxidovanou vrstvou bola charak-
teristickd viacpodetna inicidcia tnavovych trhlin. Unavové
trhliny sa véc¢Sinou iniciovali z rohovych hran plechov
(obr. 6), sucasne sa vsak iniciovali aj z povrchu plechu rov-
nako ako v pripade plechov bez vrstvy. Vzniknuté tinavové
trhliny sa nasledne S§irili charakteristickym transkrystalic-
kym tGnavovym mechanizmom, ktory sa na lomovych plo-
chéach prejavil vznikom typickych striagnych poli. Unavové
Sirenie trhliny bolo ukoncené dolomenim, ktoré bolo
v jednotlivych pripadoch situované bud’ v strede plechu,
alebo na jeho hornom, pripadne dolnom okraji, v zavislosti
od miesta majoritnej inicidcie a Sirenia magistralnej unavo-
vej trhliny. Dolomenie malo transkrystalicky tvarny charak-
ter s jamkovou morfoloégiou. Ako pri iniciacii unavovych
trhlin, tak aj pri dolomeni dochadzalo na plechoch
s nitrooxidovanou vrstvou k popraskaniu tenkej a krehkej
oxidickej vrstvy na ich povrchu (obr. 7). Nitridicka vrstva sa
porusovala vylu¢ne transkrystalickym tvarnym unavovym
mechanizmom (obr. 8). Po naleptani lomovych pléch je
mozné na lomovom profile jednoznaéne identifikovat aj
jednotlivé nitridické Castice.

Obr. 6. Iniciacia inavovej
trhliny na rohovej hrane ple-
chu s nitrooxidovanou vrstvou

Obr. 5. Unavovy lom plechu
bez nitrooxidovanej vrstvy

Obr. 7. Popraskana nitrooxi-
dacna vrstva na povrchu ple-
chu v mieste inicidcie inavovej
trhliny

Obr. 8. Vyskyt hrubych nitri-
dickych ihlic tesne pod povr-
chom nitrooxidovaného plechu

4. Zavery

—  Experimentalne bol zisteny vplyv nitrooxidacie na tinavo-
va Zivotnost’ nizkouhlikovej hlbokotaznej ocele DC 01
EN 10130 — 91, dodanej vo forme plechov. Proces nitroo-
xidacie ma pozitivny ucinok na unavovu zivotnost ski-
manej ocele. Medza unavy ocele po nitrooxidacii bola
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2krat vysSia ako medza unavy zékladného materialu, bez
chemicko-tepelného spracovania.

—  Nitrooxida¢na vrstva na povrchu plechov vyrazne predlzi-
la $tadium iniciacie unavovych trhlin a tym predlzila ich
celkovu inavovt zivotnost. Této vrstva vSak vobec ne-
vplyvala na zmenu mechanizmu iniciacie a Sirenia tinavo-
vych trhlin.

—  Struktira ocelovych plechov po nitrooxidacii pozostavala
z oxidickej vrstvy Fe,O; a Fe;O,, vrstvy € — fazy (Fe;N)
a vo feritickej matrici boli vyluc¢ené nitridy FesN a Fe gN,.
Zakladny material bol tvoreny feritickou matricou
a karbidmi.

Prdca bola podporena Vedeckou grantovou agenturou
Ministerstva Skolstva SR, SAV a Agenturou pre vedu a vyskum
grantmi VEGA ¢. 1/0249/09 a APVV SK-PL-0049-09.
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versity of Trnava, Fakulty of Materials and Technologies,
Department of Welding): Change of Fatigue Characteristics
of Deep-Drawing Sheets by Nitrooxidation

The paper deals with the influence of nitrooxidation on
fatigue lifetime of low carbon deep drawing steel DC 01 EN
10130 — 91 delivered in the form of sheets. Fatigue results
were determined at high — frequency fatigue machine
(f = 20 kHz), at T = 20 + 3 °C using bending loading with
stress ratio R = —1. It was found that the nitrooxidation proc-
ess has positive effect on the fatigue lifetime compared with
base material. The structure analyze of steel sheets after ni-
trooxidation process revealed the Fe,O; and Fe;O4 as well as
the layer of € — phase (Fe;N) in surface and subsurface layers
and nitrides FesN and Fe (N, that were segregated in ferritic
matrix.
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1. Uvod

Ochranné povlaky a spdsoby ich vytvarania st predme-
tom mnohych vyskumov a patentov. Funkéné a ochranné
povlaky sa Siroko uplatilujii v priemysle a ich aplikacie prina-
$aju vyznamny ekonomicky efekt.

Ziarové strickanie predstavuje perspektivnu technolégiu
poskytujucu funkéne a ochranné povlaky. Tieto flexibilné,
vysoko kvalitné a ekonomicky vyhodné technolégie umoziiu-
ju optimalne prisposobit’ povrchové vlastnosti suciastok pre-
vadzkovym podmienkam. To vedie k predizeniu Zivotnosti,
zvyseniu spolahlivosti a ekonomickej efektivnosti sucasti.

Z réznych spdsobov nanaSania ziarovo striekanych po-
vlakov sa do popredia dostava technoldgia ziarového strieka-
nia plazmou. T4 umoziuje nanaSat’ prakticky vsetky technic-
ky vyuzitené materidly s vhodnymi vlastnostami na kovové
aj nekovové substraty. Aplikuju sa kovové, keramické i kovo-
keramické povlaky. ViacSinu nanaSanych povlakov tvoria
povlaky na baze keramiky, a to najmé oxidy (ALOs, Cr,0;,
Zr0O,, Mg0O, Ca0O, Mo0,), menej uz karbidy, boridy, alebo
silikaty. Keramické povlaky poskytuju vyhody ako st vysoka
tvrdost, odolnost’ proti opotrebeniu, tepelné a elektro-izolacné
vlastnosti, ziaruvzdornost,, stabilitu a v neposlednom rade aj
vyhodna cena'™.

2. Popis experimentalnych metéd

Keramicky povlak sa nanasal na ¢elna plochu vzoriek @
=20 mm vyrobenych z ocele 11 373 (ISO 630 - 80). Pre tvor-
bu povlakov bol pouzity keramicky prasok Al,O; so zrnitos-
tou 40-90 um a pripraveny kompozitny praSok na baze
Al O; s prisadou 5,12 a 20 % K30. Kovovy Ni prasok K30
mal zlozenie: C — max 0,1 %, Si — max 3,5 %, B — max
2,5 %, Cr — max 2,5 %, Fe — max 0,5 %, Ni — zvySok. Zrni-
tost’ uvedena vyrobcom je 45-90 pm.

Povrch zékladného substratu bol pred samotnym nastre-
kom predupraveny tryskanim. Na zéklade pévodnych poznat-
kov bol zvoleny ostrohranny tryskaci prostriedok — korundova
drvina o rozmere zma d, = 1-1,2 mm (cit.*). Tryskanie bolo
realizované na laboratornom mechanickom tryskacom zaria-
deni Di — 2.
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Keramické a kompozitné povlaky boli vytvorené ziaro-
vym striekanim, pomocou plazmového hordka typu WSP
PAL — 160 s vodnou stabilizaciou plazmového obluka. Povla-
ky Al O; boli aplikované bez (A0) a s medzivrstvou CrNi
(AM), kompozitné ASK, A12K a A20K bez pouzitia medzi-
vrIstvy.

Sktsky prilnavosti boli realizované na trhacom stroji
ZD 10, v zmysle STN EN 582. Vzorka s povlakom sa zlepi
s protikusom a pomocou upinacieho pripravku upne do ¢el'us-
ti skuobného stroja a zatazuje sa staticky tahom az do poru-
Senia spoja. Zistuje sa odtrhové napitie.

Stadium stavby 3truktiry a chemického zloZenia skima-
nych povlakov, bola realizované pomocou elektronového
rastrovacieho  mikroskopu JEOL JSM 7000 F
s mikroanalyzatorom INCA.

3. Experimentilne vysledky a diskusia

Obr. 1 a detailne obr. 2 a 3 dokumentuju stavbu povrchu
keramického povlaku tvoreného oxidom hlinitym. Povrch
povlaku je vyrazne heterogénny, tvoreny jednotlivymi splatmi
v tvare diskov réznej vel’kosti a tvaru. Prehriate Castice vytva-

3. Ciastoéne natavené
Castice povlaku ALO;

Obr. 2. Stavba povrchu povla-  Obr.

ku Ale3
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Obr. 4. Sendvicova stavba keramického povlaku AL O;

raju vystreky z ktorych sa oddel'uju Castice globularneho tva-
ru. Tie mdZu spdsobovat’ zapraenie povrchu’. Dutiny vznika-
ju nedostatoénou deformovatelnostou novej vrstvy. Pory
vyskytujuce sa v povlaku st rozmerovo malé, ale pocetné.
Plosne rozsiahle Castice su v dosledku dilataénych pnuti pri
tuhnuti popraskané. Miestne sa vyskytuji ¢iastocne natavené
Castice.

Detail lamelarneho usporiadania Castic na lomovej plo-
che keramického povlaku je na obr. 4. Vnutorna stavba povla-
ku je tvorend vrstvenim Castic na seba. Jedna sa o charakteris-
tickil stavbu sendvicového typu, s pomerne malym mnoz-
stvom chyb. Vizba medzi jednotlivymi vrstvami (splatmi
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v tvare diskov) bude tym lepsia, ¢im menej bude obsahovat’
chyb ako st péry, dutiny, studené spoje a ¢im viac bude vo
vrstve preloziek, zaklineni®.

Obr. 5 a 6 dokumentuju povrch kompozitného povlaku.
Snimky st vytvorené metédou SEI (Secondary Electron Ima-
ge). V porovnani s keramickym povlakom (AL,O;), m6zeme
konstatovat’, ze obsahuje menej defektov z hl'adiska vyskytu
porov a dutin, ale predovsetkym prasklin, spdsobenych dila-
taénymi pnutiami pri tuhnuti. Splaty dobre kopiruju povrch
predchadzajtcich Castic.

Dilata¢né pnutia v povlakoch st spdsobene rozdielnym
koeficientom tepelnej roztaznosti ocele (11,1-11,7.10° K™)
a ALO; (778.1076 K’1)7, ako aj nizkou deformacénou schop-
nostou keramiky. Koeficient tepelnej roztaznosti Ni je 12—
13,5.10°K™". Tato hodnota a plastické vlastnosti niklu mozu
v kompozitnych povlakoch eliminovat’ dilata¢né pnutia.

Obr. 7 a 8 dokumentuju stavbu povrchu kompozitného
povlaku ALO; + 12 % K30. Snimky boli vyhotovené v rezime
COMPO (signal spétne odrazenych elektronov, ktory zavisi
na atdbmovom C¢isle prvku Z). Biele oblasti na povlaku st tvo-
rené kovovou zlozkou na baze niklu. Castice niklu vytvaraju
nepravidelné utvary s mnozstvom odstrekov. Tuto skutoénost’
pravdepodobne spdsobuje vysSie pretavenie jednotlivych
castic niklu v procese letu, ako aj ziskanie vdcsej kinetickej
energie z dovodu vicSej hmotnosti Castic oproti Casticiam
ALOs.

Na obr. 9 a 10 mdzeme pozorovat typickt lamelarnu
Struktiiru kompozitného povlaku v rezime COMPO. Splaty
Al,O;3 dosahuji hrubku 5-10 um. Niklové (biele oblasti) su

Obr. 6. Detail povrchu kompozitného povlaku

Obr. 8. Detail povrchu kompozitného povlaku — reZim COMPO
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Obr.11. Spektralna analyza ¢astice - Spectrum 17

ovela tenSie, ich hribka dosahuje 1-3 pum, dokonale kopiruji
keramické cCastice a porusujii sa plasticky. Niklové splaty
takto vytvaraju medzivrstvu medzi Casticami Al,O; a tym
zvacsuju kohéznu pevnost’ kompozitného povlaku ako aj ad-
héziu k ocelovému substratu.

Chemicka analyza povrchu kompozitného povlaku vyko-
nana pomocou mikroanalyzatora INCA potvrdila pritomnosti
kovovej zlozky K30 na baze niklu v povlakoch. Obr. 10
a obr. 11, zobrazuje chemicku spektralnu analyzu svetlej Cas-
tice na lomovej ploche kompozitného povlaku, ktora potvr-
dzuje predpoklad, Ze biele oblasti si na baze kovovej zlozky
K30 resp. niklu (spectrum 17).
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Obr. 12. Priemerné hodnoty pril'navesti skaimanych povlakov

V prispevku bol dalej hodnoteny vplyv pridavku Ni
(K 30) na prilnavost’ kompozitnych povlakov. Vysledky st
graficky spracované na obr. 12. Pridavok Ni do zékladného
Al O; prasku vyrazne zvySuje adhéziu povlakov. Hoci tieto
povlaky (ASK, A12K, A20K) boli vytvorené bez medzivrs-
tvy, uz 5 % pridavok K 30 vykazuje hodnotu prilnavosti na
urovni povlaku Al,O; s medzivrstvou (AM). Najvyssia adhé-
zia bola u kompozitného povlaku s 12 % K30, kde namerana
priemernd hodnota dosiahla takmer 25 MPa t.j. 5Snasobné
oproti Al,O3 bez medzivrstvy (povlak AO).

4. Zaver

Stidium stavby a §truktary plazmovo striekanych povla-
kov preukazalo, ze keramicky dostatoéne prehriaty pridavny
material vytvara veelku homogénnu a pomerne malo defektnu
vrstvu. Necelistvosti v stavbe vrstvy mdzeme rozdelit' na
dutiny, poéry, mapovité praskliny a nedostatone natavené
Castice. Kompozitné povlaky s pridavkom kovovej zlozky
(Ni) vykazovali celkovo kompaktnejsi charakter stavby,
s men§im vyskytom trhlin a prasklin. Pridavok Ni do keramic-
kej matrice zlepSuje stavbu povlakov z hl'adiska defektnosti,
podstatne zvySuje ich prilnavost’ a umoziuje ich striekanie bez
medzivrstvy, ¢im podstatne zlepSuje ekonomiu ich tvorby.

Tdto préica vznikla za podpory grantu MS SR KEGA
¢. 307-058TUKE-4/2010, VEGA ¢. 1/0510/10.
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D. Jankura, D. Draganovskd, J. Brezinova
(Department of Technologies and Materials, Fakulty of Me-
chanical Engineering, Technical University, Kosice, Slovak
Republic): The Analysis on the Structure and Adhesive
Properties of Ceramics and Composite Coatings

Paper deals with studies of structure and adhesive prop-
erties of ceramics and composite coatings on ceramics
(AL,O;) — metal (Ni) base. The coatings are prepared by
plasma heat spraying with a water stabilized arc. Composite
coatings achieved better properties in term of the structure but
primarily in their adhesion.
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1. Uvod

Predlozeny prispevok analyzuje vplyv rychlosti deforma-
cie na vlastnosti mikrolegovanych oceli akosti S MC vhod-
nych pre tvarnenie za studena. Analyticky popisuje vplyv
rychlosti deformécie v rozsahu 107 az 2,3 s™' na zakladné
mechanické vlastnosti (Re, Ry, As, Z) mikrolegovanych oceli
S315 MC a S460 MC. Rozobera vplyv prispevkov spevnenia
na vysledné mechanické vlastnosti.

2. Material a metodika experimentov

Experimenty boli realizované na pasoch mikrolegova-
nych oceli S315 MC a S460 MC valcovanych za tepla hrub-
ky 8 mm, ktorych zakladné mechanické vlastnosti a chemické
zlozenie uvadzame v tab. I a tab. II.

Skusané ocele maji znizeny obsah C, P, S a Si, ¢o je
predpokladom dobrej tvarnitelnosti za studena. Vyznacuju sa
vysokou odolnostou proti krehkému a unavovému poruseniu,
kvalitngm povrchom a vybornou zvaritePnostou'. Vysoka

Tabulka I
Zakladné mechanické vlastnosti skusanych oceli

Material R. R As Z KCV
[MPa] [MPa]  [%] [%]  [Jem™)
S315MC 390 477 38 80 360
S460 MC 537 625 30 76 207
Tabul’ka I1

Chemické zlozenie skuSanych oceli

medza sklzu, ako aj taznost’ a kontrakcia tychto oceli su vy-
slednicou ich $truktary®>.

Zo strednej Casti Sirky skuSanych ocelovych pasov boli
odobrané vzorky a vyrobené skisobné tyce pre skusky v tahu.
Vzorky boli zatazované na trhacom stroji INSTRON 1185 pri
rychlosti deformécie 3,3210%s " az 1 s'ana kyvadlovom
kladive PSW 1000 pri rychlosti deformacie 2,3 s

Struktirny rozbor skusanych oceli S315 MC a S460 MC
bol robeny na metalografickych vybrusoch pomocou svetelnej
mikrokopie mikroskopom OLYMPUS AH — 2 a metédou
tenkych f6lii a extrakénych uhlikovych repik na transmisnom
elektronovom mikroskope JEM 2000 FX. Mikrostruktiru
skuganych oceli dokumentuju obr. 1 a 2. Struktura oboch
oceli je jemnozrna feriticko-perlitickd so znizenym obsahom
perlitu. Obsah perlitu (P), ako aj velkost zrna (d)
a vzdialenost’ medzi precipitatmi (1) st uvedené v tab. IIL.

Obr. 2. Mikrostruktira ocele S460 MC

Ocel C Mn Si P S Al Ti \Y% Nb
(%] (%] (%] (%] (V0] (%] [7o] (7] (7]
S315MC 0,05 0,87 0,02 0,011 0,007 0,042 0,011 - 0,042
S 460 MC 0,07 1,53 0,02 0,011 0,004 0,05 0,015 0,082 0,051




Chem. Listy 105, s546—s548 (2011)

Tabulka III

Struktiirne parametre skiisanych oceli

Ocel d [mm] A[lmm] P [%]
S315MC 0,009 1,68.107 3
S 460 MC 0,006 0,81.10™ 1

Rozdiel medzi skuSanymi ocel'ami je najmé vo velkosti
zrna, obsahu perlitu, ale aj vo velkosti, druhu a mnozstve
precipitatov nachadzajucich sa v matrici*”’. Vo feritickej mat-
rici sa nachadzaju precipitaty karbidov (NbC, resp. VC)
a nitridov AIN.

V tab. I st prezentované zakladné mechanické vlastnosti
skusanych oceli. Bola urobena analyza suvislosti medzi me-
dzou klzu R, a Struktarou. Pre tato analyzu bol pouzity vztah
(1) medzi R, a $truktirou podla’:

Re:4O+RZ+RMn+RSi+RPR+RP (])

kde: R, je zrnové spevnenie (Rz = 20.d7" 2), Ry, Rs; st substi-
tuéné spevnenia (Ry,=50.Mn%, Rs;=83.S1%), Rpr je precipi-
tacné spevnenie (RPR=78,9.10’8)\.’2) a Rp je spevnenie od ob-
sahu perlitu (Rp=3.perlitu%). Jednotlivé vypocitané prispevky
spevnenia st uvedené v tab. IV.

Experimentalne vysledky vplyvu rychlosti deformacie
& na pevnostné a deformaéné vlastnosti skusanych oceli st
graficky znazornené na obr. 3 a obr. 4.

Z obr. 3 vyplyva, Ze rychlost’ deformécie v intervale 107
az 2,3 s~ vyraznejsie neovplyviuje plastickost’ skuganych
oceli. Pevnostné vlastnosti R., Ry, so zvySovanim rychlosti
deformacie do 2,3 s™' rasti a pre skusané ocelové plechy je
ich mozné analiticky popisat’ vztahmi (2, 3):
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Obr. 3. Vplyv rychlosti deformacie & na deformaéné vlastnosti
skusanych oceli

Tabulka IV
Prispevky spevnenia medze sklzu R, skusanych oceli
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Obr. 4. Vplyv rychlosti deformécie £ na medzu sklzu R, a medzu
pevnosti R,,

Re ¢
Ry €

=R, é ,+Alog(¢/¢,)
=Rné,+Blog(£/¢,)

)
A3)
Kde: Ré (R,é) je medza sklzu resp. pevnost v tahu pri
danej rychlosti deformacie € , R, ¢ ., resp. R, ¢ , je medza
klzu resp. pevnost’ v tahu pri statickej rychlosti deformacie (

£ =33210"s" ), A a B st materidlové konstanty vyjadrujiice
citlivost’ materialu na rychlost’ deformacie.

Zvysenie pevnostnych vlastnosti skiSanych oceli pri rychlosti
deformécie 2,3 s™' oproti statickému zataZeniu (cca 107 s™)
je vyraznesi u ocele S315 MC (R, 0 30 %). U ocele S460 MC
je zvySenie R, len 0 17 %. V $truktare oceli S460 MC je vac-
Sie mnozstvo prekazok voci pohybu dislokacii (jemnejSie
zrno, vacsi pocet precipitatov a im zodpovedajuce prispevky
spevnenia tab. IV), ako u oceli S315 MC a tym je ovplyvnena
aj citlivost’ ocele na rychlost’ deformécie. Vysledky potvrdzu-
ju poznatky®™'°, Ze &im maé ocel’ vi¢ie mnoZstvo prekazok
voci pohybu dislokécii, tym je menej citlivd na rychlost’ de-
formécie.

3. Zavery

Z experimentov a ich rozboru vyplyva, ze rozhodujicou
zlozkou hodnoty R, skiisanych oceli je zrnové spevnenie (60
resp. 52 %). Podiel precipitatného spevnenia na hodnote
R pre ocel’ S 315 MC je len 8 %, ale pre ocel’ S 460 MC az
24 %.

So zvy$ovanim rychlosti deformacie v rozsahu & =107
az 2,3 s 'pri jednoosom tahu dochadza k zvySovaniu medze
klzu a pevnosti v tahu a toto zvysenie bolo popisané paramet-
rickymi rovnicami (2, 3).

Ocel R. R, Ry Rgi Rpr Rp Rz/R. Rpr/R.
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [%] [%]
S 315 MC 390 211 44 2 78 9 60 8
S 460 MC 537 258 77 2 150 3 52 24
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Rychlost’ deformacie v uvedenom rozsahu prakticky
neovplyviluje charakteristiky plastinosti (As, Z) sk@isanych
oceli.

Poznanie vztahov vplyvu rychlosti deformacie na vlast-
nosti skusanych oceli mozno v praxi vyuzit' pre vypocet pre-
tvarnych odporov pri tvarneni za studena.

Tento prispevok bol napisany s podporou Grantovej
agentury APVV pri rieSeni projektov 0326-07 a SK—PL 0019 -
09 a VEGA 1/0780/11.
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Republic ® Departmnet of Materials Science, Faculty of Meta-
llurgy, Technical University of KoSice, Slovakia): Efect of
Changes Deformation Rate on Mechanical Properties
Microalloyed Steels

The present contribution deals with the influence of
strain rate on properties of micro-alloyed steel grade S MC
suitable for cold forming. Analytically describes the effect of
strain rate ranging from 10* to 10" on the basic mechanical
properties (Re, Ry, As, Z) microalloyed steels S315 MC and
S460 MC, the effect of static and dynamic loading. Results
confirm that the steel which has more obstacles to dislocation
motion, it is less sensitive to strain rate.
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1. Uvod

V stcasnej dobe mézme na vyrobu automobilovej karo-
série pouzit' viac druhov oceli. Pouzitie jednotlivych oceli
v automobiloch je zavislé od ich pevnostnych a mechanickych
vlastnosti'. V nagich experimentoch sme pouzil dva druhy
oceli IF ocel’ a DP ocel’. Struktiru IF ocele (interstitial free
steel) tvori ferit s veI'mi nizkym obsahom uhlika a je urcend
pre extrémne hlboké tahanie®. DP ocele (dual face steel)
maju feriticko-martenziticki mikro$truktiru. Charakteristic-
kym rysom dvojfazovych oceli je $truktura, ktora pozostava z
70 az 90 % feritu a 10 az 30 % martenzitu*>. Pésobenim von-
kajsich sil sa materidl deformuje pruzne alebo plasticky®.
Prispevok sa venuje snimaniu a meraniu plastickych deforma-
cii.

Pritomnost’ réznych druhov vrubov vyvolava vel'mi
zlozité rozdelenie napéti v porovnani so suciastkami jednodu-
chych tvarov. Koncentracia napétia ma nepriaznivy vplyv na
dynamicku tnosnost”®. Pri realizacii experimentov sa veno-
vala pozornost’ vplyvu vrubov U a V na rozlozenie deformacii
automobilovych plechov.

Na snimanie deformacii bola pouzitad videoextenzomet-
rickd metoda. Videoextenzometria je bezkontaktnd metoda,
ktora vyuziva na snimanie deformacii CCD kameru a vyhod-
nocovanie po¢itatom’ .Tento systém bol vyvinuty za i¢elom
snimania deformacii na plochej vzorke pri statickej skuske
jednoosovym t'ahom. Tito metodiku sme vyuzili na sledova-
nie rozlozenia a prirastkov plastickych deformacii.

Ocele pre automobilovy priemysel si povrchovo uprave-
né ziarovym pozinkovanim, preto ako najvhodnejSia metoda
na meranie tvrdosti bola pouzita HV 10 (cit.'*™'?).

2. Experimentalna ¢ast’

Pre staticka skasku tahom, videoextenzometrické mera-
nia a meranie tvrdosti HV 10 boli pouzité IF ocel’ hribky
1,6 mm a DP ocel hribky 1,5 mm, ktorych chemické zlozenie
udava tab. I a ich mechanické vlastnosti tab. II. SkaSobny
material bol odobrany v smere valcovania. Rozmery kratkych
skuSobnych ty¢i boli vyrobené podla normy STN EN ISO
6892. Tvary a vel'kosti vrubov su v tab. 1.

Tabulka I
Chemické zloZenie materialov

s549

Material C S N Ti \'%
IF 0,0013 0,010 0,0017 0,04 0,002
DP 0,072 0,006 0,005 0,001 0,003
Tabulka II
Mechanické vlastnosti oceli
Matrial R, 02 [MPa] R, [MPa] As[%]
IF 185 300 45
DP 415 631 24
Tabul’ka III
Rozmery vrubov
Tvar vrubu R [mm] h [mm)]
\% 0,3 3
U 3 3
Vzorka
A

Pocitac

Zdroj

svetla

Obr. 1. Schéma videoextenzometrie'’

Obr. 2. Grafické vykreslenie vypoétu deformacii °



Chem. Listy 105, s549—s551 (2011)

Staticka skuska tahom bola realizovana na univerzal-
nom trhacom stroji FP 100. Vzorky s rastrom 1x1 mm sa
upevnili do trhacieho stroja a pomocou kamery sa nasnimal
cely priebeh skusky tahom obr. 1.

Cely proces snimania t'ahania vzorky sa dé4 rozlozit’ na
jednotlivé sekvencie. Obrazky st ukladané pomocou progra-
mu Dot-Measuring. Posunutia t'azisk jednotlivych bodov sa
vyhodnocujii pomocou programu Image-Pro. Na vypocet
tazisk boli pouzité principy numerickej matematiky, kde pre
jednotlivé deformacie plati obr. 2. Posunutia tazisk sa vypo¢i-
tajii podla vztahu'':

H

|

Dal3ie spracovanie Gidajov sa vykonava pomocou progra-
mu VDTK, ktory je nadstavbou programu MATLAB'!. Vy-
sledkom tohto programu je deformaénd mapa programu Mat-
lab obr. 3. Deformacia, je rozliena farebnou skdlou. Program
matlab stanovuje pre jednotlivé deformacie celu farebnu skalu
priradenu pre jednotlivé maximalne deformacie. Pri vzajom-

Y Y,
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Obr. 3. Deformaéna mapa IF ocele s V vrubom

Mapa rozlozenia tvrdosti HV 10
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Obr. 4. Mapa tvrdosti IF ocele s V vrubom
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Tabulka IV
Maximalne hodnoty prirastkov deformacii a tvrdosti HV 10
IF ocele

Vrub max. tvrdost HV 10 max. prirastky
deformacii
&y [%]
Bez vrubu 164 120
V vrub 144 100
U vrub 180 140
Tabulka V

Maximalne hodnoty prirastkov deformacii a tvrdosti HV 10
DP ocele

Vrub max. tvrdost HV max. prirastky
10 deformadcii €, [%]

Bez vrubu 230 60

V vrub 216 35

U vrub 199 40

s550

nom porovnavani ta istd farba ( max. deformacia — Cervena
farba) moze reprezentovat’ pre jeden stav napr. 20 % a pre iny
a najmensiu odtiene modrej farby.

Na roztrhnutych vzorkach sa merala tvrdost HV 10
vo vyznacenych bodoch pre snimanie deformacii. Namerané
hodnoty tvrdosti HV 10 sa vyhodnotili pomocou programu
Microsoft Excel. Vysledkom st 3D grafy tvrdosti obr. 4. Jed-
notlivé hladiny farieb reprezentuji hodnoty tvrdosti HV 10,
¢iernou farbou s znazornené najvyssie hodnoty tvrdosti
a modrou najnizsie hodnoty tvrdosti HV 10.

V tab. [Va V st maximalne hodnoty nameranych tvrdos-
ti HV 10 pre obe ocele a maximalmé hodnoty prirastkov de-
formécii €.

3. Vysledky a diskusia

Pre IF — ocel’ a DP — ocel’ boli zostrojené deformacné
mapy prirastkov pozdiznych deformacii €, pre vzorky bez
vrubu a pre vzorky s U aV vrubmi. Ocel’ DP bez vrubov mala
maximalnu hodnotu HV 10/230 a maximalny prirastok defor-
macie €, 60 % IF ocele vzrastol prirastok deformacie dvojna-
sobne pricom jej maximalna hodnota HV 10 bola iba HV
10/164. Maximalnu hodnotu HV 10/216 sme namerali u DP
hodnoty deformécii sa nachadzaju v tesnej blizkosti koretiov
vrubov pre vSetky pouzité materidly.

Mozeme konstatovat’, Ze so stipajucimi hodnotami
prirastkov deformacii €, dochadza u oboch oceli k vyraznému
deformacnému spevneniu ktoré sa odrazilo na merani HV 10
priCom tato skutofnost’ je najvyraznejSia u materialu IF —
ocel. Namerané hodnoty koresponduju s prevnostnymi vlast-
nost'ami skiimanych oceli.
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Sheets.

This contribution compares the strength and deformation
characteristics of steel used in automobile bodywork. The
object of our investigation, the automotive IF steel sheets and
the DP steel notched U and V. Dependence between the incre-
ment of deformation and hardness HV 10 has been found. The
experiment was carried out by tensile tests. Increments defor-
mations were detected videoextensometric scanning tech-
niques using CCD cameras. The result is deformation maps
Matlab. Hardness HV 10 was measured at the places deter-
mining the deformation increments. We have obtained 3D
maps by the measured hardness values. We found that with
increasing values of deformation increments e, occurs in both
steels a significant strain hardening.
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1. Uvod

V sortimente mosadzi vyznamnu skupinu tvoria alfa
mosadze, ktoré st vyuzivané pre hlboké tahanie za studena'.
Z pohladu chemického zlozenia sa jednd o mosadze typu
Ms70 (CuZn30) a Ms72 (CuZn28). Po geometrickej stranke
st z tychto mosadzi vyrabané plechy a tyCe. Vyuzitie tychto
mosadzi je v muni¢nom priemysle na vyrobu nabojnic. Mate-
ridlové naklady nttia vyrobcov nabojnic prestivat vyrobu
z plechov na vyrobu z tyéi. TyCe st vyrabané technologiou
prietlacného lisovania za tepla. Kvalita povrchu mosadznych
lisovanych ty¢i zavisi od vhodne nastavenych technologic-
kych parametrov. Medzi rozhodujice parametre je mozné
zahrnat’: lisovaci pomer, rychlost’ lisovania (rychlost’ razni-
ka), teplota lisovaného Capu, geometricky tvar lisovacieho
naradia, kvalita povrchu naradia a vhodne predohriate lisova-
cie naradie. Pre prvé prietlacné lisovanie mosadze Ms70 boli
pouzité parametre lisovania, ktoré vyhovuju automatovej
mosadze Ms58Pb’. Za tychto podmienok vylisky lisované za
tepla z mosadze Ms70 vykazovali na povrchu prie¢ne trhliny,
vid’ obr. 1. Rozdielne vysledky lisovania mosadze za tepla st
v dosledku struktury mosadze Ms70 oi-mosadz a Ms58Pb o+
mosadz. Pri tahani za studena takychto vyliskov
s povrchovymi trhlinami sa tieto prie¢ne trhliny eSte viac
otvarali do §irky a aj do hibky. VzhFadom na tato skuto&nost’
bolo potrebné zahgjit' Stadium lisovatelnosti o -mosadze
Ms70.
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Obr. 1. Prie¢ne trhliny na povrchu mosadzného Ms70 vylisku
vylisovaného rychlostou deformacie vy$$ou ako 1,3 s~

2. Poznatky z literatiry

V literature je lisovatelnost mosadze Ms70 obmedzena
lisovacim pomerom. Z pohl'adu tvorby povrchovych trhlin je
pripustnd maximalna hodnota lisovacicho pomeru A =60
(cit.®). Praktické skiisenosti potvrdzuju, Ze s rastom lisovacie-
ho pomeru vnikd moznost’ priecnych trhlin a prudko narasta
lisovacia sila, ¢o Casto spdsobuje prekrocenie menovitej sily
lisu a predéasné ukonéenie lisovania®. V dalsich literarnych
zdrojoch je tato hodnota lisovacieho pomeru pre Ms72 este
obmedzend maximalnou rychlost'ou lisovania (vystupna rych-
lost’ vylisku z matrice) na v,,,=100 m min™" (cit.%), ¢o odpo-
veda Vyue=1,7 m s, Z tohto poznatku teda vyplyva, e ohra-
nicenie lisovatel'nosti mosadze Ms70, len lisovacim pomerom
nie je dostacujuce, ale je k tomu potrebné este priradit’ rych-
lost’ vylisku. To znamend, Ze pri hodnoteni lisovatelnosti
mosadze Ms70 za tepla, je potrebné brat’ do tivahy okrem
lisovacieho pomeru, taktiez rychlost’ lisovania. Tieto dva
faktory v rozhodujucej miere ovplyviluji tvorbu prie¢nych
trhlin na vylisku. Vyrobny zavod mal k pouZitiu recipient
s najmen$im priemerom D=210 mm. Pre pozadovany prie-
mer vylisku d,=18,5 mm pri dodrzani maximalneho lisovacie-
ho pomeru 60 by musel byt vylisovany az priemer vylisku
d,=27 mm. Tento priemer pre d’al§ie spracovanie bol praktic-
ky neupotrebitelny. Pretoze nebolo mozné znizit' lisovaci
pomer, bolo potrebné uvazovat' o zmene rychlosti lisovania
a jej moznych dosledkov. Skutocne sa ukazalo, ze zniZenie
rychlosti lisovania mosadze Ms70 za tepla zniZuje pravdepo-
dobnost’ vzniku prie¢nych povrchovych trhlin®. Ako sa ukéza-
lo je potrebné zaviest’ treti obmedzujuci parameter prietlacné-
ho lisovania mosadze Ms70 za tepla, ktorym je stredna rych-
lost deformécie'”’. Pre dobri lisovatelnost’ o-mosadzi Ms70
a Ms72 bola stanovena maximalna stredna rychlost’ deforma-
cie Pstmax =0,9 s7'. V literatire' je uvedeny graf, ktory do-
kumentuje (vid’ obr. 2), ze hodnota maximalneho lisovacieho
pomeru A, =60 mdZe byt za uréitych podmienok vyssia.
Graf zaroven ukazuje na vplyv priemeru recipientu na maxi-

e Dp [mm] 250 210 195
CuZn30
E 081 (i)max =0,9 s
r T=780-820°C /
04
02 /
/ wz'ulobov- Laue
00 ' ;

0 30 60 20 120 150 180
Al

Obr. 2. Maximalna rychlost’ prietlaéného lisovania mosadze Ms70
za tepla bez vzniku povrchovych prie¢nych trhlin'
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malnu rychlost’ lisovania. Postupne bolo zdokumentované, ze
na lisovatelnost’ za tepla maji vplyv tri parametre: lisovaci
pomer, rychlost’ lisovania a stredna rychlost’ deformacie. Pri
tejto tvahe je teplota lisovania mosadze povazovana za ne-
mennu v intervale 780-820 °C, teda za konStantnii vzh'adom
na menovitd silu lisu. Problematika vzniku trhlin pri tvarneni
za tepla bola Studovana tiez prostrednictvom numerickych
simulacii®®. Takéto simuldcie viak nedavali dostatoénu odpo-
ved’ na Studovany problém. Preto bolo potrebné pristupit
k fyzickej simulacii. Materidlové skusky nepreukazali vznik
trhlin vplyvom vniitornej $truktary'®'". Je nutné urdit krité-
rium lisovatel'nosti o--mosadzi za tepla a vzt'ahy medzi jednot-
livymi parametrami prietlacného lisovania.

3. Pouzité matematické vzt'ahy

Pre stanovenie kritéria lisovatelnosti o-mosadze je po-
trebné zadefinovat’ matematické vztahy. Zakladny parameter
prietlaéného lisovania je lisovaci pomer A

D2 (1)
J==R

dy
kde Dy je priemer recipientu a d, je priemer vylisku. Vzhla-
dom k nerovnomernému teCeniu materidlu cez matricu pri
prietlacnom lisovani, bolo pristupené k hodnoteniu rychlosti
deformacie prostrednictvom strednej hodnoty®. Stredna rych-
lost’ deformacie ¢y pri prietlanom lisovani je definovana
nasledovnou rovnicou

. v 2)
— 6o (-
Pyt (PDR

kde v, je rychlost’ raznika a ¢ predstavuje hodnotu logaritmic-
kej deformacie

o=Ini 3)

Rychlost’ vylisku v, je tmerna rychlosti raznika, pricom kon-
Stantou imernosti je lisovaci pomer

vy =4V, 4)

Strednu rychlost’ deformacie vyjadrent prostrednictvom liso-
vacieho pomeru a rychlosti raznika popisuje vzt'ah

5
(Pst:6'lnll‘;—r ©

R

Na zéklade tohto matematického aparatu je mozné uskutoénit’
analyzu vplyvov jednotlivych parametrov lisovania na pod-
mienky vzniku prieénych povrchovych trhlin. Zaroven tieto
vzt'ahy dovoluju uskutonit’ ich vizualizaciu a l'ahSie pocho-
pit’ a stanovit’ podmienky lisovania kvalitnych mosadznych
Ms70 ty¢i bez povrchovych trhlin.

Material v inzinierskej praxi 2011

4. Analyza parametrov prietla¢ného lisovania

Skusobny plan experimentalneho lisovania mosadznych
Ms70 tyc¢i za tepla, ktory bol autormi vykonany potvrdil, Ze
rozhodujicim parametrom je strednd rychlost deformacie

a jej maximalna hodnota ®szmax = 0,9 s™'. Experimentalne
lisovanie muselo dat’ odpoved’ na prva otazku, aky je najmen-
81 priemer vylisku tyCe bez vzniku povrchovych trhlin. Pri
hl'adani odpovede bolo vychodisko zistenie maximalnej stred-
nej rychlosti deformacie. Bol stanoveny nasledovny vzorec
pre ur¢enie minimalne vylisovaného priemeru d,

6  Ini o (6)
11,5 v

dy min ==
Pstmax

Vizualizacia tejto rovnice je uvedend na obr. 3. Zakladnym
predpokladom pre zostrojenie uvedeného grafu je predpoklad
maximalnej hodnoty strednej rychlosti deformécie Psmax =
0,9 s'. Graf je zostrojeny pre minimalny priemer vylisku ako
funkcia lisovacieho pomeru, pri€om rychlost’ vylisku je para-
metrom. Predpokladajme, ze potrebujeme vylisovat’ priemer
vylisku d,=20 mm. Z grafu na obr. 3 ur¢ime parametre lisova-
nia. Tieto parametre su nasledovné: maximalna rychlost’ vyli-
sku 0,8 m s™' a lisovaci pomer nesmie presiahnut hodnotu
116.

Ako je uvedené v literatire® existuje eite jedna hranica
rychlosti deformécie, ktora vyjadruje zarucent tvorbu priec-
nych trhlin na povrchu vylisku. Tato hranica ma hodnotu
strednej rychlosti deformacie (g >1,5s™. Preto pri lisovani
o-mosadze z pohl'adu lisovatel'nosti su rozoznavané 3 oblasti.
Pre urc¢enie rozhrani oblasti je uréeny nasledovny vzorec

7,
"r:é(-PSZ'DR'In}v 7

Pre zostrojenie grafu st nakreslené dve krivky, kde rychlost’
raznika je funkciou lisovacieho pomeru, pricom parametrom
je stredna rychlost’ deformacie. Pouzité st dve stredné rychlo-

30 -
\\ \ \ Vy
= ‘\\M \_"““\- (mis)
% 20 h\ \--...\\ 12
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15 —~—] 08
R""'"—h\h‘\h
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05
. MsT70
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ol — | |
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Obr. 3. Zavislost” minimalne lisovate'ného priemeru vylisku (bez
vzniku prieénych trhlin) na lisovacom pomere, pricom paramet-
rom je rychlost’ lisovania
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sti deformacie 0,9 a 1,5 s™'. Do rovnice (7) priemer recipientu
Dy, je dosadzovany v mm a rychlost’ raznika v, je vypoéitana
v mm s, Vizualizicia rovnice (7) pre priemer recipientu 210
mm je uvedend na obr. 4. Na obrazku vidiet' 3 oblasti. Prva
spodna oblast’ vyjadruje parametre v ktorej nevznikaju priec-
ne povrchové trhliny. Pre tito oblast’ plati ¢y <0,9 . Pro-
stredna oblast’ je pomenovana ako prechodna oblast’, ktora je
charakterizovana  intervalom deformacne;j rychlosti
0,9< ¢y <1,5. V tejto oblasti sa vyskytuju vylisky bez trhlin
ale tieZ so zvySovanim deformacnej rychlosti rastie vyskyt
trhlin. Horna oblast’ je charakterizovana trvalou tvorbou po-
vrchovych trhlin, pre ktora plati ¢g =15 57"

2 \ \ | | |
= oblast’ trhlin MsT70
16 N Dp=210 mm| |
E \
- \ \"--....___‘_ . y
12 N Por=1,55"1
]
\ prechodna oblast’
8 —
-‘-‘-_‘__'-—‘—n—_
Pyr=09s"
4
oblast’ bez trhlin
0 | |
0 20 40 60 80 100 120 140
Al

Obr. 4. Oblast’ vzniku prieénych trhlin v zavislosti na rychlosti
raznika a lisovacieho pomeru

V oblasti trhlin uz mézu vznikat' hibkové trhliny, ktoré
dokumentuje obr. 5. Pozorovana hibkova trhlina na obrazku je
vyznacena v krazku. Na zaklade pozorovani a analyzy ziska-
nych experimentalnych Gdajov z prietlacného lisovania mosa-
dze Ms70, bola jednoznaéne potvrdené stredna rychlost’ de-
formacie, ako kritérium lisovatel'nosti o.-mosadze.

Obr. 5. Hibkova povrchova trhlina vzniknuta pri prietlaénom liso-
vani mosadze Ms70 s rychlost'ou deformacie vy$§ou ako 1,5 s~

5. Zaver

Po analyze ziskanych vysledkov je mozné konstatovat’,
Ze existujil podmienky pri ktorych je mozné vyrobit’ kvalitny
vylisok. Uspesné lisovanie a-mosadze Ms70 je mozné aj pri
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vys$Som lisovacom pomere ako je 60. Je v8ak potrebné dodr-
zat’ ur€ité obmedzenia v rychlosti lisovania. Parametre prie-
tla¢ného lisovania mosadze Ms70 za tepla nie je mozné l'ubo-
volne menit, ale si naviazané na rychlost’ deformacie. Publi-
kované hodnotenie podmienok vzniku povrchovych trhlin
prostrednictvom lisovaciecho pomeru a rychlosti lisovania
(vystupna rychlost’ vylisku z matrice) sa ukazalo ako nedosta-
tocné, ¢o potvrdili prevadzkové skusky prietlaéného lisovania
mosadze Ms70. Vhodnym kritériom pre posudzovanie vzniku
povrchovych trhlin pri prietlaénom lisovani mosadze Ms70 za
tepla je stredna rychlost’ deformacie, ktora by nemala presiah-
nut’ hodnotu 0,9 s™'. Rychlost deformécie je komplexnym
kritériom, ktord zohladiuje lisovaci pomer, rychlost’ lisovania
a ich vzajomny vztah. Zvysenie lisovacieho pomeru musi byt’
kompenzované znizenim lisovacej rychlosti. Vztah vzajomnej
kompenzacie lisovacieho pomeru a rychlosti raznika je riade-
ny rovnicou (2).
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1. Uvod

Rychlost’ deformacie je vyraznym vonkajSim faktorom
a intenzita jeho vplyvu na chovanie sa materialu v procese
tvarnenia je funkciou vnutornej stavby'?. So zvySovanim
rychlosti deformacie stupa odpor materialu proti deformacii,
ale zvySuje sa aj nachylnost ku krehkému poruseniu.
V désledku zvySovania rychlosti deformacie meni sa aj mi-
kostruktura a substruktura deformovaného materialu’.

Z praktického hladiska to znamend, Ze je potrebné po-
znat’ vplyv rychlosti deformacie na mechanické vlastnosti
konkrétneho materidlu, ktoré st podkladom pre vypocet pre-
tvarného odporu, ale aj procesov prebiehajucich pri tvarneni.

Predikcia vplyvu rychlosti deformacie na vlastnosti ma-
teridlu je pomerne zlozita. Stvisi to jednak stym, Ze intenzita
vplyvu rychlosti deformécie je funkciou vnutornej stavby
materidlu, ale aj interpretacia vysledkov skusok pri vysokych
rychlostiach, je vel'mi naro¢na. So zvysenim rychlosti defor-
macie sa zvySuje kritické sklzové napitie, intenzivne rastie
medza klzu, zvySuje sa pevnost’ v tahu a dochadza k zmene
deforma&nych charakteristik materialu®*. Su¢asne sa menia aj
hodnoty kritérii tvarniteI'nosti odvodenych z tychto charakte-
ristik. Je dolezité poznat' spravanie sa materialu v procese
tvarnenia pri zvySenych rychlostiach ako aj jeho materialové
charakteristiky".

2. Material a metodika experimentu

Experimenty boli realizované na vzorkach odobranych
z pasov vyrobenych tvarnenim za studena a nasledne Ziarovo
pozinkovanych akosti H 340LAD uréenych pre vyrobu vylis-
kov v automobilovom priemysle. Chemické zloZzenie skusa-
nych oceli je uvedené v tab. I

Tabulka I
Chemické zlozenie skusanych oceli v %

Mikrostruktiara skisaného materialu je polyedricka, feriticka
s malym mnozstvom jemnych perlitickych zin vylic¢enych po
hraniciach feritickych zin obr. 1.
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Obr. 1. Mikrostruktura ocele H 340LAD

Skusany material mal hrubku 1.0 mm. Z materialu boli
vo smere valcovania odobraté vzorky a vyrobené ploché sku-
Sobné tyce pre skisku tahom. Skaska tahom bola realizovana
na trhacom stroji INSTRON 1185 s rychlost'ou zat'azovania 1
az 1000 mm min~'. Dynamické skusky boli realizované na
PSW kladive pri max. rychlosti 24 ms™".

3. Experimentilne vysledky a ich rozbor

V sulade s literarnymi poznatkami** so zvySovanim
rychlosti deformécie sa zvySuje odpor skuSanej ocele voci
plastickej deformacii obr. 2. Zavislost’ napétia R — rychlost’
deformacie ¢ mozeme opisat’ rovnicami (7,2)*:

Re; = Reo + A log /& 1)
Runs = R + B. log &/ § )
= 900
=) 800 4
[:4
700 4
600 4
500 4
400 { ¢ Re
A4 A4 ¢ —=—Rm
300 4
200 4
100

0,0001 0,001 0,01 0,1 1 100

Akost’ ocele C S Mn P S Al

v [m/s]

H 340LAD 0,08 0,04 1,0 0,025 0,010 0,015

Obr. 2. Vplyv rychlosti zat’aZovania v na medzu klzu R, a pevnost’
v tahu R,, ocele H340LAD
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kde A a B s materidlové konStanty vyjadrujice citlivost’
materialu na rychlost’ deformacie, Ree, Ry — hodnoty medze
klzu respektive pevnosti v tahu pri rychlosti deformacie &
a Reeo, Rineo hodnoty medze klzu respektive pevnosti v tahu pri
najniz$ej rychlosti deformacie.

3.1. Charakter lomovej plochy

Pri statickej rychlosti zataZovania 0,03 m s™' méZeme na
lomovej ploche pozorovat’ transkrystalické tvarne porusenie
s jamkovou morfologiou, pricom tvar a symetria jamiek stvisi
s napdtostou v mieste porusenia. Velkost” a rozlozenie jamiek
zavisi od vel'kosti zrna. Pri malych rychlostiach obr. 3, 4 ide
o tvarne porusenie rovnoosou jamkovou morfologiou, kde
jamky st hlboké. Pri malych zvac¢Seniach je viditeI'na koales-
cencia dutin.

Vznik lomovej plochy sprevadza vyraznejsia plasticka
deformadcia stvisiaca so zvac¢Senim poctu aktivnych sklzovych
systémov pri vysSej rychlosti deformacie Lomova plocha
ziskana pri rychlosti zatazovania 24 m s™' mé4 podobné cha-
rakteristiky. Na lomovej ploche sa zvysil pocet sekundarnych
trhlin a dutin, ktoré vznikaji v smere riadkov. Z tvaru jamiek
je zretel'né zvicsenie plastickej deformacie. Jamky st pretiah-
nuté s vyraznym vyskytom zvrdsnenia na stenach. Vyraznej-
Sie je vidiet' koalescenciu dutin v smere kolmom na smer
tahového napitia. Pri zvySeni rychlosti zatazovania sa uhol
roztrhnutia zvacSuje obr. 5 a obr. 6, vznikd nerovnomerny
povrch, jamky su plytsie.

Obr. 3. Lomova plocha ocele H 340LAD pri rychlosti zat’aZovania
0,03 ms™, zv. 200x

Obr. 4. Lomova plocha ocele H 340LAD pri rychlosti zat’aZovania
0,03 m s, zv. 2000x
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Obr. 5. Lomova plocha ocele H 340LAD pri rychlosti zat’aZovania
24 ms7, zv. 220x

Obr. 6. Lomova plocha ocele H 340LAD pri rychlosti zat’aZovania
24 ms™', zv. 1000x

Pri zatazovani materialu sa plastickd deformacia S§iri
ur¢itou rychlostou od miesta vzniku. Ak rychle zatazime
materidl primeranou silou, moze dojst’ k poruSeniu materidlu
skor, nez dojde k plastickej deformadcii, pretoze nebolo dost
&asu k tomu, aby sa plastické deformécia mohla rozvinat®.

Pri raste dutin v procese tvarneho porusenia sa spojova-
cie mostiky zuzuji .Mostiky sa porusuju postupnym vytaho-
vanim. Formovanie tvarneho lomu sa uskutoéfiuje etapou
nukledcie mikroportch, rastom dutin a kontrakciou mostikov
medzi dutinami. Nukleacia mikroporach pri tvdrnom poruseni
vznikala dekohéziou vtrasenin a inych &astic od matrice’.

Mikroskopické pozorovanie Struktiry deformacne spev-
nenych oceli nam potvrdilo, Ze so zvySovanim rychlosti de-
formacie sa zvySuje nehomogenita plasticity deformacie
v objeme deformovanej ocele. Z uvedeného vyplyva, Ze aj
vysledné vlastnosti deformacne spevneného materialu st
ovplyvnené rychlostou deformacie.

4. Zavery

Prispevok analyzuje vplyv rychlosti deformacie oce-
Tovych plechov vyrobenych z mikrolegovanych oceli na poru-
Sovanie . Na zdklade analyzy vysledkov skusky tahom
v rozmedzi rychlosti zatazovania 0,03 az 24 m s7! pre skusa-
nt ocel’ H 340LAD konstatujeme:

So zvySovanim rychlosti deformacie do cca 3 s™' nedo-
chadza ku zhorSeniu materialovych charakteristik hlbokot'az-
nosti, ale zvysuje sa pretvarny odpor.
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Pri pozorovani lomovej plochy skuSanej mikrolegovane;j
ocele H 340LAD ide o tvarne porusenie, ktoré vznika dutino-
vym mechanizmom. Vysledkom tvarneho porusenia je jamko-
va morfoldgia lomového povrchu.

Pri vSetkych rychlostiach zat'azovania sa material poru-
Soval transkrystalickym tvarnym lomom s jamkovou morfolo-
giou. So zvysujucou sa rychlostou deformacie dochadzalo
k vyraznejsej plastickej deformacii a je vacsi pocet dutin ktoré
st orientované v smere riadkov.

Tento prispevok bol napisany s podporou Grantovej
agentury APVV pri rieSeni projektov 0326-07 a SK —PL
0019 -09 a VEGA 1/0780/11.
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1. Uvod

Kovové materialy pouzivané v modernych biomedicin-
skych aplikaciach tvoria zaklad hlavne vo vyrobe protetic-
kych a dentdlnych pomdcok. Protetické pomocky su umelé
nahrady, ktoré sa pouzivaji v biologickych systémoch ako
napr. v 'udskom tele v snahe poskytovat’ funkciu originalnej
Casti. Tieto nahrady st vo vSeobecnosti kompozitnymi mate-
rialmi pozostavajicimi z polymérov, kovov a keramiky.

Kovové zliatiny sa véc¢Sinou pouzivaji ako chirurgické
implantaty priméarne pre ortopedické tGiely'. Prvou poziadav-
kou pre takyto druh materialu aplikovaného do l'udského tela
je jeho biokompatibilita a to, aby nereagoval nepriaznivo v
tele. Vlastnosti ako excelentnd korézna odolnost,, oseointeg-
racné vlastnosti by mali byt samozrejmostou. Material by
mal odolat’ expozi¢nym podmienkam v tele a nemal by degra-
dovat’ v takom rozsahu, aby bola ohrozena jeho funkcia. Bio-
kompatibilita a kordzna odolnost’ titanu je vysledkom tvorby
povrchovych pasivnych TiO, filmov o hrabke 2—6 nm (cit.>™).
Korozia kovovych implantatov moze ovlyvnit' jeho biokom-
patibilitu a mechanickt integritu. V procese kordzie sa moézu
vytvorené povrchové oxidické filmy rozpustat, a tym sa do-
stavaji do organizmu telu neprirodzené i6ny. Intenzivne
uvolfiovanie tychto i6nov z protézy moze viest’ k biologickej
reakcii a nakoniec k jej mechanickému poruseniu.

U casto pouzivanej vysokopevnej biomedicinskej zliati-
ne TicAlV v §tidiach™® bol pozorovany toxicky vplyv vyla-
¢enych hlinikovych a vanadovych idnov do telesnej tekutiny.
Napriek tomu, Ze titanové oxidické filmy vykazuji vyborna
koréznu odolnost,, tribologické a abrazivne vlastnosti ma dost’
nizke®. Vysledkom kordznych zmien je, Ze fragmenty mézu
byt uvolnené do organizmu vyvolavajice toxické ucinky’.
Prostredie v tele je vel'mi dobre pufrované, takze pH sa udrzu-
je okolo 7,4 a vSetky degrada¢né procesy prebichaju pri teplo-
te 37 °C. Pritomnost’ soli v tele tvori dobre vodivy elektrolyt
a podporuje elektrochemicky mechanizmus kordzie
a hydrolyzy.

Dal'sie molekulové a bunkové sidasti v tkanivach maja
schopnost’ katalyzovat’ isté chemické reakcie alebo destruuju
si¢asti, ktoré su v tele neprirodzené"'’. Hankov roztok je
prikladom umelého roztoku, ktory sa Standardne pouZziva na
kordzne testovanie v laboratérnych podmienkach, vid'. tab. II.

2. Experimentalny material

Ako experimentalny material bol pouzity komeréne Cisty
titan cpTi, ktory bol dodany v tyCiach o priemere 9,96 mm
tahanych za studena; titdn s nanoStruktirou nTi o priemere
7,56 mm pripraveny uhlovym pretlacanim (ECAP — poctom
prechodov 8x pri 460 °C) a =zliatina TicAl,V ziskana
z femoralneho implantatu (ISO 5832/III) vyoperovaného
z pacienta. Mechanické vlastnosti cpTi, nTi a TicAL,V st
uvedené v tab. 1.

Tabulka I
Mechanické vlastnosti cpTi, nTi a Ti6Al4V ELI

Material Rpoo, Rm[MPa] As5[%] Z[%] HV
[MPa]

cpTi 645 665 17 66,5 203-214

nTi 1290 1310 10 51 321333

Ti ALV 840 940 16 45 270-280

Vzorky boli pred samotnym meranim prebrusené, na
brusnom papieri o zrnitosti 1200, preplachnuté v destilovanej
vode odmastené v metanole po dobu 20 min v ultrazvukovom
kupeli. Korézna odolnost’ bola hodnotena elektrochemickymi
technikami v konvenénom  3-elektrodovom  zapojeni
s pracovnou elektrodou (vzorka Ti), nasytenou kalomelovou
elektrodou (SCE) a platinovou elektrodou ako pomocnou
elektrodou spojenych s potenciostatom VOLTALAB 21 ria-
denym PC. Ako softwér pre hodnotenie elektrochemickych
charakteristik bol pouzity VOLTAMASTER 4.0. Pracovné
elektrody o ploche 0,7 cm® boli exponované v Hankovom
roztoku (SBF) s chemickym zlozenim vid'. tab. II, pri labora-
tornej teplote (21 °C) a teplote I'udského tela (37 °C).

Potenciodynamické krivky boli vykonané pri rychlosti
scanu 1 mv.s~' v rozsahu potencidlov od —700 mV do
1000 mV vs. SCE. Na mikrostruktiirnu a chemick analyzu sa
pouzil opticky mikroskop a rastrovaci elektronovy mikroskop
(SEM), doplneny o EDX analyzu . Na obr. 1, 2, 3 je doku-
mentovana Struktira a chemicka analyza skasanych materia-
lov.

Taburlka II
Hankov roztok (SBF)
[gl]
8NaCl 0.35NaHCO;
0.4KC1 1.00 glucose
0.14CaCl, 0.60KH,PO,

0.06MgSO,4 .7H,0 0.10MgCl,.6H,0

006NaH2PO4 . 2H20
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3. Ziskané vysledky a ich diskusia

Spectum 4

Elemment | Weighl?s | ftomac?s .

v
AIK 583 553 oA .
TiK 2952 8 14
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Obr. 1. Mikro$truktara TicAL,V leptana v 20% HF, 80% H,O0 10
s a EDX analyza
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Obr. 2. MikroStruktira cpTi leptana v 10% HF, 10% HNO;, 80%
H0 od 5-15 s a EDX analyza

Z vyhodnotenia elektrochemickych charakteristik je
zrejmé, ze kordzna rychlost’ pre zliatinu TicAlLV je 2x vyssia
ako pre komercne Cisty cpTi, tab. IIL, pri teplote 21 °C. Roz-
diel je aj v spravani sa oxidov na ich povrchoch, pricom
ochranny charakter filmu vytvoreného na nTi je az 5x ucin-
nejsi (5x vacsi odpor voci prechodu kor6zného pradu). Z toho
vyplyva, ze kordzne spravanie titinu moéze byt do velkej
miery ovplyvnené vyraznym zniZovanim rozmeru zrna.

Podobné studie existuji na Cu materialoch, kde reduk-
ciou priemeru zrna dochadza k vyznamnému zvyseniu aktivi-
ty elektronov na hraniciach zin’. Takto zvy3ena elektronova
aktivita vedie k elektrochemicky urychlenej reakcii na po-
vrchu, ¢o dovol'uje rastu silného a stabilného pasivného filmu.
Vysledkom ECAPu je vysoka hustota hranic zfn v nTi, ¢o
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zvysuje adhéziu pasivneho filmu cestou penetracie oxidickych
vystupkov do hranic zin®’. Kordzne potencialy pre rozne
titinové materialy, resp. Struktury v SBF roztoku pri dvoch
teplotach, znazornuje obr. 4. Pri teplote I'udského tela sa meni
korézne spravanie titdnovych materidlov tak, ze postupnost’
v uslachtilosti sa sice nemeni, ale potencial u nTi je zapornej-
§i ako pri teplote 21 °C. Aj ochranny u¢inok pasivnych filmov
na cpTi a nTi je pri teplote I'udského tela niekol’ko nasobne
nizsi.

Elerent | Weight's  Atomac¥ "

TiK 100,00 100,00

Totals 100.00

s & 7 8 3

b 1R e
[fua Scaie 78 c1s Curscr 0000

Obr. 3. Mikro$truktira nTi leptana v 10% HF, 10% HNO;, 80%
H;O od 5-15 s a EDX analyza

Tabulka III

Kordézne charakteristiky urené Tafelovym hodnotenim
z merani polarizaénych kriviek v roztoku simulovane;j telesnej
tekutiny (SBF)
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Ti E [mV] Je[nAcm™?]  Rp[MQcm?]
materidl - 51oc  37°Cc  21°C  37°C  21°C  37°C
TieALV 403 -434 4140 6429 197 1,18

cpTi 283 294 19,81 49,50 1,36 0,79

nTi 94 213 1636 8735 6,67 0,50

E [mV]

o v = = — m—
ey Ti6 Cpl N'aﬁ' Tié cpl “Nan
-100 = TiGAIAY
-150 ' mCp T
200 + ® Nano_Ti
g
-300 o = Nano_Ti
350 +
-a00 + I

450

Obr. 4. Kordzne potencialy pre roézne titinové materialy, resp.
Struktiry v SBF roztoku
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4. Zaver

Na zaklade nameranych vysledkov mozno konstatovat,
ze nanotitan nTi pripraveny technolégiou uhlového pretlaca-
nia vykazuje odlisné elektrochemické charakteristiky pri
urychlenych kordznych testoch v prostredi simulovane;j tele-
snej tekutiny (Hankov roztok).

Potenciodynamické krivky pri 21 °C poukazuji na
usl'achtilejsi charakter nTi, o 189 mV vs. SCE vo¢i cpTi,
aaz 0 309 mV vs. SCE voci zliatine TigAl,V.
Postupnost’ usl'achtilosti sa vo¢i jednotlivymi Ti mate-
ridlmi nemeni ani pri teplote 'udského tela, ale kvantita-
tivne sa potencial nTi posuva o 81 mV vs. SCE voci
cpTia o221 mV vs. SCE vodi zliatine TicAl,V.

Z vyhodnotenia polariza¢nych odporov Sternovou meto-
dou je zrejmé, ze kordzna rychlost, t.j. degradacia zliati-
ny TisAl,V v simulovanej telesnej tekutine je 2x vysSia
ako u komer¢ne Cistého cpTi.

Ochranny charakter filmu vytvoreného na nTi je az 5x
ucinne;j$i ako u zliatiny TigAlV pri laboratornej teplote.
Pri teplote I'udského tela sa vSak momentalne rychlosti
koroézie u tychto materidlov vyrazne menia a to tak, ze
postupnost’ v uslachtilosti sa nementi, ale potencial u nTi
je zapornejsi ako pri teplote 21 °C.

Ziskané vysledky budi predmetom detailnejsej
a rozsiahlejSej Studie, uvazujuc s pouzitim vzoriek z realnych
implantatov po istom Case plnenia funkcie v tele.

s560
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nTi is better than of commercially pure (cpTi) at laboratory
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1. Uvod

Uzitkové vlastnosti materidlu si uréované stavom
a kvalitou jeho povrchu. Pocas aplikacie nastrojov a strojnych
sucasti v prevadzke dochadza k zmene vlastnosti povrchu, ¢o
moze viest’ k poklesu jeho tvrdosti, odolnosti voci opotrebe-
niu, rozmerovej stalosti a celkove aj k poklesu spolahlivosti
a zivotnosti. V sucasnosti existuje mnozstvo technologii uprav
povrchu za Gc¢elom zvySenia jeho kvality. Patria sem postupy
tepelného spracovania, chemicko-tepelného spracovania,
povrchového legovania, tie? mechanickej upravy povrchu'?
Medzi modernejSie metddy povrchovej Uipravy patria techno-
logie fyzikalnej a chemickej depozicie tenkych vrstiev. Pod-
statou fyzikalnych postupov tvorby vrstiev, nazyvanych PVD
(Physical Vapour Deposition) procesy, je kondenzacia odpa-
rovaného materialu povlaku na povrch povlakovaného mate-
ridlu (podkladu)’. Vzniknutd vrstva sa vyznaduje vysokou
tvrdostou, oteruvzornost'ou, chemickou a tepelnou stalost'ou.
Stipajuca narocnost poziadaviek praxe podmienuje vyvoj
novych typov PVD vrstiev, resp. moznost ich kombinécie
a usporiadania. Jedna sa o monovrstvy, multivrstvy, gradien-
tové, ¢i ina¢ Strukturované vrstvy. Na postudenie vhodnosti
tenkych tvrdych vrstiev pre konkrétne aplikéacie je potrebné
popisat’ a definovat’ ich vlastnosti. Hribka PVD vrstiev sa
pohybuje najéastejsie radove v mikrometroch. Délezitou cha-
rakteristikou ovplyviiujiicou vlastnosti povlakovaného systé-
mu je koncentracny priebeh jednotlivych prvkov v zavislosti
na hibke od povrchu. Vysledkom je koncentraény priebeh
prvku v zévislosti na hibke odpragovania, ktory okrem che-
mického zlozenia vrstvy, dava uidaje o pritomnosti medzivrs-
tvy, tiez o striedani jednotlivych vrstiev vo viacvrstvovom
povlaku.

2. Material a metodika experimentov

Tenké vrstvy CrN, TiAIN-CrN boli na povrch ocel'ové-
ho podkladu (ocel’ S 600) deponované metédou reaktivneho
katdédového naparovania v zariadeni ARC PL 1000 so $tyrmi
katodami®. Povlakovany systém bol hodnoteny metédami,
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ktoré popisuju predovsetkym vhodnost’ povlakovaného systé-
mu z pohl'adu adhézne — kohéznych vlastnosti. Na stanovenie
hrubky aplikovanych vrstiev bol pouzity Kalotest. Presnost’
stanovenia hribky jednoduchych alebo viacvrstvovych, tiez
gradientovych vrstiev pri tejto metdode zavisi od nastavenia
komponentov a parametrov pri merani: spravne ulozenie
gul'd¢ky s brusivom, nastavenie sklonu stolika, pouzitie bru-
siacej emulzie (v tomto pripade diamantovej pasty)’.
Z obrazovej analyzy povrchu vzoriek po Kaloteste je mozné,
okrem hrubky jednotlivych vrstiev, vidiet aj usporiadanie
tychto vrstiev v ramci viacvrstvového povlakovaného systé-
mu. Na hodnotenie chemického zlozenia tenkych vrstiev bola
pouzita analyza na spektrometri s tlejivym vybojom GDS—
750 s kvalitativnym a kvantitativnym stanovenim prvkov
v povlakovanych systémoch. Analyzou GDOES boli ziskané
grafické zdznamy hibkového koncentraéného profilu apliko-
vanych vrstiev. Scratch testom a jeho metalografickou doku-
mentaciou bola hodnotend sila potrebna na odtrhnutie tenke;j
vrstvy od povrchu ocel'ového materialu.

3. Vysledky experimentov a diskusia

Na obr. 1 a 2 st dokumentované stopy po skuske Kalo-
test na povrchu s tenkou PVD vrstvou. Na obr. 2 je mozné
vidiet’ viacvrstvové usporiadanie, kedy na povrch ocele bola

Obr. 1. Povlak CrN s hrubkou 1,7 um

Obr. 2. Povlak TiAIN-CrN s hrabkou 2,6 pm, z toho hribka CrN
predstavuje 0,5 pm
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v prvej Casti povlakovacieho procesu deponovana CrN vrstva
a za tym TiAIN vrstva.

Hrabka dokumentovanych vrstiev bola od¢itana znamym
postupom pod mikroskopom®.

Koncentraény priebeh jednotlivych prvkov v zavislosti
na hibke od povrchu bol stanoveny GDOES analyzou. Na obr.
3 je hibkovy koncentraény profil tenkej vrstvy CrN. Profily
tenkych vrstiev st v tejto miere poznamenané Kraterovym
javom, ktory znemoziuje presnejSie rozliSenie jednotlivych
vrstiev v hibkovom profile. Zmeny chemického zloZenia vrst-
vy CrN st dané mechanizmom tvorby vrstvy v procese PVD’.
Na obr. 3 a 4 je tento mechanizmus charakteristicky hlavne
pre dusik, ktory je svojim profilom ,,nezavisly na type depo-
novanej vrstvy. Hibka vrstiev stanovena z priebehu kriviek
nestihlasi presne s hibkou vrstiev ziskanych metédou Kalo-
test. Tato nepresnost’ je dand prepoctovym modelom, ktory
tato hibku ziskava z teoretickej odprasovacej rychlosti a doby
odpraSovania jednotlivych prvkov PVD vrstvy.

Universty of West Bohemia, Khb - laborstory of GDOS, Sample: 11 (weight %)
T T

Depth (rim)

Obr. 3. GDOES analyza CrN vrstvy

University of West Bichernia, kMM - Isborstory of GDOS; Sample: 17 (weight %)
T T

* Depth um)

Obr. 4. GDOES analyza TiAIN-CrN vrstvy
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Na obr. 4 je hibkovy koncentraény profil pre povlak
TiAIN — CrN. Okrem umiestnenia jednotlivych vrstiev v ram-
ci TiAIN je viditelny aj priebeh Cr, ktory je stcastou CrN
vrstvy. Na charaktere koncentracného profilu Ti a N sa mohlo
prejavit’ mierne nerovnomerné odpraSovanie materidlu pocas
analyzy’. Pozvolny pokles prvkov vrstvy je v tomto pripade
dany existenciou medzivrstvy.

Profilové meranie hrabky Studovanych tenkych vrstiev
bolo realizované ako dopliiujice hodnotenie pomocou S$pe-
cialnej rtg fluorescenénej analyzy. Presnost’ absolutnej hodno-
ty hribky vrstvy je silne ovplyvnena kalibraciou pristroja pri
merani. Suhrn profilov hrubky tenkych PVD vrstiev po prie-
reze vzoriek je dokumentovany na obr. 5. Po priereze vzorky
s CrN je hrabka vrstvy homogénna. Vyraznéjsi rozdiel
v hrubke jednotlivych vrstev je viditelny po priereze vzorky
s TiAIN-CrN. Rozdiely po okrajoch vzorky boli pravdepo-
dobne dané geometriou pri depozicii a okrajovymi efektami
rozlozenia elektrického pola.

400 —
=
=
=
£
=
=
3.00 —
200 — \TiAlm-CrN
7 i
100 — WW_\WWMM
0.00
\ ! [ ! |

0.00 10.00 20.00

poloha na vzorke [mm)

3000

Obr. 5. Profily hribky tenkych vrstev
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Obr. 6. Povrch CrN po scratch teste

Obr. 7. Povrch TiAIN-CrN po scratch teste
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Morfoldgia vrypu pre uvedené typy vrstiev je zobrazena
na obr. 6 a 7. Pri celkovom rozsahu pdsobiacej normalovej
zatazujucej sily 100 N (zodpoveda celej Sirke obrazkov),
bolo mozné ur¢it’ miesto porusenia pre CrN pri F,~ 80 N
a pre TiAIN-CrN pri F, ~ 78 N. Tieto hodnoty predstavuji
mieru adhézie pre sledované typy vrstiev.

4. Zaver

Moderné metddy hodnotenia vlastnosti tenkych tvrdych
PVD vrstiev prispievaju k postdeniu ich vhodnosti pre urce-
ny spdsob namahania. Stanovenie hrabky vrstiev a ich uspo-
riadanie vo viacvrstvovom povlaku pomocou Kalotestu doku-
mentovalo charakter a kvalitu povlakovacieho procesu. GDO-
ES analyza umoznila vytvorit’ koncentra¢ny profil prvkov po
priereze povlakované¢ho systému a zadefinovat' pritomnost
rozhrania, ktoré zna¢nou mierou prispieva k dobrej adhézii
tenkej vrstvy k ocelovému zékladu. Rovnomernost hribky
aplikovanych vrstiev od povrchu smerom do podkladového
ocelového materidlu ma vyznam z pohl'adu Zivotnosti vrstvy.
Z metalografického hodnotenia, po vrypovej skiske scratch
testom, bolo viditel'né, ze vysSiu odolnost’ vo¢i adhéznemu
poruseniu mal systém CrN/ocelovy podklad, s kritickou silou
porusenia F.~ 80 N v porovnani s TiAIN-CrN/ocel'ovy pod-
klad s mierou adhézie F, ~ 76 N. V tomto pripade sa ¢iastocne
potvrdili dobré adhézne vlastnosti CrN, ktory tvoril vniitornt
vrstvu pri viacvrstvovom usporiadani TiAIN-CrN.

Tato praca je rieSend za podpory grantu VEGA
2/0060/11.
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Slovak Academy of Sciences, Kosice, Slovakia, © Department
of Material Science and Technology, University of West Bo-
hemia in Pilsen, Czech Republic): Use of Modern Methods
to Evaluation of Thin Layers Properties

The paper deals with methods to determination of thin
hard layers properties. CrN and TiAIN-CrN layers were de-
posited onto the steel surface by cathodic reactive arc evapo-
ration. The properties of the coated systems are determined by
a range of methods considering the fact that they involve thin
hard coatings, only several micrometres thick. Thickness of
layers was determined with Calotest. Chemical composition
of the layers was analysed by GDOES analysis. Adhesive —
cohesive behaviour of the coated systems were determined by
the Scratch test. Evaluation of the scratch channel after the
test was carried out by image microscopic analysis.
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1. Uvod

Identifikacia a kvantifikacia plastickej deformacie mate-
ridlov je dolezitd z viacerych hladisk. Na jednej strane je
v priemysle vel'a suciastok vyrabanych tvarnenim za studena,
na druhej strane pretaZzenie nosnych prvkov konstrukceii vedie
casto k vzniku plastickych deformacii materidlov a k ich po-
ruseniu. Poznanie rozlozenia a velkosti plastickej deformacie
umoziuje lepSie vyuzivat vlastnosti materidlov pri vyrobe
suciastok, aj pri ich prevadzke.

Typickym prikladom vyroby suéiastok plastickou defor-
maciou materialu je lisovanie ocel'ovych plechov za studena.
Je vyuzivané najCastejSie v automobilovom a v spotrebnom
priemysle, priCom s cielom zvysit Uzitkové vlastnosti vylis-
kov sa v tychto oblastiach priemyslu najviac prejavuji ino-
vatné trendy charakterizované vyuzivanim novych
materialov'. Plasticka deformécia ocelovych plechov sa vy-
zna&uje anizotropiou?, ktora je pri valcovani spdsobena pred-
nostnou orientaciou krysStalov materialu plechu, ¢im sa vytva-
raju textiry a im odpovedajuca textiirna anizotropia. Analytic-
ké metdody hodnotenia plastickych deformdacii ocelovych
plechov vyuzivaju tedrie plasticity anizotropnych materidlov
podra réznych autorov’.

Pri experimentdlnej analyze plastickej deformacie na
povrchu stéiastok je vyhodné vyuzit' bezkontaktné metody
snimania®, ktoré umozituji ziskat' polia deformécii vo vopred
zvolenych oblastiach. Medzi najmodernejsie optické metody
snimania posunuti a nasledného urcovania pomernych defor-
macii na povrchu skiimanych objektov patri digitdlna obrazo-
vé korelacia (DIC)’. Pre modelovanie pozadovaného defor-
macného pola sa Sasto vyuziva krizova skiaska®, pri ktorej je
krizova vzorka (vyrobena z plechu) namahané v dvoch navza-
jom kolmych smeroch. Tato skuska slizi pre ziskanie kriviek
plasticity skuSané¢ho materialu. Pre analyzu rozvoja plastic-
kych deformacii pri jednoosovom zatazeni je mozné vyuzit
vhodne tvarované vzorky”®, v ktorych na uréitej vopred defi-
novanej oblasti vyvolame lokalizovanu plastick deformaciu.

Prispevok je zamerany na experimentalnu analyzu plas-
tickej deformacie plechov valcovanych za studena pri vyuziti
DIC.

2. Experimentalna analyza deformacie

Digitalna obrazova korelacia (DIC) patri medzi neinter-
ferometrické bezkontaktné metddy urovania deformacii na
povrchu objektov. Na rozdiel od interferometrickych metod
(holograficka interferometria, speckle interferometria, moiré
interferometria) metoda DIC nevyzaduje pouzitie koherentné-
ho zdroja svetla. Deforméacia povrchu je uréovana porovnava-
nim zavislosti (korelacie) zmien intenzity sivej farby
v sledovanom mieste povrchu objektu pred a po deformacii.
V principe je DIC optickd meracia metoda zalozena na spra-
covani digitalnych obrazov a na ich numerickej analyze. Sni-
manie obrazu sa realizuje prostrednictvom CCD kamier.

Pri priestorovej (3D) deformacnej analyze sa pouzivaju
dve CCD kamery (obr. 1). Ak st zname polohy oboch kamier,
zvatSenia  objektivov a  vSetky parametre obrazu,
z nameranych hodnét vieme vypocitat’ absoltitne trojrozmerné
stradnice kazdého bodu na povrchu objektu v priestore pred
a po deformacii. Ked’ze $truktira povrchu objektu musi byt
vhodné pre algoritmy koreldcie identickych bodov z oboch
kamier, na povrchu objektu sa pred meranim vytvara nahodna
¢ierno-biela zrnita Struktura (napr. nastriekanim farby).

Pri rovinnej (2D) deformacnej analyze je potrebna iba
jedna CCD kamera pre zaznamenanie digitilneho obrazu
povrchu pred a po deformacii. Povrch meranej vzorky musi
byt rovinny a pri deformacii musi ostat’ v tej istej rovine kol-
mej na CCD kameru. Pripadné posuvy povrchu z roviny sni-
mania musia byt vo¢i posuvom v rovine snimania zanedba-
telne malé, pricom geometria usporiadania snimania obrazu
musi byt po¢as merania zachovana.

Experimentalne urovanie plastickych deformacii meto-
dou DIC budeme prezentovat meraniami pri dvojosovom
zatazeni krizovej vzorky (obr. 2) a pri jednoosovom zat'azeni
vzorky s vrubmi (obr. 3), priCom na oboch vzorkach bola
v meranych oblastiach vytvorena ¢ierno-biela zrnita Struktuara.

CCD kamera CCD kamera
%ovinu Rovina /Q
% obrazu obrazu g"‘.
ry
z
L '
aadfil ' .y Povrch objektu

A
\

i ..f
\.)\

Nanesena Struktira y

Obr. 1. Princip 3D obrazovej korelacie s dvoma CCD kamerami
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Obr. 3. Vzorka s vrubmi pri jednoosovom zataZeni

Krizova vzorka bola vyrobena zo ziarovo pozinkovaného
plechu akosti DX56D (EN 10327/04) z extrahlbokot'aznej IF
ocele bez intersticii (IF — interstitial free), legovanej titanom.
Vzorka s vrubmi bola vyrobena z nepovlakovaného plechu
akosti DCO3 (EN1030/02) z nizkouhlikovej hlbokotaznej
ocele. Obidve akosti plechov sa vyrabajii valcovanim za stu-
dena, po ktorom st nepovlakované plechy poklopovo Zihané
a podrobené hladiacemu valcovaniu. Pozinkované plechy st
po valcovani za studena kontinualne zihané na pozinkovacej
linke, ziarovo pozinkované a podrobené hladiacemu valcova-
niu. Pri vyrobe IF oceli sa vyuziva technoldgia vakuovania,
ktora umoziuje znizit' obsah C a N pod 0,005 %. Interstiticky
rozpustné atomy C a N st pritom vyviazané na stabilné zluce-
niny karbidov a nitridov titanu. Za studena valcované plechy
z IF oceli sa voci plechom z nizkouhlikovych oceli vyznacuju
vynikajicimi plastickymi vlastnostami.

Krizové  vzorky boli pri  skuske  upevnené
v hydraulickom zariadeni pre dvojosové zatazovanie ramien
vzorky silami F; a F, v dvoch navzijom kolmych smeroch

Tabulka I
Chemické zlozenie materialov vzoriek [%]
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(obr. 2). Zmenou pomeru zat'azujucich sil F; a F, je mozné
menit’ velkost zloziek pomernych deformacii, ktoré boli
v stredovej oblasti vzorky merané metodou DIC pri pouziti
dvoch CCD kamier (3D analyza). Krizové skusky sa vyuziva-
ju pre modelovanie rovinnej napétosti v stredovej oblasti
vzorky pre malé plastické deformacie (do 5 % vzhladom na
predcasné poruSovanie ramien vzorky v mieste vrubov),
s cielom urlovat’ zaciatok plastickej deformacie a jej rozvoj
pri rovinnej napétosti.

Vzorky s vrubmi boli zatazované silami F (obr. 3)
v trhacom stroji FPZ 100/1, pricom deformacie boli merané
v oblasti vrubov metdédou DIC pri pouziti jednej CCD kamery
(2D analyza). Pouzitie vzoriek s vrubmi umozniuje sledovat’
rozvoj velkych plastickych deformécii spdsobenych lokaliza-
ciou napiti v mieste vrubov.

Meranie deformécii metdédou DIC bolo realizované po-
mocou optického systému Q-450 firmy DANTEC Dynamics
s vyuzitim softvéru ISTRA 4D.

3. Dosiahnuté vysledky a ich diskusia

Vystupom merania systémom Q-450 je vizualizacia
vysledkov, ktord moéze prezentovat obrysy meranej oblasti,
pole posunutia alebo pomernych deformécii vo vSeobecnom
suradnicovom systéme, resp. hlavné pomerné deformacie
a hlavné smery. Na obr. 4 a obr. 5 st pre ilustraciu prezento-
vané vybrané polia pomernych deformacii na krizovej vzorke
a na vzorke s vrubmi.

Ako vyplyva z obr. 4 pole pomernych deformacii vo
vyznacéenej kruhovej oblasti je homogénne (rovnorodé), co
sved¢i o spravnom tvare pouzitej krizovej vzorky. Pomerné
deformécie ziskané v stredovej oblasti krizovej vzorky umoz-
fuju, pri zndmych hodnotéch sil F; a F,, ur¢ovat’ body kriviek
plasticity materialu plechu pri prislusnych hodnotach plastic-
kych deformacii. Na obr. 6 su krivky plasticity materialu
DX56D pre hodnotu maximalnej hlavnej plastickej deforma-

Obr. 4. Pole pomernych deformacii €; na kriZovej vzorke

Vzorka Akost’ C Mn Si P S Al N Ti Nb
Krizova DX56D 0,003 0,150 0,005 0,008 0,006 0,040 0,004 0,070 0,004
S vrubmi DCO03 0,050 0,250 0,008 0,009 0,010 0,042 0,007 0,005 0,004

s565
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Tabulka II
Mechanické vlastnosti materialov vzoriek
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Vzorka Akost’

Hrubka [mm] R, [MPa] R, [MPa] Ago [%] n T9o
Krizova DX56D 0,77 156 289 43 0,23 1,91
S vrubmi DCO03 0,80 236 335 37 0,19 1,90

*Pre krizovl vzorku pri pomernej deformacii 5 %, pre vzorku s vrubmi pri pomernej deformacii 20 %

Obr. 5. Pole pomernych deformacii & na vzorke s vrubmi

cie € =0,03, wurCené analyticky vyuzitim Hosford-
Backofenovej, Gotohovej a Hillovej (1993)° podmienky plas-
ticity anizotropnych materidlov. Na tom istom obrazku st
body kriviek plasticity urCené experimentalne pre pomery
zatazujucich sil F; / F,=0,5; 1 a 2. Ako vyplyva z obr. 6
experimentalne ur¢enym hodnotam najlepsie vyhovuje Hillo-
va (1993) tedria plasticity, Gotohova tedria plasticity sa zho-
duje s nameranymi hodnotami pri izotropnej napétosti, pricom
Hosford-Backofenova teéria zna¢ne podhodnocuje napitia
vyvolavajuice definovany plasticky stav.

Pri 2D analyze vzorky s vrubmi boli hodnoty ziskané
systémom Q-450 exportované do suboru a nasledne pomocou
programu Matlab spracované s cielom znazornit' vysledky
aj v grafickej forme. Na obr. 7 su (v zavislosti na bezrozmer-
nych stradniciach & = x/a, & = y/a, a = 50 mm) zn4zornené
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Obr. 6. Krivky plasticity pre € = 0,03 podl’a roznych teérii plastici-
ty a experimentilne urcené body krivky plasticity pre material
DX56D
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Obr. 7. Priebehy pomernych deformacii € na priamkach p, a p,
pred vyhladenim a po vyhladeni

priebehy hlavnych pomernych deformadcii €, = € na priam-
kach py a py vzorky (obr. 5) ziskané programom Matlab. Na
uvedenom obrazku su ¢iarkovanou ¢iarou znazornené priebe-
hy ¢, ziskané programom Matlab bez vyhladenia, plnou &ia-
rou st uvedené priebehy €, po vyhladeni.

Ako je zrejmé, grafy nevyhladenych priebehov pomer-
nych deformdcii ziskané programom Matlab st vyrazne lome-
né. Vyhladenim je sice mozné ziskat' hladké priebehy, sucas-
ne vsak dochadza k vyhladzovaniu extrémov, ¢o pri analyze
lokalizacie plastickej deformacie nie je ziaduce.

4. Zaver

Ako vyplyva z prezentovanych vysledkov, aplikicia
digitalnej obrazovej korelacie pri vyuziti systtmu Q-450 je
vhodnou meracou metddou pre analyzu plastickych deforma-
cii na povrchu objektov. Krizova skuska sa pouziva na urco-
vanie kriviek plasticity pri vzniku plastickej deformacie a jej
naraste do hodnoty cca 5 %. Pre analyzu velkych plastickych
deformacii je vyhodné pouzit’ tvarované vzorky, ktoré umoz-
fiuju lokalizaciu napati. Pouzitie 2D analyzy je voci 3D analy-
ze sice jednoduchsie, nie je vSak vhodné pre urcovanie poli
malych deformacii. Pre grafické znazornenie vysledkov ziska-
nych systémom Q-450 bolo overené vyuzitie programu Mat-
lab.

Tdto préca vznikla za podpory grantu VEGA MS SR
1/0289/11.
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F. Simé&ak, M. Stamborska, R. Huliady (Department of
Applied Mechanics and Mechatronics, Faculty of Mechanical
Engineering, TU in Kosice, Slovakia): Analysis of Plastic
Deformation of Materials by Using Digital Image Correla-
tion

It is presented using of digital image correlation method
for analysis of plastic deformation fields on the surface of
machine parts. With application of system Q-450 were used
for the modeling of plane stress states the cruciform speci-
mens and notched specimens produced by cold-rolled sheets
of quality DX56D (IF steel) and DCO03 (low carbon steel).
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1. Uvod

Vlastnosti ziarovo pozinkovanych ocel'ovych plechov st
primarne zavislé na chemickom zloZeni a povrchovych cha-
rakteristikach substratu, ako aj na technoldgii predupravy
povrchu a samotnych podmienkach nanasania povlaku. Jed-
nou z najdolezitejSich charakteristik je hrabka povlaku, ktora
vyznamnou mierou ovplyvitluje mnohé uzitkové vlastnosti
hotového produktu. So zvySujucou sa hrubkou povlaku sa
obecne zvysSuje korézna odolnost, avsak sucasne sa mozu
zhorsit’ iné Gzitkové vlastnosti ocelovych plechov, ako napr.
ich tvarnitelnost alebo ich odolnost voci cyklickym
zatazeniam'. Pripadny degradujuci u¢inok povlakovania na
sledované vlastnosti plechov je vd¢sinou spajany so Struktar-
nym stavom Zn povlaku a hlavne s pritomnostou Fe-Zn inter-
metalickych faz (T'-FesZnjo, 8-FeZnyy, {-FeZn;). Podstata
mechanizmu ich negativneho u¢inku spociva jednak v ich
krehkosti, ale tiez v odli$nych fyzikalnych vlastnostiach (Fe-
Zn fazy maju oproti ocelovému substratu az o 100 % odlisné
hodnoty modulu pruznosti a sucinitel'a tepelnej rozt'aznosti),
ktoré v procese Ziarového povlakovania mézu v povlaku vy-
volat’ nepriaznivé tahové zvyskové napitia®.

Negativny vplyv povlakovania na Unavové vlastnosti
materialov bol preukazany v mnohych pracach. Prehl'ad prac,
z ktorych tiez vyplyva, ze degradujuci u€inok povlakovania
stipa stibezne so zvySovanim hribky povlaku a pevnosti oce-
le, mozno najst’ v praci’. Podobne ako z poznatkov uvedenych
v tejto praci, aj z viacerych inych vyplyva, ze najlepsie uzit-
kové vlastnosti mozno ocakavat’ u ocelovych plechov s ma-
lou hrabkou povlaku pozostavajiceho len z istej Zn fazy bez
pritomnosti Fe-Zn intermetalickych zlugenin'™,

Je dobre zname, Ze vysledna hribka a tiez $truktirna
skladba povlaku Ziarovo pozinkovanych plechov je okrem
teploty a ¢asu namacania zavisla na prisadach, ktoré su z tej
alebo onej pri¢iny do Zn kupel'a pridavané. Najvacsi u€¢inok
sa prisudzuje hliniku, ktory je v sucasnosti v mnozstve 0,15
az 0,19 % Al do Zn kiipel’a $tandardne pridavany'. Je dobre
zname, ze Al v Zn kupeli reaguje s povrchom namacaného
ocel'ového plechu za vzniku intermetalickej zIu¢eniny Fe,Als,
resp. Fe,AlsZny, popripade v kombinacii s FeAl; (cit.'™).
Pretoze hlinik ma k Zelezu vyssiu afinitu ako ku zinku, k ini-
ciacii Fe-Al intermetalickych faz dochadza ihned’ po ponoreni
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ocelového plechu do roztaveného zinku (podla prace' v ase
mensom ako 0,15 s). Tato medzifazova vrstva je ¢asto ozna-
¢ovana aj ako “inhibi¢na vrstva®“, pretoze je prekazkou pre
vzajomnu difuziu atdbmov na rozhrani Fe-Zn (povrch ocelové-
ho sustratu — Zn kapel’). Inhibi¢na Fe-Al vrstva je vel'mi ten-
ka (desiatky az stovky nanometrov, vynimocne nad 1 pum), ale
ma na vlastnosti povlakovaného plechu velky vplyv, pretoze
obmedzuje alebo uplne potlaéi vznik krehkych Fe-Zn inter-
metalickych faz.

Vysledky Stidia venované otazkam Struktirneho zloze-
nia Zn povlakov st ddlezité aj pre technicku prax, o ¢om
sved¢i poznatok, ze ocelové plechy s ultra tenkou vrstvou
intermetalickej zluceniny Fe,Als vykazuji excelentné lisova-
cie vlastnosti'. O jej moznom vplyve na tnavové vlastnosti
doposial’ neexistuju ziadne literarne udaje.

Inhibi¢né vlastnosti Fe-Al vrstvy st okrem mnohych
inych Cinitel'ov zavislé tieZ na pouzitom type ocel'ového sub-
stratu. Vo viacerych pracach bolo pozorované, ze v pripade
oceli bez intersticii (IF ocele) sa inhibi¢né vlastnosti prejavuji
intenzivnejSie v pripade ich mikrolegovania titinom a ob-
zv1ast vyrazne u oceli so zvySenym obsahom fosforu'.

V stlade s tym v préci® na refosforizovanej IF oceli mik-
rolegovanej Nb a Ti sa zistilo, Ze na rozdiel od ostatnych sle-
dovanych IF oceli sa v zinkovej vrstve nenachadzali Ziadne
Fe-Zn intermetalické fazy. V praci’ sme na tej istej IF oceli,
aka bola pouzita v praci®, okrem inych pozitivnych vlastnosti
sledovali relativne vel'mi dobrt odolnost’ voci premenlivému
zat'azovaniu, o ¢om sved¢i skutocnost’, Ze namerané udaje sa
nachadzali medzi krivkami odpovedajucimi oceli S235
v dodanom a tepelne spracovanom v stave (obr. 1).

Literarne tidaje sa vo v§eobecnosti zhoduju v tom, Ze ak
sa povlakovanie zinkom nejakym spésobom na zmene unavo-
vej odolnosti ocelovych plechov prejavilo, tak sa jednalo
vzdy o G¢inok negativny. Mohlo by sa teda ocakavat’, ze od-
stranenie Zn povlaku vyvola narast inavovej odolnosti, ako to
experimentalne potvrdili na nizkouhlikovej oceli v préci’.
Nase vysledky tuto uvahu nepotvrdili a ako je to vidiet’ na
obr. 1, po odstraneni zinku sa vzorky v zavislosti na amplita-
de zatazovania porusovali po dvoj az Stvornasobne menSom
poéte cyklov®. ZniZenu odolnost’ sme vysvetlili prostrednic-
tvom hypotézy zalozenej na predpoklade, Ze odstranenim
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Obr. 1. Unavova odolnost’ IF ocele v stave dodanom (1) a po od-
straneni Zn povlaku (2)



Chem. Listy 105, s568—s570 (2011)

zinku doslo pravdepodobne k su¢asnému odstraneniu inhibic-
nej Fe-Al vrstvy a tiez jej pozitivneho udinku na tnavové
vlastnosti IF ocele. Pretoze existencia tejto vrstvy nebola
v praci’ zdokumentovana, hlavny ciel tejto prace je prostred-
nictvom podrobnej mikroskopickej a lokalnej chemickej ana-
lyzy potvrdit' pritomnost’ Fe-Al zluceniny, a tym podporit
hypotézu o jej moznom ucinku na tnavovi odolnost’ IF (P-
Nb-Ti) oceli.

2. Material a experimenty

Experimenty boli prevadzané na Ziarovo pozinkovanom
ocelovom plechu s hriibkou 1,4 mm. Jednalo sa o vysokopev-
nu IF ocel’ so zvySenym obsahom fosforu a mikrolegovant Ti
+ Nb (0,0045C, 0,303Mn, 0,006Si, 0,048P, 0,027Ti,
0,045NDb), ktora je komer¢ne vyraband v U.S. Steel KoSice
s.r.0. Dalsie podrobnosti o metodike odstranenia Zn povlaku,
geometrii skasobnych vzoriek, prevedenych skuskach a pou-
zitych skusobnych zariadeniach s uvedené v praci®.

Pri $tadiu sa pouzil okrem svetelného aj rastrovaci elek-
tronovy mikroskop (REM) v spojeni s EDX analytickou jed-
notkou. EDX analyzy boli prevedené pri urychl'ujicom napéti
10 kV, a to: (a) na vybrusoch, ktorych rovina bola kolma na
rozhranie Zn povlak-substrat; (b) na povrchu ocelového ple-
chu po odstraneni Zn (t.j. v smere kolmom oproti predoslému
pripadu). Odstranenie Zn pre EDX analyzy sa vykonalo pro-
strednictvom metody ,,coulometric  strippingu® v roztoku
3,42 mol I"' NaCl and 0,35 mol 1" ZnSO,. 7 H,O pri kon-
Stantnom prade 7,5 mA cm™. Touto metédou je mozné od-
stranit’ Zn povlak bez odstranenia Fe-Al intermetalickej zluce-
niny, ktorej pritomnost’ na rozhrani Zn povlak — ocel'ovy sub-
strat sme predpokladali v praci’. Optimalne podmienky pre
odstranenie Zn neboli zname, preto pre EDX analyzy boli
pripravené tri série vzoriek, u ktorych ¢as rozpustania Zn bol
podobny (zhruba 90 min), avSak prebichal pri rozdielnych
hodnotach korézneho potencidlu (Egop= —365 mV, Egop=
—450 mV a Egop=— 811 mV).

3. Vysledky a diskusia

Podrobna metalograficka analyza ukdzala, Ze medzifazo-
vl vrstvu je mozné za optimalnych podmienok pozorovat aj
svetelnym mikroskopom. Na obr. 3 su uvedené priklady roz-
hrania Zn povlak — substrat, ktoré boli pozorované pri zvacse-
ni 1000x na metalografickych vybrusoch v stave: a —
neleptanom, b — v neleptanom, avs$ak pri pouziti diferencial-
neho interferenéného kontrastu, ¢ — leptanom.

Obr. 2. Rozhranie Zn povlak — substrat (svetelny mikroskop)
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Pre zviditeInenie medzifazovej vrstvy sme vyskusali
viacero leptadiel, najlepSie vysledky sa dosiahli pri leptani
v zmesi roztokov kyseliny pikrovej a  dusiCnej
v amylalkohole. Vybrusy v neleptanom aj v leptanom stave
sa pouzili aj pre pozorovania v REM a tiez pre stanovenie
percentualneho zastipenia prvkov prostrednictvom EDX
analyz. Potvrdili sa vysledky zistené aj svetelnou mikrosko-
piou a to, Ze odstranenim Zn povlaku doslo k sti¢asnému od-
straneniu medzifazovej vrstvy.

EDX spektrum ziskané z bodovej analyzy na rozhrani
ocel'ovy substrat — Zn povlak a vysledky EDX ¢iarovej analy-
zy (obr. 3 a obr. 4) potvrdili v praci® predpokladand pritom-
nost’ Fe-Al intermetalickej zlu€eniny.

Z koncentraénych profilov jednotlivych prvkov (Fe —
zelend, Al — Cervend a Zn — modra) znazornenych na obr. 4 je
zrejmé: a — medzifazové rozhranie je tvorené Fe-Al inhibic-
nou vrstvou; b — Zn povlak neobsahuje ziadne krehké Fe-Zn
intermetalické zltCeniny.

V stlade s vysledkami inych autorov? bolo na vybrusoch
zistené, ze Fe-Al medzifazova vrstva je tvorena z dvoch vrs-

1] 4
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Obr. 3. EDX spektrum z rozhrania substrat/Zn povlak na obr. 4
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Obr. 4. Priebeh zmeny koncentracie Fe, Al a Zn cez rozhranie
ocel’ovy substrat — Zn povlak (REM/EDX ¢iarova analyza)
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Obr. 5. Ciarova EDX analyza pozdiz medzifazového rozhrania
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tiev, a to z vel'mi tenkej kompaktnej vrstvy (20 az 60 nm), nad
ktorou sa nachadza d’alsia menej kompaktna vrstva s hrubkou
200 az 600 nm, ale vynimo¢ne az 1 um (obr. 5).

Z pozorovania povrchu plechu po odstraneni Zn povlaku
vyplynulo, ze Fe-Al inhibi¢na vrstva poyostava z viacmenej
rovnoosych castic s velkostou prevazne okolo 300 nm
a v pripade sekundérnej vrstvy okolo 2 um (obr. 6). Celkove
mozno povedat’, Zze obe vrstvy su tvorené Casticami, ktorych
priemer je zhruba patnasobne vacsi ako ich velkost’ vo verti-
kalnom smere t.j. hribky povlakov nameranych na metalogra-
fickych vybrusoch (obr. 4). O kompaktnosti Fe-Al vrstvy
jasne hovoria vysledky ¢iarovej EDX analyzy na obr. 5 (Al je
neprerusene detekovany na celom analyzovanom tseku).

Znaény rozptyl v nameranych hodnotach chemického
zlozenia nas presvedcil, ze vel'kost’ Castic pre stanovenie pres-
ného  pomerného  zastipenia  jednotlivych  prvkov
v medzifazovej vrstve prostrednictvom EDX analyzy je nie
dostato¢nd. Z toho dévodu udaje uvedené v Tab. I odpovedaji
vysledkom analyz nameranych len na asticiach s priemerom
okolo 2 um a na vybrusoch s hriibkou vrstvy 600 az 900 nm.

Z udajov uvedenych v tab. I je zrejmé, Ze vysledky tejto
prace su v relativne dobrom stlade s Gidajmi inych autorov.
Predpokladame, ze podobne ako to bolo zistené v citovanych
pracach, aj v nasom pripade je medzifazova vrstva tvorena
intermetalickou zliceninou Fe,AlsZnx. Namerané vysledky
v tejto praci potvrdili pritomnost Fe-Al zluceniny, ktorej
ucinok na pozorovanej zvySenej inavovej odolnosti IF ocele
bol prepokladany v nasej predchadzajiicej praci’. Okrem sa-
motného bariérového ucinku Fe-Al vrstvy pre d’alsi rast una-
vovych trhlin iniciovanych v Zn povlaku, jej pozitivny G¢inok
moze spocivat’ aj v iniciacii tlakovych zvyskovych napiti
v substrate (predpokladané tahové napitia v Fe-Al vrstve).
Pritomnost’ zvySkovych napiti naznacovali vysledky mecha-
nickych vlastnosti, kedy oproti dodanému stavu mali vzorky
s odstranenym zinkom hodnoty medze sklzu aj medze pev-
nosti priblizne o 5 % nizsie a protichodne s tym mali taznost’

Al

=
10 jam

Obr. 6. Morfolégia Fe-Al-Zn ¢astic (po odstraneni Zn povlaku)

Tabulka I
Chemické zloZenie medzifazovej vrstvy (hmotnostné percentd)
Al [%] Fe [%] Zn [%] Poznamka
32,3-35,1 39,7-50,0 14,6-20,1 Metalograficky vybrus
33,0-43,0  45,1-51,2 11,9-17,2  Povrch po odstraneni Zn
37,0-46,0  31,0-37,0 18,0-25,0  Vysledky prace [7]
42,5-50,7 41,8-440 9,0-12,0  Vysledky prace [8]
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naopak mierne zvySenu (udaje prevzaté z prace’). Rozdiely
v tvare tahovych diagramov boli detekované az v etape vytva-
rania kréku, kedy v porovnani so vzorkami bez Zn povlaku
u vzoriek so Zn dochadzalo k akceleracii procesu porusova-
nia. Pre overenie, ¢i dané vysledky st spojené z redistribiiciou
zvy$kovych napéti, boli prevedené rozsiahle merania mikro-
tvrdosti (HVM). Oproti vzorkam s odstranenym zinkom, na
vzorkach v dodanom stave boli namerané len o malo vysSie
HVM hodnoty (priemerne o 10 jednotiek HVM) a aj to len
v tesnej blizkosti medzifazového rozhrania (< ako 10 az
20 um). Je zrejmé, Ze kvantifikaciu tlakovych napéti by bolo
potrebné overit’ vhodnejSou metodikou, avsak vysledky ich
samotnu existenciu naznacuji. Na potvrdenie alebo vyvrate-
nie oboch predpokladanych tucinkov Fe-Al zluceniny
(bariérovy, resp. existencia tlakovych napdti) na unavové
vlastnosti danej IF ocele budi zamerané dal§ie planované
experimentalne prace.

Autori dakuju grantovej agenture VEGA SR za financnu
podporu tejto prdce, ktora bola realizovana v ramci riesenia
projektu ¢. 2/0195/09.
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— nizkoteplotne vypalovana keramika, HTCC (High Tempe-
rature Cofired Ceramics) — vysokoteplotne vypal'ovana kera-
mika, heterostruktara

1. Uvod

Pri vyuziti vhodnej technoldgie v 3D integracii systémov
zohravaju dolezita ulohu vyrobné naklady, moznosti testova-
nia, hranice spol'ahlivosti, dostupnost komponentov, odvod
tepla a existujuce rozhrania (fyzikalne a informacno — tech-
nické)!. LTCC technoldgia méa vietky atribiity pre aplikaciu v
3D integracii systémov. Tato technoldgia predstavuje proces
kompatibilny s technolégiou hrubych vrstiev. Keramika
LTCC sa vyznaCuje dobrymi mechanickymi a elektrickymi
vlastnostami. Prednost'ou tychto materidlov je ich flexibilita v
surovom stave, nizka teplota vypalu (pod 1000 °C), dobré
elektrické a mechanické vlastnosti a chemicka stalost’, ktora
umoziiuje ich vyuzitie v 3D technoldgiach, v senzorovych
aplikaciach, ako aj v nekonvencne tvarovanych viacvrstvo-
vych $truktarach pre oblast’ elektroniky?®. Pri navrhu topologie
LTCC Sstruktar je potrebné uvazovat so zmr$tovanim
keramiky®. Pri pomerne nizkej tepelnej vodivosti zakladného
materialu — LTCC keramiky (A = 3-4 W m™' K) je integra-
cia vykonovych prvkov do 3D LTCC Struktar problematicka
z dovodu narastu teploty na tepelnom zdroji s moznostou
lokalneho prehrievania okolia tepelného zdroja. Navrhované
konstrukéné  rieSenie  integracie  vykonovych  prvkov
s vyuzitim heteroStruktury LTCC Struktura — HTCC substrat
je zalozend na rozdielnej tepelnej vodivosti pouzitych mate-
ridlov. HTCC substrat plni funkciu chladi¢a, ¢o dava predpo-
klad pre riesenie lokalneho odvodu tepla z LTCC Struktur.

2. Technolégia realizacie heterosStruktiry
LTCC §truktira — HTCC substrat

Pre experimentalne overenie realizdcie heteroStruktury
LTCC struktara — HTCC substrat bola pouzita LTCC kera-
mika Green Tape™ 951 a Green Tape™ 943 s hrubkou
254 pm v kombinacii so substratmi — AL,O; (96 % a 99 %)
a nitrid hlinika AIN. V ramci experimentov sa realizovali
vzorky technolégiou laminacie a volnym ulozenim LTCC
Struktury na HTCC substrat. Vodivé drahy sa realizovali sie-
totlaovou technologiou s pouzitim pasty DuPont HF612 pre
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LTCC Green Tape™ 943 a DuPont 6158 pre LTCC Green
Tape™ 951. Naskladana LTCC Struktura je najprv izostaticky
zlaminovana posobenim tlaku 20,7 MPa pri teplote 70 °C po
dobu 10 mintt. Pri realizacii heterostruktiry pomocou lami-
nacie je samostatne zlaminovana $truktira izostaticky zlami-
novana s HTCC substratom. Pri realizacii heterostruktury
vol'nym uloZenim je samostatne zlaminovana $truktira pred
vypalom vol'ne ulozena na HTCC substrat. Takto pripravené
vzorky su nasledne vypalené v programovatelnej peci so
Standardnym profilom uréenym pre LTCC keramiku. Z vy-
sledkov experimentov vyplyva, ze LTCC keramika Green
Tape™ 951 nie je vhodna na vytvaranie heterostruktur
s HTCC substratmi, nakol’ko nedochadza k spojeniu alebo
dochadza k deformacii LTCC struktary zobrazenej na obr. la.

Z dalsich experimentov vyplyva, ze LTCC keramika
Green Tape™ 943 umoznuje vytvaranie heteroStruktur
s HTCC substratmi. Vol'nym ulozenim doslo k vytvoreniu
hetrostruktar  pri  vSetkych testovanych kombinaciach
s vynimkou kombinacie Green Tape™ 943 — AIN. Ako vyho-
vujuce sa javia kombinacie Green Tape™ 943 — AL,O53 (96 %
a 99 %), obr. 1b. Vzhl'adom na vyssie uvedené vysledky ex-
perimentov sa kvalitativne analyzovala heterostruktira Green
Tape™ 943 — Al,O5 (96 % — A =25 W m™' K™). Vzorky po-
zostavali vzdy z dvoch vrstiev bez vodivych dréh a d’alSich
dvoch, Styroch alebo Siestich vrstiev s vodivymi drahami,
obr. 2. Vrstvy s vodivymi drahami sa skracovali, aby sa za-
bezpecil pristup ku koncom vodivych drah a umoznila sa
kontrola ich funkénosti. Pri vSetkych realizovanych vzorkach,
bez ohl'adu na pocet vrstiev, doslo k spojeniu LTCC Struktary
s HTCC substratom. Na testovacich vzorkach sa kontrolnym
meranim zistilo, ze vodivé drahy na vSetkych vrstvach su
funkéné. Funkénost’ vodivych drah sa posudzovala na zaklade
merania, ktoré ur¢ilo, ¢i nedoslo k ich preruseniu. Na realizo-
vanych vzorkach sa testovala pevnost’ spojenia LTCC $trukta-
ry s HTCC substratom, obr. 4. Testovana vzorka bola postup-
ne zatazovana po 1 N. Vzhl'adom k tomu, Ze sa jedna o novu
technologiu, pre d’alSie experimenty sme definovali dolnt
hranicu vyhovujucej vzorky na 5 N. Sila potrebna na oddele-
nie LTCC struktiry od HTCC substratu bola pre vsetky vzor-
ky v rozsahu 9-11 N. Testovacie vzorky sa taktiez podrobili

2 )

Obr. 1. a) heterostruktira Green Tape™ 951 — ALO; (99 %)
realizovana metédou laminacie, b) hetero$truktira Green Tape™
943 — ALL,O3 (96 %) realizovana vol’nym uloZenim
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Al,O; substrat

Obr. 2. Testovacie vzorky (LTCC Struktira -2 vrstvy bez vodi-
vych drah a 6 vrstiev s vodivymi drahami) a) vzorka po vypale,
b) schematické usporiadanie vzorky, c) rez heteros$truktiry

teplotnym Sokom, pri ktorych dochadzalo k opakovanému
vystavovaniu heterostruktiry zmenam teploty (—20 °C na
100 °C) po dobu niekolkych sekund. Po ich vykonani mali
vSetky vzorky dostatoéni pevnost’ spojenia, t.j. sila potrebna
na oddelenie substratov bola v rovnakom intervale ako pri
vzorkach pred teplotnymi Sokmi.

V ramci nasledujucich experimentov sa na testovacich
vzorkach skiimal nérast teploty na tepelnom zdroji v zavislosti
od technologie realizovanych Struktir. Na vzorkach
s tepelnym zdrojom umiestnenym na LTCC Struktare, obr. 4
bola namerana maximalna teplota tepelného zdroja 85 °C pri
vykonovom zat'azeni 0,9 W.

Na vzorkdch tvorenych heterostruktarou s tepelnym
zdrojom umiestnenym na HTCC substrate, v povrchovej duti-
ne LTCC $truktiry, bola pri vykone 0,9 W namerana maxi-
malna teplota tepelného zdroja 52 °C, ¢o predstavuje pokles
teploty o 33 °C (38,8 %). V tomto pripade dochadza aj k sepa-
racii tepelného zdroja od vyhodnocovacej elektroniky na
LTCC strukture. Namerané priebehy teploty su zobrazené na
obr. 4. Z dosiahnutych vysledkov je mozné konstatovat, Ze
konstrukéné rieSenie lokalneho odvodu tepla z LTCC Strukta-
ry s pouzitim heteroStruktury v urcitych pripadoch poskytuje
vhodné riesenie teplotnych pomerov®.

AL,O, substrat

LTCC &truktara

Obr. 3. Testovacie vzorky a rez heteroStruktiiry a) $tyri vrstvy bez
vodivych drah, b) dve vrstvy bez vodivych drah, Sest vrstiev
s vodivymi drahami
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Obr. 4. Priebehy teploty na réznych typoch vzoriek

3. Konstrukéné rieSenie integracie riadiacej
elektroniky mobilného ministroja
s vyuZitim heteroStruktiry

Technoldgia heterostruktury bola aplikovana pri integra-
cii riadiacej elektroniky mobilného ministroja, ktora pozosta-
va z nasledujicich funkénych blokov — prepajacia Cast’ s vy-
konovymi prvkami (budi¢ motorov a stabilizator), mikropro-
cesorovy blok a senzorovy blok.

Prepéjacia Cast’ je realizovana na baze heteroStruktiry
LTCC struktara — HTCC substrat a je na nej integrovany na-
pajaci zdroj so stabilizatorom napétia a budi¢ motorov. HTCC
substrat zabezpecuje odvod tepla z vykonovych prvkov
a mechanické uchytenie v drazkach podvozku ministroja. Na
LTCC struktare s tvarovanou Castou st umiestnené nasledu-
juce funkéné bloky — mikroprocesorovy blok, blok senzorovej
Casti a perspektivne aj blok pre bezdrotovii komunikaciu pod-
l'a obr. 5.

Pri navrhu LTCC Struktary s tvarovanou Castou sa zo-
hradnili vysledky uvedené v cit.”. Pozadovany uhol ohybu
90° sa dosiahol dvoma samostatnymi ohybmi o 45°.

Pri realizacii prepéajacej Casti sa postupovalo podla krokov
zobrazenych na obr. 6.

Na obr. 7 je zobrazené vysledné kons$trukéné rieSenie
integracie riadiacej elektroniky (SoM). Mobilny ministroj bol
testovany v laboratornych podmienkach s analyzou pohybu

Mikroprocesorovy Vnoreny )
blok vykonovy prvok  Senzorovy blok
(budié motorov,
stabilizator) Piezoslektricky

Tvarovana

HTCC substrat LTCC Struktira

Obr. 5. Rozmiestnenie funk¢énych blokov na prepajacej ¢asti
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wyrezatie zakladného tram
a povrchrch dutin

. Povrchowé duting
na LTCC struktire

Tiarles Prepajanich Dtvordy
medzistvovich prepojend
a odstranerne ketarmiky
'z povrchonrch dutin

wyplnerie medzistvovych
_prep'o_]eni

latnindeia v trarovaco

pripravky

[ skladanic heterodtrulting

vipal

Obr. 7. Kompletne osadena elektronika pre mobilny ministroj

vpred, vzad, otacania sa a pohybovej schémy na vyhybanie sa
prekazkam. V ramci tychto testov sa kontrolovala teplota
vykonovych prvkov umiestnenych na prepajacej Casti. Pra-
covna teplota vykonovych prvkov neprekrocila pozadované
hodnoty.
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4. Zaver

Navrhnuty spdsob vytvarania hetero$truktir pozostava
z nasledujucich krokov — rovinna laminacia LTCC Struktuary,
v pripade tvarovanej LTCC struktury jej laminacia
v tvarovacom pripravku a vypal LTCC S§truktury umiestnenej
na HTCC substrate. V procese laminovania je dolezita kvalita
povrchu tvarovacieho pripravku, ked'ze dochadza ku kopiro-
vaniu vSetkych nerovnosti na povrchu.

Na zaklade ziskanych vysledkov je mozné konstatovat’,
ze navrhovany sposob realizacie heterostruktir je mozné pou-
zit pre kombiniaciu LTCC keramiky Green Tape™ 943
a substratov ALO; (96 %) a AlLOs; (99 %). Z vysledkov je
mozné tiez konstatovat, Ze pouZitie heterostruktur predstavuje
jednu z moznosti rieSenia problémov v oblasti lokalneho od-
vodu tepla z 3D LTCC Sstruktar. Realizacia integracie riadia-
cej elektroniky prezentuje moznost vyuzitia experimental-
nych vysledkov v konkrétnej aplikacii.

Prispevok vznikol na zdklade riesenia grantového pro-
jektu VEGA 1/0108/09.
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This study shows technological solution of 3D integra-
tion systems using heterostructure technology LTCC structure
— HTCC substrate. Heterostructure technology realization
results are analyzed regarding the application of LTCC ce-
ramics and HTCC substrates where possible solution is local
heat dissipation from power elements. Technological solution
has been applied during the integrations of mobile mini-
machine control electronics in a System on Module (SoM)
assembly.
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1. Uvod

Povlaky aplikované technoldgiou ziarového strieckania
predstavuju progres v oblasti tvorby novych funkénych
a ochrannych povlakov. Tato flexibilnd, vysoko kvalitna
a ckonomicka technoldgia umoziiuje optimalne prisposobit’
povrchové vlastnosti sudiastok prevadzkovym podmienkam!.
ZvySuje sa zivotnost’, spolahlivost’ a bezpecnost' suciastok
pri sicasnom zlepSeni ekonomiky daného procesu. Tradi¢né
aplikécie ziarovo striekanych povlakov sa zameriavaji predo-
vetkym na ochranu povrchov®. V sucasnej dobe sa ale obja-
vuju aplikicie vyuzivajuce povlaky ako funkéné povrchy**.
Jednou z moznosti, ako zlepsit' funkéné vlastnosti strojnych
suciastok je pouzitie ochrannych povlakov s lep§imi vlastnos-
tami ako ma zakladny material. Preto prebieha intenzivny
vyvoj novych kombinacii materialov, ktoré umoznia kvalita-
tivne vyssi koncept vyrobkov>®. V réznych oblastiach prie-
myslu st technologie Zziarového striekania nezastupitelné
a zohravaju kI'icovu tlohu pri vyrobe. Ich prakticky dopad na
vyrobu spociva v technickom a ekonomickom zvySovani
uzitkovych vlastnosti, tak v prvovyrobe ako aj v oblasti reno-
vacie.

2. Pouzité materialy a experimentalne metédy

Ako substrat pre aplikaciu keramickych povlakov bola
zvolena konstrukénd ocel’ S235JRG1. Povrch substratu bol
predupraveny tryskanim hnedym korundom so strednym roz-
merom zrna d, = 0,75 mm. Tryskanie sa uskutocnilo na
pneumatickom tryskacom zariadeni tlakom 0,4 MPa.

Mikrogeometria otryskanych povrchov bola hodnotena
na zaklade normy STN EN ISO 4287 parametrami Ra a Rz
dotykovym profilometrom Surftest SJ — 301, Mitutoyo. Na
predupraveny substrat boli aplikované tri druhy keramickych
povlakov technoldgiou ziarového striekania plazmou s plyn-
nou stabilizaciou obluka.

Kazdy skimany povlak bol aplikovany jednak priamo na
predupraveny substrat, a jednak na medzivrstvu kompozitné-
ho materidlu NiCr (83 % Ni + 17 % Cr, zrnitost’ 45 £ 5 um).
Medzivrstva bola aplikovana plameniovym striekanim. NiCr
sa pouziva ako medzivrstva pod ziaruvzdorné materialy, ako
st ALO;, ZrO, a ZrSiO,. ZabezpeCuje vys$Siu adhéziu
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k zakladnému materialu, vyrovnava rozdiely v tepelnej roz-
taznosti (CTE — coefficient of thermal expansion) podlozky
a keramického povlaku. Adhézia aplikovanych povlakov bola
hodnotena odtrhovou skiiskou v zmysle normy STN EN 582.
Odolnost’ povlakov voéi tepelnym cyklom bola hodnotena na
zaklade zmeny adhézie povlakov v procese tepelného cyklic-
kého zat'azovania. Rezim jedného tepelného cyklu bol nasle-
dovny:

1. ohrev vzorky v komorovej elektrickej peci na 1000 °C,
2. vydrz 20 min,
3. ochladzovanie vzoriek ponorom do vody; rychlost

ochladzovania bola 28 °C s™".
Pre spojenie ¢elnych ploch hodnotenych vzoriek s protikusom
pre odtrh bolo pouzité adhezivo CHS Epoxy 1200. Jednooso-
vym tahom boli vzorky zatazované na trhacom stroji ZDM
10/91.

Kvalita  ziarovych  povlakov ~ bola  hodnotena
v podmienkach abrazivneho opotrebenia brodenim vo volne
sypanom abrazive na laboratérnom skuSobnom zariadeni Di —
1. Ako abrazivo bol pouzity hnedy korund d, = 0,75 mm.
Pocas skusky boli vzorky tuplne ponorené v abrazive. Uhol
nabehu abraziva na vzorku bol 75°. Rychlost’ brodenia bola
1,74 m s™'. Cas trvania skasky bol 6 h. Abrazivne opotrebenie
bolo stanovené gravimetrickou metddou na zaklade hmotnost-
nych tbytkov, ako aj na zdklade zmeny hrabky povlakov.
Pomerna odolnost’ voci opotrebeniu je vyjadrena vztahom:

= EV.‘:#.‘.‘] k

PV?:.'."..' Frem

)

ot

kde Wy, mm — hmotnostny tbytok referenéného materialu [g],
Wi, v, — hmotnostny tibytok vzorky s povlakom [g], py, — mer-
na hmotnost’ vzorky s povlakom [g cm’3], Prm — Mernd hmot-
nost’ referenéného materialu [g cm™].

Kvalita povlakov bola hodnotena aj na zaklade ich mik-
rotvrdosti, ktord bola stanovena v prieCnom reze v zmysle
normy STN EN ISO 4516 pri zatazeni 10 g pre zakladny
material a 30 g pre povlaky.

Lomové plochy povlakov boli hodnotené pomocou REM
Jeol JSM 700F.

Materialy pouzité na tvorbu povlakov

A 99 — Korund (0ALO; p=397 ¢ cm™ s teplotou tave-
nia 2040 °C, teplotou vyparovania 2980 °C, CTE00-s00)
=7,8.10°K".

Oxid chromity Cr,0; s teplotou tavenia 2265 °C, p =5,2
g cm” a hodnotou otvorenej porovitosti (OP) 6,2 %,
CTE 0 s00) = 7,2.10° K",

Cr,0; +5 % TiO, (p=422¢ cm™ s teplotou tavenia
2125 °C, CTE 9950, = 7,5.10°K™". Prisada TiO,sluzi na
znizenie porovitosti povlaku a zvySenie odolnosti proti
abrazivnemu opotrebeniu.
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3. Analyza dosiahnutych vysledkov

Drsnost’ zakladného materidlu predupraveného tryska-
nim bola Ra 9,3 um, Rz 63,2 pm, drsnost’ povrchu NiCr me-
dzivrstvy bola Ra 18,2 um a Rz 109,1 pum.

Hrubky jednotlivych povlakov pred a po skuske abraziv-
neho opotrebenia st znazornené na obr. 1. Podstatna zmena
hribky povlakov po skuske abrazivneho opotrebenia bola
zaznamenana pri povlakoch Al,O; a Cr,05+ 5 % TiO,. Naj-
menSia zmena hrubky bola dosiahnutd pri povlaku Cr,0;.
Pridanim TiO, do matrice na baze Cr,O; nedoslo
k predpokladanému zlepseniu odolnosti voc¢i abrazivnemu
opotrebeniu.

Pomerna odolnost’ proti abrazivnemu opotrebeniu pre
jednotlivé druhy povlakov je uvedena na obr. 2.

Testované povlaky dosahovali vel'mi podobné hodnoty
pomernej odolnosti proti abrazivnemu opotrebeniu. Najvyssiu
pomernu odolnost’ z hodnotenych povlakov vykazoval povlak
Cn0; (y = 1,02).

Mikrotvrdost’ zakladného materialu bola 102 HVO0.3.
Najvyssie hodnoty mikrotvrdosti dosahoval Cr,O; povlak
(1268 HVO0.3), nizsie Cr,0; povlak dopovany 5 % TiO, (1218
HV0.3) a najnizsie hodnoty povlak Al,O; (1062 HVO0.3).
Odolnost’ povlakov proti tepelnému cyklickému zatazeniu
bola hodnotend na zaklade hodnotenia zmeny pril'navosti
povlakov. Vzorky boli cyklicky tepelne namahané az
do porusenia suvislosti povlakov. Po 3, 5 a 8 cykloch bola na
vzorkach s neporusenym povlakom hodnotena adhézia odtr-
hovou skuskou prilnavosti jednoosovym tahom. Vysledky
hodnotenia pril'navosti povlakov aplikovanych bez medzivrs-
tvy st uvedené na obr. 3.
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Obr. 1. Grafické znazornenie zmeny hribky povlakov v désledku
opotrebenia’
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Obr. 2. Pomerna odolnost’ proti abrazivhemu opotrebeniu pre
jednotlivé druhy materisloy’
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Obr. 3. PriPnavost’ povlakov bez medzivrstvy Nicr®

Povlak Al,O3 vydrZal bez porusenia 5 tepelnych cyklov.
Daldie tepelné zataovanie viedlo k jeho destrukcii
a odlupovaniu. Povlaky Cr,03 a Cr,03+ 5 % TiO, odolali az
8 tepelnym cyklom, pricom vyssiu prilnavost’ po cyklickom
zatazovani vykazoval povlak Cr,0;. Vysledky hodnotenia
prilnavosti povlakov s NiCr medzivrstvou st uvedené na
obr. 4.

Vychodiskova adhézia povlakov bez a s aplikovanou
medzivrstvou bola priblizne rovnaka.

Vplyv medzivrstvy sa prejavil az v podmienkach cyklic-
kého tepelného zat'azovania. Hodnota adhézie po tepelnom
cyklickom namdahani bola vyS$Sia u vSetkych hodnotenych
povlakov aplikovanych na medzivrstvu. Povlaky bez dilatac-
nej medzivrstvy vydrzali bez poruSenia celistvosti niz§i pocet
cyklov a uz v pociatocnych fazach experimentu dosahovali
niz§ie hodnoty adhézie. V priebehu cyklického zatazovania
pri povlakoch aplikovanych bez NiCr medzivrstvy dochadza-

12 1408 C1A1203 + NiCr
i 0 359 85 w203 + NIt
= 10 B
[ | 8,12 BCE203 » 5% TIOZ + Mt
a
3 | 639554 652
¥ ° asf521 5348
g4 | [ 3,62 342 35
) uzl—]
B 4 | r
04 _ . | ! : B
vychodzia 3 5 8 10
prifnavost’

potet tepelnych cyklov

Obr. 4. PriPnavost’ povlakov s medzivrstvou NiCr®

Obr. 5. Povlak Al O3

Obr. 6. Detail lomu povlaku
ALO;
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lo vzhl'adom na rozdielnu hodnotu CTE zékladného materialu
a keramického povlaku k lokalnemu a nasledne k celkovému
poruseniu a oddeleniu povlakov od zakladného materialu.

Stcastou experimentu bola aj mikroskopickd analyza
povlakov. Na obr. 5 az 10 st dokumentované lomové plochy
povlakov.

Stavba povlaku Al,O; je typicka pre ziarovo strickané
povlaky. Je vyrazne heterogénna, pozostavajica z jednotli-
vych diskov roznej velkosti a tvaru. Na lomovej ploche po-
vlaku, obr. 6, vidiet' typicka sendvi€ova Struktaru s relativne
nizkou pérovitost'ou. Tvar Castic sved¢i o dostatoénom preta-
veni nandSaného prasku. Vplyvom tepla doslo k sferoidizacii
Castic v dosledku povrchového napitia taveniny. Po dopade
taveniny na substrat doslo k jej deformacii a vytvoreniu vrst-
vy vzajomne sa prekryvajucich plochych diskov.

Obr. 7. Povlak Cr,0; Obr. 8. Detail lomu povlaku

Cl‘zO;;

Na lomovej ploche povlaku Cr,0;, obr. 7 a 8, je mozné
pozorovat’ vyskyt porov a necelistvosti. Pri aplikacii povlaku
doslo k nataveniu ¢astic a vzniku kompaktnych celkov.

Obr. 9. Povlak Cr;03 +5 %
TiO,

Obr.10. Detail lomu povlaku
Cl‘203 +5% TiOz

Na obr. 10 a 11 je lomova plocha povlaku Cr,O; dopo-
vaného 5 % TiO,. Povrch povlaku je ¢lenitejsi v porovnani
s predchadzajicimi typmi povlakov. Na lomovej ploche,
v suvislych splatoch bolo mozné sledovat’ mnozstvo malych
porov a dutin. Pri hodnotenych povlakoch neboli pozorované
vyrazné rozdiely ich vniitornej stavby. Boli pozorované Casti-
ce, ktoré vznikli ako odstreky z natavenych castic, ¢o negativ-
ne ovplyviiuje adhézne vlastnosti vytvorenych povlakov.

4. Zaver

Na zaklade realizovanych experimentov je mozné pre
skimané typy povlakov definovat’ nasledujuce zavery:

Predaprava povrchu tryskanim pomocou ostrohranného
tryskacieho prostriedku — hnedy korund, vytvara vhodnu mik-
rogeometriu povrchu pre dokonalé ukotvenie nandSanych
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povlakov, vyssia drsnost’ poskytuje lepSie predpoklady pre
vznik tzv. klinovych® spojeni keramického povlaku
a zakladného materialu.

Najvyssiu odolnost’ voci pdsobeniu abrazivneho opotre-
benia pri skuske brodenim vykazoval povlak Cr,0s.

Najvyssie hodnoty mikrotvrdosti boli namerané pri po-
vlaku Cr,0;. Prisada TiO, v materiali Cr,O; zvySuje hutnost’
povlaku, av§ak v podstatnej miere neznizuje jeho tvrdost’, ¢o
potvrdili aj merania mikrotvrdosti.

Najvyssiu odolnost’ proti cyklickému tepelnému zat'azo-
vaniu vykazovali povlaky s NiCr medzivrstvou, ktora dispo-
nuje vhodnou mikrogeometriou povrchu a umoziuje vel'mi
dobrt adhéziu keramického povlaku. Vsetky skiimané povla-
ky je mozné hodnotit’ ako vhodné pre tcely cyklického tepel-
ného zat'azovania do 1000 °C pri pouziti NiCr medzivrstvy na
zniZzenie rozdielov koeficientov tepelnej rozt'aznosti.

Prispevok bol spracovany v ramci grantového vedeckého

projektu VEGA ¢. 1/1/0510/10.
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J. Brezinova, J. Vinas, A. Guzanova, (Technical univer-
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tment of Technology and Materials, Slovakia): Evaluation
the Quality of Ceramic Coatings in Tribological and Cy-
clic Thermal Loading Conditions

The article deals with assessing the quality of the three
types of ceramic coatings: Al,O;, Cr,O; and Cr,O; + 5 %
TiO, applied on mechanically pre-treated substrate directly
and on the NiCr interlayer. Microhardness of all coatings was
high — the hardest coating was found Cr,O;, which, as ex-
pected, will provide the highest wear resistance. Wear of the
coatings was evaluated by changing the thickness and also by
coating weight loss after wading in the free abrasive agent.
Cr,05 coating showed the highest wear resistance in abrasive
conditions. Coatings applied on interlayer showed higher
resistance against thermal cyclic loading than coatings applied
without the interlayer. The highest resistance in thermal cyclic
loading conditions showed again Cr,0O; coating. Therefore it
can be recommended for using in conditions with abrasive
wear and significant repeated temperature changes.
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2. Experimental material and method

Two deep drawing steel sheets, with 3 mm thicknesses

1. Introduction were used for the experiment:
— OK material conform to the standard,
Low ratio of yield stress and ultimate tensile strength, — NOK material causing some problems in technology, cracks
Ro/R,,, guarantee good plasticity and drawability.' occurred during deep drawing of compressor cover’, Fig. 1.

With growing both yield stress and ultimate tensile
strength decrease characteristics of plasticity: elongation,
plastic strain ratio, r, and strain hardening exponent, n. For
low carbon steels and for many structural alloys the exponen-
tial relationship between stress ¢ and strain ¢ exists under
tensile loading condition.”

o =cp’ 1)
Similarly
logo=1logc+nloge 2)

¢ — constant, n — strain hardening exponent.

Plasticity of the sheet can be expressed by:
—  yield strength/ultimate tensile strength ratio (R¢/Ry,) Fig. 1. Crack on the compressor cover
—  strain hardening
—  uniform and total elongation
—  anisotropy of plastic behaviors

The higher the value of strain hardening exponent, the
better formability of material’. Strain hardening exponent
expresses capability of metal to resistance against non-
uniform deformation and indicates suitability for deep draw-
ing of steel sheet. The exponent is becoming greater with
increasing the grain size and decreasing the yield stress. In the
first approximation, it is possible to evaluate it from two
points of the stress-strain diagram. Higher value of the expo-
nent means better formability®.

The flat test specimens were produced from the steel
sheet perpendicularly to the rolling direction with 20 mm
width and 80 mm length.

On the surface of specimens were deposited contrast
dots, Fig. 2. Experimental specimens OK and NOK were
compared each other: (i) by commonly used mechanical prop-
erties and (i) in the small (local) and large (global) area taken
for strain measurement. The large (global) area represents
a grid with 3x4 dots in the centre of specimen with 7 mm
distance between dots, Fig. 2a. The small (local) area is a grid

Another indicator of plastic behaviors is plastic strain with 19x6 dots with 1 mm distance between dots, Fig. 2b.
ratio — r. Plastic strain ratio represents relation between width For strain evaluation, a grid with 6x6 dots was selected. De-
and thickness strain in the area of uniform deformation. formation characteristics were measured using a contactless

videoextensometry technique for displacement measurement.
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a) Specimen with dots, 7 mm distance between dots

b) Specimen with dots, 1 mm after test

Fig. 2. Specimens with deposited contrast dots before and after
test

3. Results

For both steel sheets OK and NOK and for both grids,
local and global, the results were obtained. The material NOK
has higher strength and lower ductility comparing with OK.
Some differences were observed in the microstructure, where
the difference between steels is in content of carbide, Fig. 3.
Measured mechanical properties are in Tab. 1.

3.1. Metallographic analysis

The metallographic analysis showed differences between
both steels, Fig. 3. Microstructure of OK specimen contains
low portion of carbide distributed between ferrite grains. In
the microstructure of NOK specimen low portion of pearlite
was observed.

3.2. Plastic strain ratio

Course and trend of plastic strain ratio is different for
local and global area, Fig. 4. While in the global area the de-

Table I
Mechanical properties of the steels, tensile testing

Mark R,0,2 Ren Rm Agp
[MPa]  [MPa]  [MPa] [%]
OK 199 315 41
NOK 238 341 34
a b

Fig. 3. Microstructure of steels, a) OK 90 , b) NOK 90
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Fig. 4. Progress of plastic strain ratio in dependence on true strain

pendence r — true strain is less affected by the strain, Fig. 4,
the local measured values strongly depends on the strain.

3.3. Strain hardening exponent

Strain hardening exponent was established for each
specimen from the logarithmic stress — strain diagram, Fig. 5.
Strain components were evaluated continuously during tensile
test and for every distance between two dots in the grid. Trend
of the exponent is in Fig. 6 where strain hardening (Rc—Ry,
interval) corresponds to the straight line marked in Fig. 5.

Strain hardening

log true stress

log true strain

Fig. 5. Diagram log ¢ — log ¢
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Strain hardening exponent was monitored in the area of
uniform deformation, it is growing over the yield stress, going
from 0,03 up to R,. However, the exponent begins to de-
crease 0,05 true strain before reaching R, Fig. 6.

4. Conclusions

Mechanical properties of two materials the same grade
for compressor cover are slightly different: material which did
not cause problems during deep drawing has lower both R,
and R, and higher elongation comparing with the material
which caused some problems in production technology, where
cracks occurred during deep drawing on the compressor
cover. The differences are about 30 MPa. The videoexten-
sometry technique for non contact strain measurement allows
to monitor the deformation process during tensile testing and
so the obtaining the course of plastic strain ratio, r, and strain
hardening exponent, n. Going from true strain = 0,07 up the
strain ratio is decreasing for both materials, measured in local
and global area. The strain hardening exponent, n, is increas-
ing, n = 0,21-0,27, in the interval for the true strain up to just
before reaching R,,. The material not causing cracks during
deep drawing has higher value of strain hardenieng exponent
n, whereby the values measured in local area are lower values
measured in global area.

This work was supported by the APVV Project No. APVV
—0326-07.
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Two steel sheets used for deep drawing of the compres-
sor cover were investigated using the videoextensometry tech-
nique for strain monitoring during tensile test. The material
causing cracks during deep drawing has higher both yield
stress and strength and lower ductility comparing with mate-
rial without problems in technology. The strain hardening
exponent n is increasing in the strain interval up to just before
R,,, while the values measured in local area were lower than
values measured in global area. The plastic strain ratio is de-
creasing for both materials measured in local and global area.
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1. Introduction

Silicon nitride is the promising materials for high tem-
perature application because of their excellent high tempera-
ture strength, creep behaviour, oxidation and thermal shock
resistance. The strong and directional covalent bonding be-
tween Si and N makes the formation of fully dense bulk mate-
rials possible only with the aid of sintering additives promot-
ing liquid phase sintering. However, after cooling liquid phase
usually retained as glassy or partially crystalline intergranular
phases at three- and two- grain junctions'”. At higher tem-
peratures intergranular phases along Si;N, grains soften and
thus decrease the strength, creep resistance and promote oxi-
dation. The aim of the technology is to obtain intergranular
glass compositions, which are susceptible to crystallisation
into a high refractory phase. It has been shown that by using
rare-earth oxides as sintering additives, the high temperature
mechanical properties of silicon nitride can be improved due
to higher refractoriness of the residual intergranular phases’.
The replacement of the MgO additive with Y,03; or Yb,0;
increased the creep resistance by several orders of magnitude®.

One of the ways of further improvement of the high
temperature mechanical properties is the incorporation of SiC
particles into silicon nitride matrix. The improvement of the
properties is related to a change of morphology and size of
grain, structure and chemistry of intergranular phase and dis-
tribution of nano-sized particles. It has been reported that
when 20 % SiC was added to silicon nitride the strength of
about 1000 MPa was observed at 1400 °C in air’. The excel-
lent oxidation resistance for Si;N,—SiC nanocomposites com-
pared with monolithic silicon nitride was reported in®. Creep
rate of the nanocomposite is up to one order of magnitude
lower than that of the reference monolithic Si;N, material’.

Components to be properly applied in high temperature
need to have also high resistance to thermal shock. During
thermal shock, transient thermal stresses build up in the mate-
rial can become large enough to induce damage, such as mi-
crocracks or macrocracks® or even total failure of ceramic
component/part. Due to covalent bonding Si-based ceramics
such as silicon carbide and silicon nitride exhibits low thermal
expansion coefficient and high thermal conductivity, and
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therefore a high resistance to thermal shock®'’. Investigation
of the behaviour of Vickers indentation cracks under quench-
ing condition has raised interest due to their simplicity to
estimate thermal shock resistance. The advantage of indenta-
tion-quench method developed by Andersson and Rowcliffe'!
is easy preparation of experimental samples and small num-
ber of samples required for a series of measurements at differ-
ent temperatures.

The thermal stress crack initiation and propagation behaviour
of ceramics is evaluated by two thermal shock resistance
parameters'. The resistance to initiation of crack is expressed
by parameter R:

R = o(1-v)/aE=AT (1)

where o is the tensile strength, E is the Young's modulus, o is
the coefficient of thermal expansion and v is the Poisson's
ratio. Higher R represents a greater resistance to the initiation
of fracture during rapid quenching. The second parameter is
the resistance to the propagation of crack expressed by R

(5o >

G}“
which described the resistance to catastrophic crack propaga-
tion under a critical temperature difference.
The aim of this work is to study and compare the relative
thermal shock resistance of two silicon nitride based materials
by using an indentation quench method.

2. Experimental materials and procedure

The material was prepared by densification of SizN4 /
Y,05 / C / SiO, starting mixture with weight fractions of
93.23 % /4.91 % /0.43 % / 1.43 %, respectively. Green discs
were then embedded into a BN powder bed and positioned
into the graphite uniaxial die. Samples were hot-pressed un-
der a specific heating regime, atmosphere and mechanical
pressure regime at 1750 °C and 30 MPa for 2 hours in order
to produce composite with 5 wt.% of SiC particle. The in-situ
reaction of carbon with SiO, in SizNy is a cheap and simple
way how to produce the SizN,;-SiC micro-nanocomposite.
The details of fabrication were published elsewhere'®. Beside
of composite material also monolithic gas pressure sintered
silicon nitride with additives ALOs; (3 wt.%) and Y,03
(3 wt.%) was tested. Thermal shock resistance tests were
performed on samples with six non-interacting Vickers in-
dents. Bars with the dimension of 25x4x3 mm® surface-
polished with 1 pm diamond suspension were indented by
Vickers indenter at load of 98.1 N. Indents with radial cracks
aligned parallel to both edges are illustrated in Fig. 1. The
indented specimens were heated at predetermined tempera-
tures in air. The temperature was held at a specified maxi-
mum for 20 min, and then specimens were quenched in water
at room temperature. The lengths of radial crack, 2a, were
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Fig. 1. Sketch of indented sample for thermal shock resistance test

measured by optical microscope. The procedure was repeated
at increasing quench temperatures AT, up to the critical value
AT, at which radial crack becomes unstable and the specimen
failed. Here we should point out that valid thermal shock test
is only with the actual component in the condition encoun-
tered in service. Simplified test was used as a relative com-
parison between studied materials.

In Tab. I is summarised the basic mechanical and ther-
mal properties of studied materials.

Table I
Some of the properties of studied materials

SizNy Si3N,-SiC
Density [g/cm’] 323 (99 %) 3.21 (98 %)
Young’s modulus [GPa] 308+ 14 321+ 11
Fracture toughness [MPam'?] ~ 5.80+0.38  3.75+0.53
4-point bend strength [MPa] 870 678
Thermal expansion coeffi- 3.6:107° 3.8-107°

cient 25-1200 °C [°C™']

3. Results and discussion

The experimental results of indentation thermal shock meas-
urement are summarized in Fig. 2, where radial crack evolu-
tions of the both ceramic materials with increasing quench
temperature are shown. Despite the relatively large scatter of
the data, a clear trend is observed. For both materials three
different areas characterized the crack evolution after quench-
ing were observed: I) initial insignificant growth of radial
cracks with increasing AT (up to AT ~ 350 °C for Si;N, and
up to AT ~ 300 °C for SizNy4- SiC) is attributed to relaxation of
residual indentation stresses; II) stable extension of radial
crack (from AT ~ 350 °C to AT~ 400 °C for SizN4-SiC and
from AT ~ 300 °C to AT ~ 450 °C for SizN4-SiC), regime with
stable crack growth is due to the combination of thermal
stresses from the quenching and residual stresses from the
indent, IIT) unstable extension of radial crack — where the
stress intensity factor at the tip of crack overcome the critical
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Fig. 2. Growth of radial crack with increasing quench tempera-
ture

value for the catastrophic crack propagation. A critical tem-
perature AT, when the specimens failed is 500 °C for SizN,
and 450 °C for SizN;-SiC. Indentation crack reached instabil-
ity at AT first in the longitudal direction (parallel to the long
specimen edges). Fig. 3 shows the Vicker’s indents of mate-
rial Si3N4-SiC before quench test and after failure at quench
temperature 450 °C.

From the equation (/) is clearly visible that the thermal
shock resistance can be improved by the increase of fracture
strength and by the decrease of Young’s modulus and coeffi-
cient of thermal expansion. In the present investigation incor-
poration of the secondary phase SiC with higher elastic
modulus and also thermal expansion coefficient should lead
to the assumption of the lower thermal shock resistance com-

a

Fig. 3. Vicker’s indent of Si;N;-SiC before quench test a) and
after quench test at 450 °C b)



Chem. Listy 105, s580—s582 (2011)

Fig. 4. Fracture surface of monolithic silicon nitride a) and Si;N,-
SiC composite b)

pared to monolithic silicon nitride. If the addition of SiC leads
to decrease of fracture strength (see Table I), material Si;N4-
SiC shows decrease of the resistance to crack propagation
under thermal shock.

From the length of radial crack in Fig. 1 is visible that
the growth of crack in the monolithic silicon nitride is slower
compare to composite Si;N,-SiC. This is caused by the tough-
ening mechanisms which are active in the coarser microstruc-
ture of monolithic SizNy4. Fig. 4 shows the fracture surface of
both studied materials. In monolithic Si;N, with coarser grains
pull-out and deflection were present as toughening mecha-
nisms. Such crack bridging mechanisms are not active in the
finer microstructure of nanocomposites. Present toughening
mechanisms of monolithic silicon nitride enhanced the ther-
mal shock resistance. Together with the higher strength, frac-
ture toughness and lower Young’s modulus results in better
thermal shock resistance compare to composite Si3N,-SiC.
Although the incorporation of SiC particles into silicon nitride
matrix increase the creep and oxidation resistance, slight deg-
radation of critical quench temperature and hence the resis-
tance to thermal shock was observed.

5. Conclusions

The critical quench temperature of hot pressed composite
Si3N,4-SiC and monolithic gas pressure sintered silicon nitride
was estimated. Lower thermal shock resistance of Si;Ny-SiC is
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caused by the presence of SiC whose higher Young modulus
and higher thermal expansion coefficient compare to Si;Ny4
degrade the thermal shock resistance. Finer microstructure of
composite has also the negative influence on the indentation
thermal shock resistance. In spite of theoretical consideration
the experimental results show only slight (about 50 °C) de-
crease of value of critical quench temperature.

The work was supported by the Slovak Grant Agency
project No. 2/0156/10, LPP-0203-07 and by Centrum of Ex-
cellence NANOSMART.
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The critical quench temperature of composite SizN4-SiC
and monolithic gas pressure sintered silicon nitride was esti-
mated by indentation technique. Work explains the decrease
of thermal shock resistance of composite material compare to
monolithic SizN4. The degradation of composite can be attrib-
uted to the thermo-elastic properties of composite and also to
the mechanical properties such as fracture toughness and
strength. The refinement of microstructure makes toughening
mechanisms such as crack bridging and pull-out of grain
inactive and degrades the thermal shock resistance.
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1. Introduction

Titanium and Nickel based alloys are widely used in
different brunches of industry. However, machining of them
is complicated due to the formation of long chips and low
heat conductivity, which results in rapid tool wear. Ni based
alloy 625 has constant phase constitution in range of the ap-
plication temperatures' ™.

At room temperature, pure titanium has a hexagonal
close packed (hcp) structure called o-phase. At high tempera-
ture (882 °C), the hcp structure transforms to the body centre
cubic (bcc) B-phase (high temperature phase). However, the
room temperature stabilised B-phase due to the structural
properties has much better machinability. In addition, it can
be heat treated to obtain wide range of strength levels. Both of
these properties allow producing products with higher accu-
racy at significantly lower production costs. In Ti-15V-3Al-
3Sn-3Cr, a metastable -alloy, vanadium and chromium stabi-
lize the PB-phase, whereas aluminium stabilizes the o-phase
and tin is not influencing the B-transus temperature. Hence,
Ti-15V-3Al1-3Sn-3Cr can consist of 100 % B-phase if water
quenched or air cooled from temperature above [-transus
temperaturel"“(’.

Turing is a common operation in machining if rotation-
symmetric parts have to be produced. During turning of
Ti15V3AI3Sn3Cr and Alloy 625, long chips are produced so
that the cutting operations need to be interrupted to remove
the chips from the process zone. In addition, low heat conduc-
tivity of both alloys leads to rapid tool wear"***. The chip
formation process needs to be analysed and completely under-
stood to design both material and machining conditions and
thus to improve the machinability, leading to the reduction of
the final part price.

In the present study, orthogonal cutting experiments on
Ti-15V-3Al1-3Sn-3Cr and Alloy 625 are performed to investi-
gate the chip formation process.
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2. Material preparation
2.1. Ti-15V-3Al1-3Sn-3Cr

The Ti-15V-3Al-3Sn-3Cr alloy was prepared in the form
of ingots with 7 cm diameter by GfE GESELLSCHAFT FUR
ELEKTROMETALLURGIE MbH Company. Chips from
three states of materials were analyzed: as-casted state, an-
nealed state (at 790 °C for 30 minutes and air cooled) and
aged state (790 °C for 30 minutes and air cooled, 565 °C for
16 hours and air cooled).

Chips were cut orthogonally, what means that the tool
had contact only with the material from which
a particular chip was directly formed (Fig. 1).

Fig.1. Left: Visualization of ingot prepared for orthogonal cut-
ting, Right: workstation for chips formation

Five different speeds (10, 20, 40, 60, 80 m min’l) and
three depths of cut (0.05; 0.1; 0.15 mm) were used. A new
tool (TiN coated) was used for every new cutting

2.2. Alloy 625

The alloy was prepared by ThyssenKrupp VDM in 7 cm
diameter bars. Chips were analyzed only in as-received state.
Chips were cut orthogonally (Fig. 1). Six different speeds
(40, 80, 120, 160, 200, 300 m min™") and three depths of cut
(0.05; 0.1; 0.15 mm) were used.

2.3. Preparation

From the obtained chips 5 to 10 mm pieces were cut and
embedded at high pressure and high temperature machine. All
the specimens were grinded and polished with the OPS 0.05 pm
suspension mixed with Hy0, for removal of the oxidation
layer. The etching process was performed with KROLL solu-
tion. Metallographic cuts, prepared by the above procedure,
were investigated by optical microscope. For scanning elec-
tron microscopy observation (Jeol JSM-7000F) the surface of
each specimen was covered by thin layer of gold (few nm) to
ensure conductivity and to reduce overcharging effects.
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3. Results and discussion
3.1. Ti-15V-3Al1-3Sn-3Cr

A cutting parameter dependent change from continuous
chip formation showing a constant chip thickness to seg-
mented chip formation process has been observed, where the
single segments are separated by shear bands (inhomogeneous
deformation) (Fig. 2).

Strong lines of flow are visible in the secondary shear
zone, the contact area between tool and chip, in both cases.
For higher cutting speeds (40 m min™' and more) clear seg-

Fig. 2. Optical microscope pictures of Ti-15V-3A1-3Sn-3Cr chips.
Left: Continuous regime, Right: Segmented regime

Average height of chip [mm]

T R0 R 0 .00 %, 0 A SR 05 R .
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Fig. 3. Top: Chip height in dependence of the cutting speed
a strong chip compression is observed. Bottom: The shear angel
increases with increasing cutting speed and depth
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mentation is visible. For low cutting speeds (10 and 20 m min™")
there is not clearly localized deformation. The transition
speed for regime change is 20—40 m min .

Both, the average height of the chip and shear angle
(angle between primary share zone and secondary share zone)
were measured. Fig. 3 shows an example selected for chips
from the as-received state. For the depth of cut of 0.05 mm
the average height of the chip is more than 0.1 mm. Assuming
that the chip is in constant volume, its compression ratio is
about 200 %. Similar results are observed for cutting depths
0.1 mm and 0.15 mm. The shear angle slightly increases with
increasing cutting speed, additionally, a small increase is ob-
served with increasing depth of cut (Fig. 3, right).

Fig. 4 shows SEM pictures of shear zone. Fine micro-
structures in nanometer range are visible. Moreover clear
border between shear zone and the segment proves that defor-
mation occurs without influencing segment area (Formation
of the shear zones is much faster that the chip formation — one
does not influence the other).

Fig. 5 shows top-down view of the segments. Inho-
mogenity in the width of separate segments can be observed
(Fig. 5, top). For heat treated states of the material this inho-

Fig. 4. SEM picture of secondary shear zone. Fine structure in
nanometer range is visible

Fig. 5. Top-down view of the chips. Top: Inhomogenity in width
of separate segments on example for as-received (left) and aged
(right) state. Bottom: Subsegmentation of separate segments for
chips formed with low cutting speeds (left), and comparison of
solid segment for high cutting speed (right)
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mogenity increases. Additionally, for low cutting speeds sub-
segmentation of separate segments can be observed.

3.2. Alloy 625

In case of Alloy 625 the same transition between the two
main regimes is observed. For the cutting speeds from 40 to
80 m min™' continuous regime is observed. For cutting speed
120 m min™" and higher segmentation is visible (Fig. 6). Aver-
age height of the chips and shear angle of the Alloy 625
shows the same results as for the titanium alloy, discussed
above. The width of the separate segments is also inhomoge-

neous.

Fig. 6. Optical microscope pictures of Alloy 625 chips. Left: Con-
tinuous regime, Right: Segmented regime

4. Conclusions

During metal cutting of Ti-15V-3A1-3Cr-3Sn and Alloy
625 different kinds of chips are formed. Two regimes have
been observed: continuous regime, in which no localized
deformation is visible (homogenious deformation); and seg-
mented regime, in which clear segments are separated by
nanostructured shear zone. For Ti-15V-3Al1-3Sn-3Cr, the
transition speed leading to a change of chip formation mecha-
nism was found between 20 m min™' and 40 m min~'. For
Alloy 625 this speed is between 80 m min™" and 120 m min™".

After observation of top-down view of analyzed chips,
one can conclude that: The chip formation process (in or-
thogonal cutting) is unstable and inhomogeneous. Heat treat-
ment (in case of titanium based alloy) increases further inho-
mogenity of separate segments formation.

Scanning electron microscopy proved nanometer sized
grains in shear zones structure and clear border between the
shear zones and the segments. Nanostructure is caused by
very high deformation localized in narow shear zone followed
by local rise of temperature reaching even 1000 °C through
the formation®. Recrystalization occurs and the whole process
of shear zone formation is faster than chip formation itselfs.
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Titanium and Nickel based alloys, like Ti-15V-3A1-3Sn-
3Cr (a precipitation hardened B-titanium alloy) and Alloy 625
are widely used in aerospace applications. Their machining,
however, is difficult and expensive as their machinability is
extremely poor. A thorough understanding of the chip forma-
tion process is needed to improve related metal cutting opera-
tions.

The aim of this article is to present the microstructure of
Ti-15V-3Al1-3Sn-3Cr and Alloy 625 chips prepared by turn-
ing. Titanium chips from different temperature states were
analyzed and compared: as-received, solution treated and
aged. Chips were obtained in different speeds with different
depths of cut. The microstructure was analyzed by means of
optical and electron microscopy. During the experiments,
depending on the cutting conditions, continuous or segmented
chips were formed. Narrow, highly deformed and grain ori-
ented zone, so-called “shear zone”, separated individual seg-
ments. Different materials properties have been observed in
shear zones and the segments.

The results of the chips analyses have finally been used,
to develop free-machining alloys.
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1. Introduction

The Ti-15V-3Cr-3Al1-3Sn alloy (or Ti-15-3) is a solute-
rich B-titanium alloy, developed primarily to lower the cost of
titanium sheet metal parts by reducing processing cost
through the capability of being strip producible and its excel-
lent room-temperature formability characteristics. The stabili-
zation of fB-phase is done by addition of vanadium and chro-
mium, while aluminium is a o-phase stabilizer. In addition,
aluminium, vanadium, chromium and tin as alloying elements
increase the mechanical properties of the titanium alloy. Tita-
nium alloys can also be aged to attain a wide range of strength
levels to meet the requirements of a variety of applications, in
many cases replacing hot-formed Ti-6Al-4V and reducing the
prize of the final product'”.

The mechanical behaviour of materials at high strain
rates differs considerably from that observed at quasi-static or
intermediate strain rates. During the production of semi-
finished parts, several deformation steps (e.g., rolling or forg-
ing) are necessary, leading to different microstructures and
properties especially at the rod ends. The aim of this work is
therefore to investigate the microstructure-property relation-
ships of solution treated Ti-15V-3Cr-3Al-3Sn exposed to
deformation at different strain rates.

2. Experiment material

For the experiments, a solute rich B-titanium Ti-15V-
3Al-3Cr-3Sn was annealed at 790 °C for 30 minutes and
cooled to room temperature in air. Samples of the Ti-15V-
3Cr-3Al1-3Sn alloy were electro discharge machined to cylin-
ders with a diameter of 8 mm and a length of 6 mm. The speci-
mens were deformed at three different strain rates, 10°s7, 157!
and 10°s™".

Split Hopkinson Pressure Bar (SHPB) is the most widely used
technique for conducting high strain rate tests in the range of

s586

10% to 10*s™". The compression test apparatus consists of two
slender bars, between which the small cylindrical specimen is
sandwiched. The actual test is performed by impacting a
striker bar to the free end of the first (incident) bar and by the
consequent travel of the elastic stress pulse through the speci-
men, deforming it at a high rate. For the current research, a
SHPB device with Maraging steel (YS ~ 1850 MPa) pressure
bars at the Department of Materials Science of Tampere Uni-
versity of Technology was used. Low strain rate tests were
conducted on standard 100 kN servohydraulic testing ma-
chines Instron 8800 and MTS 810 (ref**).

After the test, samples were embedded in Polyfast em-
bedding powder (Struers) and metallographic cuts were made
by the following procedure: wet grinding of the samples using
silicon carbide papers with water down to grit size P2500,
followed by fine polishing with diamond, particle size 1 pum,
and rinsing with oil. To remove the surface oxide layer, the
samples were finally polished by a mixture of OPS (grain size
0,06 pm, Sommers company) and hydrogen peroxide 2:5.
Finally, the samples for metallographic observation were
etched in the Kroll reagent (100 ml of H,O, 6 ml of HNO;,
3 ml of HF).

The general microstructures were studied by means of
optical microscopy (Olympus GX 71), while the microstruc-
tural details were investigated by a scanning electron micro-
scope (JEOL JSM LV-5600). The microstructures of de-
formed specimens were compared with an undeformed as-
prepared sample (in figures marked as “ref”). From the micro-
graphs the grain sizes and shapes were determined by analyti-
cal software Image]®. Hardness measurements were carried
out by a Vickers hardness tester Heckert 309/54. The condi-
tions for all hardness measurements were the same, i.e., an
indentation load of 10 kg was applied for 10 seconds.

High-energy X-ray diffraction measurements were per-
formed at HASYLAB at DESY (Hamburg, Germany) on the
experimental station BWS using monochromatic synchrotron
radiation of 100.6 keV (A = 0.12327 A). The samples meas-
ured at room temperature were illuminated for 10 seconds by
a well collimated incident beam of 1 mm? in cross-section.
XRD patterns were recorded using a 2D detector (mar235
Image plate) in symmetric mode. The obtained XRD patterns
were integrated to the scattering angle-intensity space by us-
ing the program Fit2D (ref.?). Phase analysis was performed
by the CMPR (with database Logic)” and lattice parameter
refinement by the PowderCell® computer programs.

3. Results
3.1. Optical and Electron Microscopy

The microstructures of Ti-15-3 specimens deformed at
strain rates, 0.001 s™', 1 s' and 1000 s™" are shown in Fig. 1 in
Fig. 2. There were observed no significant changes in micro-
structure of specimens deformed at strain rates 0.001 s~ and
1 s' compare to the undeformed state. The specimen de-
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Fig. 2. Details in the microstructure of solution treated Ti-15-3 deformed at strain rate 0.001 s a), 1 s b) and 1000 s™ ¢)

Table 1
Average grain size of deformed specimens

Strainrate [s']  undeformed  0.001 1 1000

Grain size [pum] 178 168 169 168

formed at the strain rate of 1000 s™' shows significantly higher
amount of deformation twins, as seen in Fig. 1c. A detailed
view of the twins at a grain boundary is shown in Fig. 2c. The
average grain sizes of the deformed specimens were com-
pared with the reference sample, as shown in Tab. I. The aver-
age grain sizes of samples didn’t change due to applied defor-
mation in the range of studied strain rates.

3.2. Hardness

Tab. II shows the dependence of hardness on strain rate
was observed for the specimens of Ti-15-3. No significant
change in the hardness for specimens deformed within the
tested range of strain rates.

Table 11
Average hardness HV of deformed specimens

Strain rate [s™'] undeformed  0.001 1 1000

Hardness [HV] 278 274 268 270

3.3. X-Ray Diffraction

Fig. 3 shows the XRD patterns of tested specimens.
Phase analysis proves the presence of only one phase in all
samples, i.e., BCC B-Ti (S.G: Im3m). The Bragg peaks of this
phase are labelled in Fig. 3. For deformed specimens of Ti-
15-3 the calculated lattice parameters from the B-phase are
shown in Tab. III in dependence of strain rate. For solution
treated Ti-15-3 alloy the difference in lattice parameters for
all deformed specimens is negligible compared to the unde-
formed state.

BCC + strain rate 0.001 s-1
110 « slrain rate 1 s-1
« strain rate 1000 s-1

Counts (Arbitrary Units)

BCC
BCC
200 BCC
20 3y
2 4 6
2Theta

Fig. 3. XRD patterns of deformed specimens of Ti-15-3
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Table III
Average BCC lattice parameter of deformed specimens

Strainrate [s' ] undeformed  0.001 1 1000

Lattice 3.245

parameter [A]

3.237 3.236 3.239

4. Conclusions

In this work, we have compared the microstructure of
solution treated Ti-15V-3Cr-3A1-3Sn alloy after compressive
deformation at strain rates ranging from 0.001 s™ to 1000 s™".
The samples deformed at the strain rate of 1000 s~ showed
significantly higher amount of twins compared to the other
deformation states. The twins result from the high initial en-
ergy required for the dislocation movement at this test condi-
tion. The average grain size and shape didn’t show any
changes for any of the tested specimens.

Only BCC B-phase was analysed for all deformed speci-
mens. No significant changes were observed in the lattice
parameter of specimens deformed in the studied range of
strain ranges compared to the undeformed material. Also the
hardness values measured for all deformed specimens were
similar to the undeformed state, indicating that essentially no
deformation strenthening takes place in this material.

The research leading to these results has received fund-
ing from the FEuropean Union Seventh Framework Pro-
gramme (FP7/2007-2013) under grant agreement No. PITN-
GA-2008-211536, project MaMiNa. Financial support of the
European Commission is therefore gratefully acknowledged.
The hard-X-ray investigations were carried out at HASYLAB
(DESY), Germany, beam line BWS5.
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The aim of the current study is to investigate the micro-
structure-property relationships of solution treated Ti-15V-
3Cr-3AI-3Sn exposed to deformation at different strain rates.
Samples of Ti-15V-3Cr-3Al1-3Sn alloy have been deformed in
quasi-static and Hopkinson Split Pressure Bar experiments at
strain rates between 10~ s~ and 10°s™. The resulting micro-
structures were investigated by means of optical microscopy,
scanning electron microscopy, and hard x-ray diffraction. In
addition, the hardness of the samples was measured. The size
and shape of grains were determined and compared with the
undeformed state.
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1. Introduction

Selective laser sintering (SLS) is one of the frequently
used technologies suitable for rapid manufacturing of poly-
meric materials. In SLS a layer of heated powder is spread on
a piston and selected areas are fused by laser, the piston is
then lowered and the whole process repeated. For better un-
derstanding of correlation between manufacturing conditions
and mechanical properties several investigations in the poly-
mer surface microstructure have been presented in the litera-
ture. Liu-Lan et al." studied the effect of the morphological
development and fracture behaviour of the polyamide mate-
rial manufactured by SLS method. It was shown the top sur-
faces of specimens built under different values of fill laser
power, powder bed temperature and different slice thickness.
It was presented that higher laser power improved the fusion
between particles, higher bed temperature decreases the width
and depth of pores. Moeskops et al.> approved the existence
of spherulites within the laser sintered material. Spherulites
were 50 um in diameter, which was the equal size of an indi-
vidual powder particle before sintering. Zarringhalam et al.’
presented a microstructure of selective laser sintered parts,
where it was demonstrated, that the unmelted particles were
surrounded by spherulites. This occurred within larger powder
grains while smaller grains were fully melted and thus recrys-
tallized completely. It was reported® that the energy density
influences the internal microstructure in terms on improper
solidification when lower energy density is applied. Greater
energy density improves mechanical properties and reduces
the occurrence of pores inside the manufactured part. Van
Hooreweder et al.* studied the microstructure of SLS polyam-
ide 12 under dynamic tension and compression. Crack initia-
tion started from inclusions in the material caused by improp-
erly sintered powder particles. It was also found out, that the
crack initiatiors were most usualy porosities or areas with
powder particles that were not fully melted®. In this paper a
closer investigation has been done due to the fact that high
quality micrographs are often missing. Closer investigation
revealed the unique common features within the all fracture
surfaces.

2. Experimental

Testing samples were manufactured by EOSINT P700
machine. As a testing material PA 2200 — Fine Polyamide,
which is a powder on the basis of polyamide 12, was used.
Two different energy densities and two different orientations
were applied.

Microstructure of the fracture surfaces was studied with
the help of scanning electron microscope JSM 7600F. Chosen
fracture surfaces of tensile testing and charpy impact testing
bars were examined. Prior to the SEM analysis, all fracture
surfaces were deposited with thin aluminium layer in the vac-
uum evaporator to avoid charging.

3. Results and discussion

Firstly the fracture surfaces were studied from the gen-
eral point of view. Ductile as well as brittle type of fracture
was found among all samples, even though the ductile area
portion increased with the higher energy density and also the
orientation influenced the brittle-ductile behaviour of the
specimen.

Fig. 1 shows the typical deformation behaviour of not
fully melted particle. Inside the cracks several lines of macro-
molecules can be seen. Moreover spherulites grown around
the unfused particle form the molten material. Fig. 2 shows
another typical feature known as spherulite morphology.
Spherulites are present due to the semicrystaline nature of this
polymer. In Fig. 3 a porous morphology together with the
crack propagation is presented. Pores act as initiators as well
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Fig. 1. Particle deformation
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Fig. 3. Porosity

Fig. 4. Unsintered particles
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as propagators of the brittle crack. The crack can more easily
propagate form one pore to another thus increasing the propa-
gation rate. Fig. 4 shows an unsintered area mostly to be
found near the sample surface. These particles obtained too
low laser energy, so they did not fully melt and fuse together.

The evaluation of fracture surface area of SLS samples
revealed that great improvements in the technology itself have
to be done in order to obtain better mechanical properties in
general. For example better distribution of powder when
spread onto the surface during manufacturing could minimize
the presence of pores. Also the adjustment of laser power
among the not properly sintered areas could avoid the easy
crack initiation. Fracture surfaces corelate with the measured
mechanical properties and clarify the ductile or brittle behav-
iour of the material.

This paper has been supported by the CTU project
SGS10/257/OHK2/3T/12 and by company Materialise that
provided the samples.
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M. Vyroubalova (Czech Technical University in Pra-
gue, Czech Republic): Fracture Surface Analysis of Selec-
tive Laser Sintered Polyamide

Selective laser sintering (SLS) is one of the frequently
used technologies suitable for rapid manufacturing of poly-
meric materials. In SLS a layer of heated powder is spread on
a piston and selected areas are fused by laser, the piston is
than lowered and the whole process repeated. For better un-
derstanding of correlation between manufacturing conditions
and properties of sintered part, several studies have been
done. In this study fracture surfaces of SLS polyamide 12
were analysed. Moreover variable manufacturing conditions
were involved. Brittle and ductile fracture surfaces were
found among all samples as well as characteristic microstruc-
ture features. It was shown that manufacturing conditions
affect not only mechanical properties but also character of
fracture surfaces.
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1. Pristup k FeSeni daného problému

Vadou se rozumi kazda odchylka rozméru, tvaru, struk-
tury a vlastnosti materialu od jejich pfedepsanych hodnot.
Vady podle charakteru lze rozdélit na pfipustné, které technic-
ké normy pfipousti. Vady opravitelné, které vhodnym techno-
logickym zésahem lze prevést na vady piipustné. A vady
nepiipustné, které se nesmi v daném vyrobku vyskytovat. Na
vznik vad a iniciaci poruseni v odlitcich, ma velky vliv pri-
marni metalurgicky proces.

Heterogenita struktury odlitku se miZe potom projevit
ve velikosti zrna, chemickém slozeni, vyskytu sulfidd, fosfi-
dického eutektika, mikrocistoté nebo v segregaci prvku. Pro
zhodnoceni struktury ptedkladaného materialu bylo provede-
no mikroskopické zkoumani, které umoznilo stanovit trhlinu,
jeji charakter a pfipadné zmény struktury v jejim okoli. V této
oblasti byla provedena chemicka analyza prvkt a zhodnoceni
matrice v okoli grafitickych ¢astic. Vyskyt trhlin se identifi-
koval na povrchu plasté valce motoru pomoci kapilarni meto-
dy, jejiz rozmér dosahoval az 40 mm.

Pro hodnoceni velikosti, morfologie a rozlozeni grafitu
byly vybrané vzorky lesténé (obr. 1). Dalsi strukturni faze
a charakter kovové matrice Sedé¢ litiny se hodnotily na leptané
struktufe, 2% Nitalem (obr. 2). Jednalo se o grafit lupinkovy
(I) s nerovnomérnym rozlozenim, kde se vyskytoval grafit (B)
— ruzicovité rozlozeni a v nékterych lokalitach grafit (C),
ruzné velikosti 4, 5 (obr. 2). Ferit ve struktufe neptekrocil
obsah 3 %.

V matrici a v okoli grafitickych lupinkt byl zaznamenan
vyskyt nehomogenit (vméstkd, obr. 3, 4) a dalSich fazi, které
byly detekované jako fosfidické eutektikum (obr. 5). Detail-
néj$im zkoumanim (pfi zvétSeni 300 az 400 nasobném) se
objevovaly lokality s vyskytem vméstkd, které v priabéhu
ptipravy vypadly ze struktury obr. 3, nebo zustaly v matrici,
jak zobrazuje obr. 4, kde je vidét charakteristicky tvar nevy-
padnutého vméstku. Tyto vméstky mély ostrohranny tvar,
ktery odpovida komplexim Fe-MnSi, a bylo i pozdéjsi che-
mickou analyzou prokézané (obr. 6).

Naleptand struktura je vyhodnd pro identifikaci neza-
doucich fazi, kde naslednou chemickou analyzou a zkouskami
mikrotvrdosti bylo vyhodnocené fosfidické eutektikum

(obr. 5). Toto fosfidické eutektikum netvoii souvislé sitovi,
ale v priméru 30 az 80 um rizné velké utvary. Charakter
struktury fosfidického eutektika neni lamelarni ale porovity o
rizném prumeéru dilki (obr. 5b).

Na vybranych mistech struktur byly plosn¢ analyzovany
oblasti fosfidického eutektika, perlitu, okoli grafitickych ¢as-
tic a trhlin (obr. 6).

Chemicka analyza prvka prokazala, Ze se jedna

o nerovnomérné rozlozeni zasadnich prvka (Cr, P, S). Tato
nerovnomérnost vede pii ochlazovani k heterogennimu vylu-
¢ovani jednotlivych fazi. Oblast bohata na fosfor dokazuje, ze
se jedna o fosfidické eutektikum.

Studium rozlozeni prvki v okoli trhliny prokéazalo, ze
tyto oblasti jsou bohaté na kyslik, ktery tvofi oxidy v trhling.
Vyskyt a charakteristické rozlozeni oxidi potvrzuje vznik

Obr. 2. Seda litina, lept. 2 %
Nital

Obr. 1. Seda litina bez leptani

Obr. 3. Vypadnuty vméstek Obr. 4. Tvar vméstki
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Obr. 5. Fosfidické eutektikum a jeho detail
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trhlin v obdobi ochlazovani tekuté faze Sedé litiny. Velky
obsah fosforu zpisobuje vyskyt ternarni faze, ktera je tvrda,
kiehka a nezadouci z pohledu deformaéné-napétovych stavi
v objemu sledované struktury.

Elucton image 1

1 el 3
Full Scale 3566811 cts Cursor: 0000

Prvek hm.% at.%
OK 4.81 14.54
AlK 0.36 0.64
SiK 2.53 4.36
PK 0.50 0.78
SK 0.17 0.26
CakK 0.09 0.11
CrK 0.51 0.47
Mn K 0.72 0.64
Fe K 90.31 78.20
Celkem 100.00

Etctron imaga 1

Obr. 7. Oblast vétveni trhliny
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3. Zavéry

Hodnocena grafiticka Seda litina se vyznacovala riZico-
vitym rozlozenim lupinkt grafitu coz Ize pfisoudit nedokona-
Iému oc¢kovani a nerovnomérné rychlosti ochlazovani odlitkd.

Vyskyt fosfidického eutektika cca 20 % ukazuje také na
hluboké odsiteni v téchto oblastech (viz. chemickd analyza)
a kumulaci fosforu v mikrolokalitdch. Z téchto poznatki 1ze
konstatovat, ze dochazi v mikrostruktufe k velkym deformac-
né-napétovym staviim, které zplsobuji iniciaci trhlin a pod-
poruji jejich Sifeni.

Vyskyt a morfologie trhlin (obr. 7) zobrazuje trhliny,
které se v objemu litiny vétvi a prochazeji oblasti nerovno-
mérného rozlozeni fosforu, pfipadné jinych prvku.

Vady v lité struktufe ovliviiuji mezni stavy deformace
odlitkti v takové mife, jak tyto vady ovliviuji elastické a pri-
fezové charakteristiky. Vmeéstky, které maji jiné elastické
charakteristiky nez zakladni material, mohou ovliviiovat glo-
balni elastické charakteristiky zakladniho materialu. Necelist-
vosti ovliviiuji prifezové charakteristiky. Vznik meznich
stavli, v ndvaznosti na porusovani soudrznosti materialu sou-
visi s napjatosti v bod¢ télesa, konkrétné s velikosti a caso-
vym prub&éhem slozek tenzori napéti. Tyto napjatostni mezni
stavy jsou superponovany dal$imi vadami odlitku. V piipadé
vyskytu zbytkovych napéti je nebezpeci, ze se tyto budou za
provozu vice znasobovat jeSté s napétimi provoznimi. Velmi
nebezpecna jsou tahova zbytkova napéti, kterd se objevuji
v oblastech technologickych trhlin a v mistech koncentratort
napéti, k nimz patii vmeéstky, staZeniny, ale i dlouhé tenké
lupinky grafitu.

Zavérem lze konstatovat, ze takto vyrobena Seda litina
nevyhovuje z pohledu poruseni struktury, vyskytu nezaddou-
cich vméstkt a také rozlozenim a velikosti grafitickych lu-
pinkt. Prokazané heterogenity svédci o nepfipustnych vadach
ve struktufe vlozek valcti motoru, které se nedaji naslednymi
technologickymi procesy ani odstranit ani eliminovat.

Cléanek vznikl za podpory EU proektu Inovacni Centrum
Diagnostiky a Aplikace Materialii na CVUT v Praze
CZ.2.16/3.1.00/21037.
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1. Uvod

Unava je proces prebiehajiici pri technickom vyuziti
materialov s progresivnym a lokalizovanym $truktirnym po-
Skodenim, ktoré nastdva v materiali posobenim cyklického
zatazovania. Maximalne hodnoty napétia pri zatazovani ne-
dosahuju pevnost’ materialu a prevazne st volené pod medzou
klzu materialu’. Unavu delime na vysokocyklovii — podet
cyklov 10* az 10® a nizkocyklova — podet cyklov menej ako
10® cyklov. Cim vicsia je amplitida rozkmitu, tym je kratsia
tinavova Zivotnost. Unavové Zivotnost’ je ovplyvnend aj iny-
mi faktormi, ako napr. povrchova uprava, pritomnost’ oxidac-
nych alebo inertnych prostredi, zvyskové napitia, teplota, atd’.
Unavovy lom vznika a §iri sa pésobenim premenlivych me-
chanickych napdti a vidcSinou sa iniciuje na povrchu
v miestach koncentracie napétia.

V technickej praxi z konstrukénych materialov ma vel’ky
priestor pre pouzitie titan, resp. jeho zliatiny. Pomerne novou
aplika¢nou oblast’'ou titanu, ktory ma vysoku biokompatibilitu
k zivému organizmu je v medicinskej praxi. VzIladom na
miniaturizaciu ndhrad v 'udskom organizme sa hl'adaju tech-
nologie zvysovania uzitoénych vlastnosti’ a to cestou napr.
znizovania rozmeru zrna, ktori umoznuje technologia uhlové-
ho pretlacania (ECAP).

Struktiira a vlastnosti titinu po technoldgii spracovania
uhlovym pretlaCanim su eSte v malej miere preskumané.
V pracach®® sa venuju porovnaniu statickych charakteristik
komer¢ne Cistého titdnu s titdnom po intenzivnej plastickej
deformacii. Vzhl'adom k tomu, Ze sa titan zacina vyuzivat’ pre
biomedicinske ucely je potrebné Studovat’ okrem statickych
charakteristik aj jeho inavové vlastnosti pri cyklickom zata-
7ovani. Z prac’™ st zname vysledky unavovych vlastnosti pri
namahani v tahu. Predkladany prispevok sa zameriava na
doplnenie poznatkov o tnavovych charakteristikach pri nama-
hani v krute.

2. Material a metodika experimentu

Ako experimentalny materidl bol titdn s nanoStruktirou
nTi o priemere ty¢e ©¥7,56 mm pripraveny technologiou
ECAP — Equal Chanel Angular Pressing (uhlové pretlaanie
kanalom rovnakého prierezu). Pri tomto technologickom pro-
cese dochadza k zmene Struktiry materidlu, t.j. zmenSeniu
Struktirnych zfn a taktiez k zmene mechanickych vlastnosti,
ktoré st podstatne vysSsie. Pre pouzity experimentalny mate-
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ridl st mechanické vlastnosti: Ry, = 1290 MPa, R, =
1310 MPa, As= 10,0 %, Z = 51 % a HV10 = 330. Unavové
vlastnosti nTi boli sledované v podmienkach cyklického
namahania v krute pri suc¢initelovi nesimernosti R = —1 na
unavovom stroji PWOG firmy Carl Schenck. Pre skisku kru-
tom boli vyrobené skusobné tyce, ktorych tvar je na obr. 1,
resp. sposob upnutia na obr. 2. Priemer namahaného drieku
bol 6,0 mm a frekvencia zat'azovania 35Hz

Obr. 1. Tvar skuSobnej tyce s trhlinou pokrytou titinovym pras-
kom na jej povrchu, zv. 4x

Obr. 2. Sposob upnutia vzorky pri namahani v krute a tvorba
viacerych trhlin titinového prasku na povrchu, zv. 4x

3. Experimentilne vysledky a ich rozbor

Na zéklade vysledkov tnavovych skiisok pri namahani
v krute bola zostrojena zavislost’ napétie — pocet cyklov, ktora
je graficky zndzornenad na obr. 3.

Pri danych podmienkach skusky na tUnavu titdnu
s nanostruktuirou boli sledované aj situacie okamihu inicicie

Wohlerova krivka

320
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~ 220

— nTi iniciovang —nTi zlomené|

Pédsmo Sireniasa
& 200 unavowve] trhliny
B 180
2160
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120
100

pocet cyklow log N

Obr. 3. Wohlerova krivka pri namahani v krute
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trhliny, ktora sa prejavila objavenim Ti prasku na povrchu
skusanej vzorky (priklad prasku na povrchu je na obr. 1,
obr. 2), resp. signalizaciou pristroja jeho vypnutim. Priklad
objavenia sa produktov z inavového procesu na povrchu sku-
Sobnych ty¢i doposial v odbornej literatire nebol opisany.
Okamih objavenia sa Ti praSku na povrchu sme definovali
ako inicidciu trhliny a tieto hodnoty poc¢tu cyklov na obr. 3
vymedzujui pociatocné pasmo pre iniciaciu trhliny. Pri skus-
kach boli pozorované viaceré iniaciaéné pasma po obvode
skusanej vzorky ako to dokumentuje obr. 2. Naprasené miesta
s narastom poctu cyklov sa predlzovali, resp. Sirka naprasené-
ho miesta sa zvdc¢Sovala. V tychto miestach sa vytvorila trhli-
na (resp. viacero trhlin s iniaciacnym charakterom) ktora bola
orientovana rovnobezne s osou vzorky. Detailny pohl'ad na
trhlinu je na obr. 4. Povrch materialu na sktiSobnych vzorkach
pocas inicidcie mikrotrhlin je vSeobecne bez zvlastnych mak-
roskopicky pozorovatelnych znakov. Usudzuje sa, Ze niektoré
Castice sekundarnych faz, alebo inklizie moézu iniciovat’ una-
vovu trhlinku, ktora rastie do rozmeru, ktory uz méze byt
detekovany. Kedy prasklinu oznac¢ime za makrotrhlinu, je
vecou definicie a rozliSovacej schopnosti analyzy.

Obr. 4. Vznik prvotnych trhlin na ski$obnych vzorkach v smere
osi vzorky, zv. 4x

K poruseniu dochadzalo pozdiZ osi vzorky a v §myko-
vych rovinach pod uhlom 45° nastalo dolomenie, obr. 5. Ob-
javili sa aj pripady ked’ sa zo vzorky odlupila ¢ast’ tyce z na-
mahaného drieku. Pocty cyklov pri ktorych nastalo porusenie
vzorieck ukoncuje pasmo S$irenia unavovej trhliny
a predstavuje Sikmu vetvu Wohlerovej krivky, obr. 3.

Obr. 5. Dolomenie nTi pod cca 45° uhlom

Z nameranych vysledkov tykajtcich sa poc¢tu cyklov do
porusenia od aplikovaného napétia t bola Sikma vetva unavo-
vej zavislosti matematicky opisana parametrickou rovnicou
priamky (/), s najmensimi odhadmi metédou najmensich
Stvorcov. Pre uvedent rovnicu (/), boli stanovené hodnoty a,
b a parametricka rovnica nadobudla tvar:

log N = 7,6692 — 0,0104 1 (1)
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Vysledky fraktografického pozorovania dokazali rozdiel-
nosti lomovych charakteristik, najmé v pripadoch, ked’ vzorky
vykazuju znaéné Struktarne odlisnosti a rozdielne mechanické
vlastnosti. Titdinové materidly sa vyznacuju mnohotvarnostou
porusovania. Na lomovych plochdch mézeme sledovat’ trans-
krystalické Stiepne porusenie a zmieSany lom. Charakteristic-
ky pohlad na porusené skusobné ty¢e z nanostruktirneho
titanu je na obr. 6, 7 a 8.

Povrchy unavovych lomov v Cistom titane su charakteri-
zované aj vyskytom striacii. Vyskyt striacii je dokazom toho,
7e $tudovany lom je unavovy'. Domnievame sa, Ze kazd4

Obr. 8. Sipka znazoriiuje oddychové &iary na lomovej ploche u nTi
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striacia reprezentuje jeden zatazovaci cyklus a vzdialenost
medzi naslednymi stridciami je umerna rychlosti rastu unavo-
vej trhliny v danom okamihu.

Pomocou odpocinkovych €iar a tvaru striacii, obr. 9 sa
mozeme dostat’ k miestu iniciacie unavového lomu, ale ich
nepritomnost’ nevylucuje, ze lom nevznikol unavovym proce-
som. V takychto pripadoch charakteristickym znakom tinavo-
vého lomu moéze byt mierne terasovité Sirenie lomu, objave-
nie sa tzv. krizovych ¢iar, vlaknity lom, alebo pritomnost’
pocetnych trhlin, rovnobeznych s postupujiicim frontom tna-
vovej trhliny. V oblasti findlneho lomu vyskyt postupovych
Ciar a striacii uz nie je pozorovatelny. Charakteristicky po-
vrch unavového lomu so stridciami je znazorneny na obr. 9.

Obr. 9. Stridcie na lomovej ploche u nTi

s595

Material v inzinierskej praxi 2011

4. Zaver

Na zaklade vykonanych skuSok na vzorkach z Cistého
titdnu s nanoStruktirou nTi mézeme konstatovat’ nasledovné:

Unavovy proces u titinu s nanostrukttrou priebeha ini-
ciaciou trhliny, ktorej predbieha tvorba titanového prasku na
povrchu vzorky.

Inicia¢né miesta na povrchu boli zistené na viacerych
miestach po obvode skuSanych vzoriek

Hlavn4 trhlina sa $iri pozdiine v smere osi vzorky, kde
su maximalne normalové napitia a dolomenie vznika pod
uhlom cca 45°.
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1. Bernathova, M. Sopko (Department of Materials
Science, Faculty of Metallurgy, TU of Kosice, Slovakia):
Crack Formation and the Character of Fractured Sur-
faces of Nano-Titanium in Torsion Loading

In article is analyzed the fracture process of titanium
with the nanostructure produced by ECAP in torsion loading.
The fracture process is overshooting by the cracks formation
parallel to the specimen axis and is finalized by the angle of
45 degrees to it. The titanium powder has been observed on
the crack surfaces which indicated the crack initiation. The
fractured surfaces showed the features of transcrystalline
cleavage fracture and the areas with the striations.
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1. Uvod

Pri neustdle rasticej produkcii chemickych latok
a technickych plynov vo svete, je aktudlna poziadavka na
bezpecné skladovanie a prepravu tychto pre ¢loveka nebez-
pecnych produktov. Pri vystavbe rirovodov je potrebné veno-
vat’ pozornost’ najmd miestam, v ktorych vznikaju uzly pre
vystavbu novych vetiev a to konkrétne miestam napojenia
novych Casti na uz existujice systémy. Tieto uzly su kriticky-
mi miestami a vyzaduji si znalosti a skusenosti, ¢o sa tyka
pouzitych materialov rur, ich spravania sa pri zvarani, techno-
l6gii zvarania, eliminacie pnuti a deformacii. Bezpecnost
prevadzkovania kladie na rary v zabudovanych plynovodoch
vysoké poziadavky na pevnostné, plastické a najmé krehkolo-
mové vlastnosti. Potrebu zvySovania G¢innosti prepravy plynu
je mozné riesit’ zvacSovanim priemeru rar alebo zvySovanim
prepravnych tlakov'?.

Bezpetnost’ potrubnych systémov a kvalita zvarov je
overovand mnozstvom nedestruktivnych a destruktivnych
metdd.

Dosiahnut’ vysoku kvalitu zvarového spoja znamena
zosuladit’ vhodny pridavny materidl k zdkladnému materialu,
taktiez navrhnit’ vhodni metdédu zvarania ako aj podmienky
zvarania a to vsSetko v stlade s platnymi eurdpskymi
normami*”.

Cielom prispevku je analyza kvality zvarovych spojov
spojenia existujuceho plynovodného potrubia s novou vetvou
v zmysle platnych smernic a predpisanych metdd kontroly,
ktoré maju zabezpecovat’ spol’ahlivost’ celého systému.

2. Pouzité materialy a metédy hodnotenia
kvality

Na realizaciu vystavby novej vetvy plynovodného potru-
bia bolo potrebné na existujuce plynovodné potrubie vonkaj-
Sieho priemeru D; = 720 mm s hribkou steny 8 mm, vyrobe-
ného z materidlu P295GH EN 10208-2/2-92 napojit’ potrubie
s vonkaj$im priemerom D, = 720mm s hribkou steny 10mm
z termomechanicky valcovanej ocele L450MB EN 10208-
2/96+AC/96, ktorych chemické zlozenie a mechanické vlast-
nosti deklarované vyrobcom st uvedené v tab. [ az IV.

Tabulka I
Chemické zlozenie materialu P295GH dané vyrobcom v %

C Si Mn V Nb Ti Al Cu Ni
0,18 035 1,4 0,01 0,01 003 0,02 0,14 0,28
Cr Mo S P Fe

0,2 0,07 0,025 0,03 zvySok
Tabul’ka 1T

Chemické zloZenie materidlu L450MB dané vyrobcom v %

C Si Mn A% Nb Ti Al N Cu
0,14 0,45 1,5 0,1 0,05 0,05 003 0,1 0,2
Ni Cr Mo S P Fe

0,3 0,25 0,06 0,025 0,025  zvySok
Tabulka III

Mechanické vlastnosti materialu P295GH dané vyrobcom

R R. KV As

[MPa] [MPa] [kJ/m?] [%]

460-520 >295 >27 >22
Tabulka IV

Mechanické vlastnosti materialu L450MB dané vyrobcom

Run Ryos KV As
[MPa] [MPa] [kJ/m?] [%]
535 450-570 >41 >18
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Rury boli zvarané metédou 111 v zmysle STN EN ISO
4063. Priprava zvarovych hran sa uskutocnila trieskovym
obrabanim a brusenim na rozmery dané STN EN ISO 9692-1
obr. 1.

Chemické zlozenie zvaranych materidlov presiahlo hod-
notu uhlikového ekvivalentu CEV podl'a rovnice (/) a preto

Obr. 1. Uprava zvarovych hran spajanych potrubi; t1 = 8 mm; t2 =
10 mm; b = 3,0 mm; ¢ = 2,0mm; o = 60°
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bolo potrebné pouzit’ predhrev vo vyske 130 °C. Predhrev
miesta zvaru sa realizoval pomocou kysliko-acetylénového
plamena. Vyska teploty bola kontrolovana pomocou termo-
kriedy a bezdotykovymi teplomermi.

Mn

1
CEV:C'F?‘F ()

Cr+Mo+V+Cu+Ni
5 15

<0,43

Teplota interpass bola 150°C. Zvaranie sa uskutoc¢nilo nepria-
mou polaritou v polohe HL-045 STN EN ISO 6947, na zaria-
deni ESAB Arc 251. Obvodovy V zvar bol vyhotoveny
v troch vrstvach. Koretiova vrstva bola vyrobena obalenou
elektrodou OK 48.00 (E 42 4 B 42 HS5 EN ISO 2560-A)
s priemerom ¢ 2,5 mm. Vypliiové a krycie vrstvy elektrodami
OK 74.70 (E 50 4 Z B 42 H5 EN ISO 2560-A) s priemerom o
3,2 mm z produkcie ESAB Vamberg. Chemické zloZenie
a mechanické vlastnosti elektrod udavané vyrobcom st
v tab. V az VIII. Pouzité parametre zvarania su v tab. IX.

Tabulka V
Chemické zlozenie pridavného materialu OK 48.00 (v %)

C Si Mn S P Fe
0,06 0,5 1,2 0,02 0,015  zvysok
Tabulka VI
Mechanické vlastnosti pridavného materialu OK 48.00
R R KV As
[MPa] [MPa] [kJ/m’] [%]
540 445 (-40°C)70 29
Tabulka VII

Chemické zlozenie pridavného materialu OK 74.70 (v %)

C Si Mn Mo S P Fe
0,08 0,38 1,43 043 0,015 0,015 zvysok
Tabul'ka VIII
Mechanické vlastnosti pridavného materialu OK 74.70
R R, KV As
[MPa] [MPa] [kJ/m?] [%]
540 445 (—40°C) 80 29
Tabulka IX
Pouzité parametre zvarania plynovodu
Vrstva (4] Zvaraci Napitie Rychlost Tepelny
elektrody  prad zvéarania  prikon
[mm] [A] [V] [mm/s] [kJ/mm]
1 2,5 85 23 0,75-1,35 1,4-2,7
2 3,2 105 24 09-1,2  2,1-2,8
3 32 105 24 0,9-1,2  2,1-3,0
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Kvalita zhotovenych zvarovych spojov bola posudzova-
na nedestruktivnymi a deStruktivnymi skuskami.

Pre plynovodné potrubia boli pouZité nasledujice nedes-
truktyvne skisky zvarovych spojov. Vizudlna skiska podla
STN EN 970, vyhodnocovana podl'a STN EN ISO 5817. Ka-
pilarna metdda podla STN EN 571-1, vyhodnocovana podla
STN EN ISO 23277. Skuska bola realizovana pomocou indi-
kacnej sady Diffu-therm. Pritomnost’ vnutornych chyb bola
overena pomocou prezarovacej skisky na zariadeni GAM-
MAMAT Z80 podla STN EN 1435a vyhodnocované podla
STN EN 12517.

Destruktivnymi skiiskami zvaru boli:

Skuska tahom zvarového spoja s prienym zvarom sa
uskutocnila v stlade s STN EN 895 na hydraulickom trhacom
zariadeni ZD 40.

Skuska lamavosti bola realizovana podla STN EN ISO
5173 na hydraulickom trhacom stroji ZD 40. Pouzité boli
podpery s polomerom R = 25mm a rozstupom 80mm. Vzorky
boli zat'aZzované tiflom s priemerom D = 50mm z licnej strany
zvaru (FBB) a zo strany korena (RBB).

Skuska tvrdosti tupého spoja podla Vickersa bola reali-
zovana v zmysle STN EN 1043-1 na vzorkach pripravenych
podla STN EN ISO 6507. Na prie¢nych vybrusoch zvarové-
ho spoja bola tvrdost’ hodnotena v dvoch liniach L; a L, podla
schémy na obr. 2. Tvrdost’ bola merana na zariadeni HPO 250
pri zatazeni 98,1 N.

]

Obr. 2. Schéma merania tvrdosti HV10

Skuska rdzom v ohybe definovand podl'a STN EN 148-1
pre zakladny material a podl'a STN EN 875 pre zvarovy kov
a tepelne ovplyvnenu oblast’ sa uskutocnila teplote skuSob-
nych vzoriek —20 °C, pomocou kyvadlového kladiva
PSWO 30.

Makroskopicky a mikroskopicky rozbor zvarovych spo-
jov bol realizovany v zmysle STN EN 1321 v sulade so stano-
venym postupom skusania zvarov podla STN EN ISO 15614-
1. Analyzy Struktar sa uskutocnili na svetelnom mikroskope
Olympus CX-31. Pre zvyraznenie mikro§truktiry vybrusov
bolo pouzité leptanie 3 % roztokom HNOj; (Nitalom).

3. Analyza vysledkov

Vizualnou skuaskou podl'a STN EN ISO 5817 bol potvr-
deny stupenn kvality B. Kapilarnou skiskou podla STN EN
1289 stupeni 2X. Prezarovacou metddou STN EN 12517 uro-
veil 1 a podla STN EN ISO 5817 stupenn B. Nedestruktivnou
kontrolou nebola zistena pritomnost’ povrchovych resp. vnu-
tornych chyb vo zvarovom spoji a hodnoteny zvarovy spoj je
mozn¢ klasifikovat’ ako vyhovujici.

Zakladnou destruktivnou skusSkou zvarovych spojov
bola skuska tahom STN EN 895, ktorej vysledky st prezento-
vané v tab. X. K destrukcii vSetkych skasobnych vzoriek
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Tabulka X
Namerané hodnoty tinosnosti zvarovych spojov

Vzor- Skusobné vzorky

ka t a0 bo So Fi R, Miesto
[°C] [mm] [mm] [mm’] [kN] [kN] lomu

1. 20 10,7 20,0 214 104,7 485 ZM

2. 20 10,8 20,0 216 1052 488 ZM

3. 20 10,8 20,0 216 1058 491 zZM

4. 20 10,7 20,0 214 105,2 488 M

5. 20 10,8 20,0 216 1055 490 ZM

doslo v zakladnom materidly P295GH, mimo zvarového spoja.

Zvarovy spoj vyhovel skuske lamavosti do predpisaného
uhla ohybu o 180°, ked’ze v mieste ohybu nebola na skisob-
nych vzorkach (FBB a RBB) v mieste spoja zaznamend pri-
tomnost’ trhlin.

Z analyzy vysledkov tvrdosti vyplyva, ze maximalne
hodnoty tvrdosti na linii L1 boli namerané v TOO pysgu a to
212 HV10. Na linii L2 boli maximalne hodnoty tvrdosti ziste-
né vo zvarovom kove a to 231 HV10, ¢o je prezentované
v grafe na obr. 3.

Vysledky skusky razom v ohybe st prezentované
v tab. XI.

Z hodnét priemernej razovej hiuzevnatosti v tab. XII
vyplyva, ze najvyssiu hodnotu KCV vykazoval zakladny ma-
105 J cm’.

Makrostrukturna analyza preukdzala dobru kvalitu zva-
rovych spojov obr. 4. Rozmery zvarového spoja st zodpove-
dajice  priemerom pouzitych pridavnych materidlov
a parametrom zvarania.

%

200

Tvrdost’ HV10

w{ ZM | TOO | ZK | TOO | ZM
50 L450MB
0 ‘ ‘
0 1 2 3 4 5 5 7 8 9 10 M 12 B U 151
Miesto vpichu

Obr. 3. Graf nameranych hodnét tvrdosti zvarového spoja

Tabul'ka XI
Priemerné hodnoty razovej huzevnatosti
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Obr. 4. MakroS$truktira hodnoteného zvarového spoja

Mikrostruktura (ZM) L450MB na obr. 5 bola klasifiko-
vana ako polyedricka, fericko-perliticka. Zakladny material
P295GH ma jemnozrnni polyedricku feriticko-perliticka
Strukturu, s riadkovito usporiadanym perlitom. V Strukture sa
nachadza zmes polyedrického a tiez acikularneho feritu.

Vzorka Rozmery vzoriek KV KCV
b h S (9] [J em’]
[mm] [mm] [em’]
ZM 1450MB 7,5 8 0,6 98 163
VHT 1,5/1 7,5 8 0,6 79 131
VWT 0/1 7,5 8 0,6 63 105
VHT 1,5/1 7,5 8 0,6 86 143
ZM pr9sGu 7,5 8 0,6 108 180

s598

Obr. 5. Mikrostruktira
L450MB

Obr. 6. Mikrostruktira ZK

Zo strany materialu L450MB bol v TOO zaznamenany
plynuly rast zin feriticko perlitickej Struktury obsahujucej
hrubé zrna acykularneho feritu.V prechodovej oblasti zo ZM
do TOO ocele P295GH, bolo mozné pozorovat’ plynuly rast
velkosti zfn, feriticko-perliticka $truktiru s hrubozrnnym
acikularnym feritom. Na prechode TOO do ZK bola pozoro-
vana hornobainitickd Struktira.

Zvarovy kov na obr. 6 ma liacu Struktiru tvore-
ni jemnozrnnym acikularnym feritom, hornym bainitom
a polygonalnym feritom vylu¢enym po hraniciach transkrysta-
lickych dendritov.

4. Zaver

Na zaklade analyzy vysledkov experimentov je mozné
konstatovat’, ze zvolené pridavné materialy a zvaracie para-
metre umoznuju vytvorenie kvalitnych zvarovych spojov na
prezentovanych materidloch plynovodnych potrubi.

Plynovodné potrubia patria k zariadeniam, ktorych vy-
stavba podlieha prisnym smerniciam a normam. Sp6sob vyho-
tovenia musi byt v stilade s WPQR, ktorych stucastou su aj
prezentované analyzy. Rozsah tychto analyz moéze byt na
zaklade poziadaviek odberatel’a doplneny aj o skusky nachyl-
nosti ku koréznemu praskaniu* podla normy NACE TM
0284-96 a pod.
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T. Vasko (Montrur, s.r.o. Kosice, Kosice, Slovakia):
Analysis of the Quality of Gas Pipeline Welded Joints

The article deals with analysis of the quality of welded
joints of two different steel pipes made of steel P295GH EN
10208-2/2-92 and L450MB EN 10208-2/96 + AC/96. Weld-
ing was carried out by Manual Metal Arc Welding method.
The quality of welded joints was evaluated by non-destructive
and destructive methods. This paper presents only part of the
full range of tests realised on welded joints. On cross-cuts the
welds were made macroscopic and microscopic analysis.
There was also assessed the suitability of the welding parame-
ters and welding wires.
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DEFORMACIA MATERIALU POD OBROBENYM POVRCHOM PRI VYROBE DIER
VRTANIM DO AUSTENITICKEJ NEHRDZAVEJUCEJ OCELE

JOZEF JURI,(Oa, MIROSLAV DZUPON", ANTON
PANDA", MARIO GAJDOS', IVETA PANDOVA®*

“ FVT TU KosSice so sidlom v Presove, Stirova 31, 080 01
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Krlucove slova: plasticka deformacia, ocel’ 1.4301, obrobeny
povrch, opotrebovanie nastroja

1. Uvod

Kazda metoda technoldgie obrabania zanechava na po-
vrchu uréité charakteristické znaky, formuje konkrétny stav
obrobeného povrchu. Na obrobenej ploche vznikajii makro-
nerovnosti a mikronerovnosti. Silovym uéinkom pracovného
nastroja pri obrabani sa tenka povrchova vrstva pod obrobenym
povrchom deformuje. V dosledku deformacie a ohrievania tep-
lom, ktoré vzdy proces obrabania sprevadza, tvoria sa v tejto
vrstve napitia a menia sa jej fyzikalno-mechanické vlastnosti.
Subor charakteristik, ktoré uréuju stav obrobeného povrchu, sa
nazgva tzv. technologickou dediénostou', ktora utvara buduce
prevadzkové vlastnosti, t.j. formuje funkénost’ povrchov. Vita-
nie je jednou z najpouzivanejsich technoldgii vyroby dier, ale
vel'mi malo informadcii je zndmych o rieSeni negativnych ja-
vov, ktoré vznikaju v zone rezania. Medzi tieto negativne javy
patri hlavne vznik ostrin na zaciatku a na konci diery, a zmena
mechanickych vlastnosti tzv. spevnenie vrstvy pod obrobe-
nym povrchom. Zvlast’ sa tieto negativne javy prejavuju hlav-
ne pri obrabani tazkoobrabate'nych materialov, pri obrabani
vnatornych konstrukénych prvkov (napr. dier) a z hladiska
rozmerovej rady (napr. pre diery do priemeru D = 8 mm.

Problém vyroby dier s priemerom do D = 8 mm je v tom,
ze 30 az 35 % tychto dier nezodpoveda pozadovanym predpi-
sanym poziadavkam. Rezné nastroje — skrutkovicové vrtaky
ako monolity (z materidlov HSS + 8 % Co alebo zo speka-
nych karbidov) sa poskodzuji a dochadza k ich opotrebova-
niu. Velmi c¢asto je vysledkom poskodenia nepredvidana
destrukcia reznych nastrojov, a tym sa znizuje ich Zivotnost.
Na zaklade skutsenosti z praxe a realizovanych experimentov
za ostatnych 15 rokov, je mozné konstatovat’, ze zivotnost’
skrutkovicovych vrtakov sa znizuje o 30 az 40 %. Auste-
nitické nehrdzavejiice ocele su charakteristické vysokou hu-
zevnatost'ou, nizkou tepelnou vodivostou a vysokym stupiiom
spevnenia obrobeného povrchu po obrabani®. Z hFadiska obra-
batel'nosti nehrdzavejicich oceli ma velky vyznam hlavne
spevnenie obrobeného povrchu. Nizka tepelna vodivost’ spo-
sobuje nepriaznivé tvorenie a tvarovanie triesky v striznej
rovine®, a preto pre materialy reznych néastrojov je potrebné
aplikovat’ spekané karbidy.

Clanok prezentuje vysledky hodnotenia deformécie
vrstvy materialu pod obrobenym povrchom pri vitani austeni-
tickej nehrdzavejucej ocele 1.4301.

Pri obrabani nehrdzavejucich oceli dochadza casto ku
tvoreniu narastku, ¢o ma vplyv na zniZovanie Zzivotnosti
néstrojov?S. Vieobecne plati, Ze pri nastrojoch zo spekanych
karbidov st dominantné tieto mechanizmy opotrebovania-
v poradi: abrazivny, adhézny, difuzny a chemicky™’.

2. Experimentalna ¢ast’

Stidie skiimania obrabatelnosti materialov st &asto
zamerané na vysledok hodnotenia trvanlivosti reznych nastro-
jov. Opotrebovanie rezného nastroja je parameter, ktory mo-
zeme skumat’ aplikdciou optického svetelného mikroskopu.
Vyskum z6ny rezania ako interakcie nastroj-obrobok, efektiv-
ne analyzujeme na Scanning Electron Microscopy (SEM).

2.1. Testovany material

Pre experiment bol navrhnuty material 1.4301
s chemickym zlozenim podl’a tab. I, ktory sa vyhodne aplikuje
na vyrobu vyrobkov pre potravinarsky priemysel. Chemické
zlozenie nehrdzavejucej ocele je uvedené v tab. 1. Zakladné
fyzikalne vlastnosti ocele 1.4301 st uvedené v tab. II.

Tabul'ka I

Chemické zlozenie nehrdzavejucej ocele v [%]

Prvok C Cr Ni Mn Si P S
Ocel’ 0,03 185 86 1,6 08 0,04 0,01
1.4301

Tabul’ka II

Fyzikalne vlastnosti nehrdzavejucej ocele

Modul pruznosti E =200 GPa
Poissonov pomer 0,3

Hustota 7900 kg/m’
Tepelna vodivost’ pri 20 °C 15 W/mK
Elektricky odpor 0,73 pQ cm
Elektricka vodivost’ 1,4 MS/m
Specifické teplo pri 20 °C 500 J/kg.K
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Pri vyrobe zavitov (rozmerova rada M6 az M8) docha-
dza vel'mi Casto ku katastrofickému poskodeniu reznych na-
strojov-strojnych zavitnikov. Na zaklade §tadii autorov pri
vyrobe zavitov do austenitickych nehrdzavejicich oceli
1.4310 (cit.**) a 1.4541 (cit.>®) bolo zistené, Ze poskodenie
reznych nastrojov je zapri¢inené okrem vplyvu reznych pod-
mienok aj spevnenim vrstvy po predchadzajucej technologii
obrabania, teda po vitani.

2.2. Technologicka sustava

Pre experimenty bola aplikovana technologicka ststava
stroj-nastroj- pripravok-obrobok:
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Stroj : Chiron FZ12 CNC,

Nastroj: skrutkovicovy vrtak s priemerom d = 7,0 mm, nova
konstrukcia reznej Casti s podbrusenou hlavnou chrbtovou
plochou zo spekaného karbidu bez povlaku,

Pripravok pre néstroj: vysokopresna hydraulickd upinacia
hlavica, Pripravok pre obrobok: strojny zverak.

Obrobok: Austenitickd nehrdazvejtca ocel’ 1.4301.

Pre experimenty boli pouzité vzorky rozmerov b x h x [
(30x30x200) mm, pre vitanie slepej diery do hibky 20 mm
a definovanie oblasti hodnotenia na obrobenom povrchu pod-
l'a obr. 1.

Obr. 1. Oblasti hodnotenia obrobeného povrchu pri vitani spe-
kanym karbidom

Experimenty boli realizované na pracovisku: Vyskumno-
vyvojové centrum v Norimberku-Fiirth, Nemecko, pri reznych
podmienkach: rezna rychlost’ z intervalu v, = 25-50 m min™,
posuv z intervalu £=0,01-0,12 mm na otaku, hibka rezu a,=
3,5 mm. Spdsob obrabania-suché obrabanie.

Vzorky z ocele 1.4301, ziskané vitanim, boli analyzova-
né na elektronovom mikroskope. Na deformovanej oblasti
ocele — spevnenej vrstve, bolo hodnotené: Sirka spevnenej
vrstvy od obrobeného povrchu, mikrotvrdost’ spevnenej vrst-
vy, a na obrobenom povrchu bolo hodnotené: drsnost’ povrchu
Ra a morfologia povrchu.

2.3. Deformacia pod obrobenym povrchom

Autor™” uvadza, e pre ocel 1.4541, zmena velkosti
vrstvy plastickej deformacie stvisi hlavne s vlastnost'ami
Struktiry materialu a velkost'ou austenitického zrna. Z analyz
vzoriek plasticky deformovanej vrstvy pod obrobenym po-
vrchom ocele 1.4301 mézeme potvrdit’ tieto tvrdenia. Nerov-
nomerna $irka spevnenej vrstvy od 48 pum az do 460 pm

100 pm

Obr. 2. Plasticka deformacia povrchu do hibky ~ 460 wm, ocel
1.4301, oblast’ ,,A*
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(obr. 2) vznika pri reznych podmienkach 40 m min~' az

50 m min™" a pri posuvoch va&sich ako 0,1 mm ako je zobra-
zené na obr. 3.

Plasticka deformécia pod obrobenym povrchom ma cha-
rakter podl'a obr. 3.

Obr. 3. Plasticka deformacia povrchu do hibky A, = 32 pm, lokal-
na plastickd deformicia je v ramci austenitického zrna i, =
100 pm, ocel’ 1.4301, oblast’ ,,E«

Ku plastickej deformacii dochadza pod obrobenym po-
vrchom a lokalne v austenitickych zrnach. Pri reznej rychlosti
od 25 m min~' do 30 m min™" a posuve od 0,02 mm do
0,04 mm bola namerand Sirka spevnej vrstvy od 18 pm do
40 pm, ¢o predstavuje najmensie hodnoty plasticky deformo-
vanej vrstvy, obr. 4. Pri tychto reznych podmienkach bola
namerand rovnomernd §irka spevnenej vrstvy. Sucasne sa
potvrdilo tvrdenie autora’, Ze to plati pre austenitické zrna
mensej vel'kosti (~ do 50 um).

o 500

—e— £0,01
% 400 { —=— £0,02 /
= —a— £0,04 /
70 | o
S m 200 4 T FO.12 X
4 L
= 100 I
= o e

0 20 40 60

Rezna rychlost’ [m/min]

Obr. 4. Zavislost’ zmeny Sirky deformovanej oblasti od reznej
rychlosti a posuvu, a v zavislosti od lokdlneho miesta na obrobku
(oblast’ ,,H*)

Tvrdost HV (20 g) v plasticky deformovanej vrstve po
vitani ocele 1.4301 zobrazuje obr. 5.

2.4. Obrobeny povrch

Pre hodnotenie obrobeného povrchu bola namerana drs-
nost’ povrchu Ra = 0,55 pm pri reznej rychlosti 30 m min™"
a posuve 0,04 mm.

Pri nameranej drsnosti povrchu Ra = 0,55 pm bola na-
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merand §irka spevnej vrstvy od 18 um do 25 pum. Tymto vy-
sledkom bolo dosiahnuté, Ze plasticky deformovant vrstvu je
mozné odoberat’ d’al$im uberom (napr. pri zvacseni priemeru
diery, alebo pri rezani zavitu) s tym, Ze predlzujeme trvanli-
vost’ nastroja o 25 az 30 %, a teda eliminujeme katastroficky
priebeh opotrebovania.

430
™ —&— Oblast H
g 380 —_—1 - —0—Oblast G ||
; 330 w\ I —®— OblastF | |
T u —%— Oblast E
= 280 N
o
3 - &% )
g 230
=

180 T T

0 0,1 0,2 0,3

Vzdialenost’ od obrobeného povrchu [mm]

Obr. 5. Zavislost’ zmeny tvrdosti deformovanej oblasti od vzdiale-
nosti pod obrobenym povrchom

2.5. Poskodenie rezného nastroja

Pre hodnotenie trvanlivosti reznych nastrojov bolo apli-
kované kritérium VBx = 0,2 mm. Meranie bolo realizované
pomocou optického mikroskopu bez vyberania rezného na-
stroja z upinacieho pripravku. Rezné nastroje a triesky boli
analyzované na elektronovom mikroskope (SEM).

Plasticka deformacia iniciuje opotrebovanie reznej hrany
tzv. chipping, a to hlavne pre diskontinualnu metédu obraba-
nia ako je vitanie. Tento jav sa nazyva ako tzv. plastic lowe-
ring-PL na reznej hrane. Charakteristické¢ formy poskodenia
reznej Casti skrutkovicového vrtaka pri vitani ocele 1.4301
zobrazuje obr. 6.

Obr. 6. Dispozicia skrutkovicového vrtaka, charakteristické formy
posSkodenia skrutkovicového vrtika pri vitani ocele 1.4301; a —
poskodenie na reznej hrane-chipping, b — poSkodenie na reznej
hrane-plastic lowering, ¢ — poSkodenie termickym vplyvom v
okoli prie¢nej reznej hrany-cracking, d — poSkodenie pri hrote-
plastic lowering
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3. Zaver

Spevnena vrstva obrobené¢ho materidlu ma zasadny
vplyv na poSkodzovanie reznych nastrojov pri nasledujicej
operacii podla technologického postupu vyroby (napr. diera-
zavit, diera-diera). Vysledkom vyskumu je:
urCenie velkosti spevnenej vrstvy (~ 18 um az ~ 460 p
m), austenitickej ocele 1.4301 pri vitani,
tvrdost’ spevnenej vrstvy je 1,5 az 1,7krat vyssia ako je
tvrdost’ zakladného materialu,
definovanie reznych podmienok (reznd rychlost, posuv)
pre vznik minimdlnej irky plasticky deformovanej vrstvy.
Z vysledkov experimentov vyplyva:
je potrebné navrhovat’ rezni rychlost 25 m min~ az
30 m min"", a posuv 0,02 mm az 0,04 mm, aby sme
ziskali minimdlnu $irku plasticky deformovanej vrstvy,
pri navrhu nastroja je potrebné dodrzat tieto zasady:
minimalna plocha hlavnej chrbtovej plochy, minimalna
dizka prienej reznej hrany, a minimalny polomer reznej
hrany.

1

_ Tdto praca vznikla za podpory grantovej agentury VEGA
MSSR 01/0048/2009 a grantovej agentiry KEGA MSSR
3/3176/2009.
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The basic hypothesis of this article focuses on the study
of deformation under the machined surface in the production
of poor-quality holes when drilling into austenitic stainless
steel 1.4301 and its impact on the cutting tools wear. Content
of the article presents the results of experiments aimed at
studying and evaluating the deformation of a hardening layer,
which is essential for damage helical drill with a diameter d =
7,0 mm for drilling austenitic stainless steel 1.4301. Experi-
mental results were verified in the production of holes in
products for the food industry.
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1. Uvod

Na nizkotlakych dilech 1000 MW turbiny dochazi
k poruSeni tfetich obéznych kol v oblasti stromeckového
uchyceni lopatky. Pfedmétem tohoto ¢lanku je stanoveni pfi-
¢in vzniku trhlin a jejich charakter na vykovcich lopatek.

Vyskyt trhlin na tietich ob&éznych kolech na NT1 a NT2
byl zjistén pfi pravidelné odstavce turbiny, kdy jsou provadé-
ny defektoskopické zkousky. Treti kola na NT1 a NT2 byla
v roce 2009 osazena novymi lopatkami v Zaropevné oceli
T552 (DIN 1.4938, X12CrNiMoV12-3). Komplexni materia-
lové analyze byly podrobeny lopatky z NT2. Schéma uspota-
dani obéznych kol na NT je uvedeno na obr. 1.

Lopatky jsou vyrobeny zapustkovym kovanim, kde vy-
chozim polotovarem je ty¢ o priméru 110 mm, piedkovek je
kovan za teplot 1050-950 °C a kovan pfi teplotach 1100 az
900 °C. Lopatky jsou nasledné tepelné zpracovany dvéma
zpusoby. V prvnim ptidadé 1020 °C/3 h/ olej/635 °C/7 W/
vzduch a zihani na sniZeni vnitinich pnuti 580 °C/12 h/pec do
250 °C/vzduch. V druhém ptipadé 1020 °C/3,5 h/olej/630 °
C/6 h/vzduch a zihani na snizeni vnitinich pnuti 580 °C/12 h/
pec do 150 °C/vzduch. Mechanické vlastnosti vykovki po
tepelném zpracovani splituji pozadavky piedpisi na mez klu-
zu min. 800 MPa, mez pevnosti 950—-1150 MPa, taznost min.
14 %, razovou houzevnatost 35-55 J v podélném sméru a
tvrdost HWB2,5/187,5 292-330.

Na dodanych lopatkach z 3 obéznych kol na NT2 byl
proveden mikrostrukturalni rozbor na svételném a transmis-
nim elektronovém mikroskopu, kontrola chemického
a mikrochemického sloZeni, kontrola mechanickych vlastnosti

a fraktograficky analyza.
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Obr. 1. Schéma uspoiadani lopatek na turbiné

2. Experimentalni ¢ast

Na kazdé ze ¢tyf dodanych lopaktek byla po dolomeni
identifikovana vzdy pouze jedna tnavova trhlina obr. 2. Pou-
ze u jedné z lopatek (¢. 480) doslo k iniciaci trhliny v horni
drazce zamku ze strany hiebu lopatky v blizkosti nabézné
hrany (NH). U ostatnich lopatek (&. 459, 485 a 509) doslo
k iniciaci ve stfedni ¢asti horni drazky stromeckového zamku.

—— odtokova hrana

Obr. 2. Lopatka €. 509 po laboratornim dolomeni

Mirkostrukturalni analyza zékladnich materialt lopatek
i oblasti lomovych ploch byla provedena na vzorcich
z podélnych tezli z oblasti stromeckového zamku. Na zakladé
predeslych zkusenosti nebyla provadéna analyza na pticnych
fezech, jelikoz vykazovala stejné charakteristiky mikrostruk-
tur.

Vzorky pro svételnou mikroskopii byly stanadrtné meta-
lograficky pfipraveny a hodnoceny na mikroskopu Zeiss Neo-
phot 32 pfi 100, 200 a 500 nasobném zvétSeni v naleptaném
stavu. Vzorky byly leptany chemicky v leptadlech Beraha I
a Vilella Bain. Leptadlo Beraha bylo pouzito z diivodu bare-
ného zvyraznéni nemartenzitickych fazi, které se nepodatilo
prokazat obr. 3. Zakladni material lopatek vykazoval struktu-
ru popusténého marteniztu s jehlicovitym usporadanim obr. 4.
Morfologie karbidickych ¢i karbonitridickych castic, stejné
jako intermetalickych fazi bylo mozné identifikovat az pii
500nasobném zvétseni bez mozného vzajemného rozliseni po
hranicich pivodnich austenitickych zrn nebo mezijehlicovi-
tych oblastech martenzitu obr. 5. Velikost ptivodniho austeni-
tického zrna byla hodnocena dle CSN EN ISO 634 a stanove-
na podle etalonti normy ASTM E 112. Hranice ptivodnich zrn
byly zvyraznény elektrolytickym leptanim v roztoku etanolu
a HCl obr. 6. Velikost ptivodniho zrna odpovidala tfidé 5,0.

Obr. 3 (vlevo). Zakladni material lopatky ¢. 459 pii 200 nasobném
zvétSeni (leptano Beraha 1.)

Obr. 4 (vpravo). Zakladni material lopatky ¢. 485 p¥i 200 nasob-
ném zvétSeni (leptano Vilella Bain)
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Obr. 5 (vlevo). Zakladni material lopatky ¢. 480 pii 500 nasobném
zvétSeni (leptano Vilella Bain)
Obr. 6 (vpravo). Zvyraznéné hranice pivodnich austentickych zrn

Tenké folie pro transmisni elektronovou mikroskopii
(TEM) byly ptipraveny standartnd' a nasledn& elekroliticky
lestény na zafizeni Tenupol v 6% roztoku HC1O4 a metanolu
pti =35 °C a proudu 150 mA. Analyza byla provedena na
zatizeni JEOL JEM 2000FX. Jelikoz byly vzorky magnetické,
jejich analyza tim byla omezena. V zékladnim materialu lopa-
tek pfevazoval jehlicovity martenzit obr. 7a, po jehoZz hrani-
cich i uvnitf néj se vyskytovaly shluky castic. Na difraktogra-
mech z matrice byly vedle difrakénich stop martenzitu identi-
fikovany difrakéni stopy odpovidajici karbidu typu M;Cg obr.
7b. Pti analyze chemického slozeni pomoci energiové dispers-
ni analyzy rtg. zateni (EDAX) bylo zji§téno, ze v karbidicich
¢asticich prevazoval Cr (65 %) a Fe (25 %), a v pomérné
vy$si koncentraci téZ Mo (10 %), dale Ni (3 %) a Mn (1 %).

Pro kontrolu chemického a mikrochemického slozeni
bylo pouzito tfech rtiznych analyzatort. Kvantometr ARL
3460 OE, spektrometr Belec Vario Lab. a elektronovy mikro-
analyzator Camebax Micro Cameca s energiove disperzin
analyzatorem Kavex. Z naméfenych hodnot je ziejmé, ze byly
dorzeny predpisy pozadovaného chemického slozeni”. Obsahy
austenitotvornych a feritotvornych prvki mohli  vést
k urgitému podilu & feritu® v mikrostruktufe a mirné rozdily
v obsazich C, Cr, Ni a Mo mohly vést k citlivosti na korozni
napadeni. Vysledky ale prokazaly, ze nedoslo k zasadnimu
ovlivnéni struktury materialu ani mechanickych vlastnosti.

Mechanické vlastnosti materialu lopatek ¢. 459, 480, 485
a 509 byly kontrolovany zkouskou tahovou, zkouskou razem
v ohybu dle Charpyho a meéfenim tvrdosti dle Brinella.
Z lopatek byly odebrany zku$ebni vzorky z oblasti stromecko-
vého zamku s pii¢nou orientaci (PN) pro Charpyho zkousku.
Z oblasti listu lopatky byly odebrany vzorky s podélnou ori-

gt gy

Obr. 7. a — Martenziticka struktura lopatky ¢&. 459, svétlé pole, b —
Difraktogram karbidu M,;C; (lopatka ¢. 495)
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entaci (PO) pro zkousku tahovou i pro zkousku razovou.
Zkouska tahem byla provedena na zkusebnim zafizeni IN-
STRON 100 kN dle normy CSN EN 6892, ¢ast 1. Z kazdé
lopatky byly zkouseny tii vzorky. Vysledky primérnych hod-
not od kazdé lopatky jsou uvedny v tab. I a vyhovuji piedpisu
oceli 1.4938. Pii zkouSce tvrdosti dle Brinella byla pouzita
kulicka o priméru 2,5 mm a zatizeni 187,5 kp na univerzal-
nim tvrdoméru EMCOTEST M4C. Zkouska byla provedena
dle normy CSN EN 6506-1. P¥i kazdém méfeni byla provede-
na kontrola v péti mistech na kazdém vzorku. Tab. II shrnuje
vysledky, ve které jsou uvedeny stiedni hodnoty z téchto mé-
feni. Zkouska razem v ohybu dle Charpyho byla provedena na
zkuSebnim zafizeni Padostroj Charpy 300 J na zkuSebni tyci
10 x 10 x 55 mm a vrubem V2 dle normy CSN ISO 145-1 pii
teploté 20 °C. Vysledky zkousky jsou uvedeny v tab. III. Na-
métené hodnoty ve vSech piipadech spliji pozadavek po-
ttebné razové houzevnatosti. Lom mél houzevnaty, transkrys-
talicky charakter.

Tabulka [

Zkouska tahem, stfedni hodnoty

Lopatka ¢. 459 480 485 509 Ptedpis
1.4939

Rpo2 819 818 817 816 min. 800

[MPa]

R, [MPa] 1027 1020 1030 1024  950-1150

As [%] 16,9 16,6 16,8 16,2 min. 14

Z [%] 583 578 574 57,0 inf.

Tabulka II

Zkouska tvrdosti, stiedni hodnoty

Lopatka 459 480 485 509 Predpis

¢. 1.4939

HWB 319 312 312 319 292-330

2,5/187,5

Tabulka IIT

Zkouska razem v ohybu

Lopatka ¢. KV [J] pozadavek

459 101 98 97 PO 35-5517]

480 98 112 104  PNinfo.

485 102 108 99

509 97 106 103

Fraktograficka analyza byla provedena na fadkovacim
elektronovém mikroskopu JSM 840 A. Z lomovych ploch ze
zamkl lopatek byly nejprve odstranény korozni produkty
specialnim roztokem®. U lopatek &. 459 a 480 byly lomové
plochy trhlin téméf kolmé k podélné ose lopatky, u lopatky
¢. 485 svirala lomova plocha s podélnou osou lopatky thel
cca 30° a u lopatky ¢. 509 se trhlina Sifila nejprve v roviné
svirajici s podélnou osou pod tthlem cca 30°, dale se postupné
stacela smérem ke stiedu obézného kola a nakonec svirala
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s podélnou osou lopatky uhel cca. 75°. Unavové trhliny inici-
ovaly na povrchu drazky a Sifily se striaénim mechanismem
v kombinaci s mechanismem interkrystalické dekoheze
(obr. 8a, 8b). U lopatky ¢. 459 byla v oblasti iniciace identifi-
kovéana interkrystalickd faseta (obr. 8c). Velikost faset se
ménila v zavislosti na délce trhliny, tak i mezi jednotlivymi
lomy lopatek. U lopatek ¢. 459 a 509 podil interkystalického
lomu klesal s délkou trhliny. Interkrystalicky lom se vyskyto-

ny probihalo u vSech lopatek striaénim mechanismem obr. 9.
Proménna rozte¢ striaci a vyskyt postupovych car vedli
k zavéru, ze porusovani lopatek probihalo pifi zatéZzovani
s ¢asové proménlivou amplitudou a ob¢asném vyskytu preté-
zovacich cykla.

Obr. 8a. Iniciace striaénim mechanismem na lopatce ¢. 480

Obr. 8b. SiFeni trhliny interkrystalickou dekohezi na lopatce
¢. 459

Obr. 8c. Iniciace na interkystalické faseté na lopatce ¢. 459

Soum P

Obr. 9. Lopatka ¢. 480 - Mikromorfologie lomu odpovidajici poru-
Sovani striaénim mechanismem — na lomu se vyskytuji postupové
cary

3. Diskuse a zavér

Na zékladé provedenych experimentalnich zkousek na
lopatkach ¢. 459, 480, 485 a 509, u kterych doslo ke vzniku
unavovych trhlin na 3 obé&znych kolech nizkotlakych dilt
v oblasti stromeckového zamku jsme dosli k zavéru, ze ke
vzniku tnavovych trhlin doslo v ddsledku puisobeni zvyse-
nych cyklickych napétovych stavi.. Mikrostrukturalni a me-
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chanické charakteristiky lopatek z oceli X12CrNiMoV12-3
nevykazovaly Zadné odchylky od piedepsanych hodnot.
K rozvoji tnavovych trhlin nedochazelo v dusledku fadkovi-
tosti precipitati ani v disledku existence o feritu a jeho pfi-
padné tadkovitosti. U vSech sledovanych trhlin probihala
prvni faze Sifeni unavovych trhlin kombinaci strianiho me-
chanismu a interkrystalické dekoheze. Podezfeni, Ze inter-
krystalické lomy na lopatkach v pocatecnich fazich postupu
unavové trhliny byly disledkem koroze pod napétim se nepo-
tvrdilo. Hodnocené lopatky pochazely ze dvou riznych taveb
a byly podrobeny dvéma obdobnym postuptim tepelného
zpracovani. Jejich mechanické a mikrostrukturalni vlastnosti
byly prakticky shodné. V oblasti iniciace a prib&hu inavové-
ho poskozeni nebyla prokdzana zadna vada, ktera by mohla
byt disledkem obrabécich technologii, kovarenské vyroby
lopatek ¢i nasledného tepelného zpracovani.

This paper has been supported by the CTU project: SGS
number — SGS10/258/OHK2/3T/12,  Research  program
MSM6840770021 and Development project MSM.
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and Phys., Czech Republic): Initiation and Propagation of
Fatigue in Turbine Chromium Steels

The purpose of this paper is to determine the causes of
fatigue cracks and their character on the turbine blades of
third low-pressure components (NT2) turbine (TG1) in Te-
melin. Blades of Steel X12CrNiMoV12-3 were operated on
between 2009 and 2010. The fracture occurred in lock blade
connection part. Microstructural analysis of the broken blades
was performed on a light and transmission electron micros-
copy, control of chemical and microchemical composition and
fractographic analysis. In conclusion, the causes of fatigue are
discussed in detail.
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1. Uvod

Austenitické  chromniklové ocele st vyrabané
s odstupfiovanym obsahom uhlika. Obsah chrému je u tejto
skupiny oceli okolo 18 %, obsah niklu je prispdsobeny pozia-
davke, aby Struktura tychto oceli bola prevazne austeniticka.
Minoritné fazy nachadzajice sa v Struktare su tvorené feritom
8 a karbidmi chrému prevazne typu M;Ce. Austenit je u tejto
skupiny oceli stabilny aj pri teplotach hlboko pod bodom
mrazu. Mechanické vlastnosti v stave po rozpustacom zihani,
ked’ cast’ karbidov prechadza do roztoku, zavisia na obsahu
uhlika'. Obrabanie austenitickych oceli je obtiaznejsie
v porovnani s nizko a stredne legovanymi oceliami. Vysoka
pevnost’, nizka tepelna vodivost, vysoka taznost’ a tendencia
k vysokému spevneniu austenitickych nehrdzavejticich oceli
st hlavné faktory, ktoré robia ich obrobite'nost’ obtiaznou.
NajobtiaznejSie sa uskutociiuje vitanie hlbokych otvorov
s malym priemerom?’.

Z hladiska obrobitel'nosti, najdolezitejSou charakteristi-
kou je praca spojena so spevnenim. Austenitické mriezka ma
vys$si sklon k deformécii v dosledku vicésieho poctu sklzovych
systémov. Zvysenie pevnosti a tvrdosti pocas deformacie je aj
vysledkom transformécia metastabilného austenitu. Na obra-
banie kovov je treba pozerat’ ako na proces plastickej defor-
macie’. Plastickd deformécia vo vztahu na povrch objektu po
reze moéze mat’ roznu formu a to plasticku (spevnenie), elas-
ticko-plasticku alebo elastickll. Pre skupinu tazkorezatelnych
materidlov, je tato forma deformacie iba plasticka. Na po-
vrchu po reze, ma dolezity vyznam aj hrubka plasticky defor-
movaného povrchu materialu. V jednotlivych trovniach hrub-
ky plasticky deformovaného materialu je forma deformacie
rozna. V poslednych destrociach bol vyskum v tejto oblasti
cieleny do oblasti stanovenia parametrov procesu vitania
rozpracovanim modelov obrabania analytickymi metodami*®,
numerickym a experimentalnym modelovanim’. Spevnenie
v okoli opracovaného povrchu vitanim v mnohych pripadoch
méze mat vyznamy degradacny potencial, ktory modze
v naro¢nych aplikaciach spdsobit katastrofické porusSenie
konstrukcie.

Ciel'om prace bolo ur¢enie velkosti zony plastickej defor-
macie v okoli povrchu vitanych dier metéodami svetelnej
a elektronovej mikroskopie a charakterizovat’ intenzitu spevnenia
meranim hodn6t mikrotvrdosti plasticky deformovanej zony.

2. Experiment

Bolo vykonané experimentalne overenie rozsahu plastic-
kej deformécie v zéne rezania otvorov priemeru 7 mm. Na
experimentalne prace bol pouzity ako referen¢ny material
blok rozmerov 95x46x18 mm z nizkolegovanej ocele C45
v stave po normaliza¢nom zihani. Chemické zloZenie materia-
Iu C45 v hm.% bolo: C=0,42—-0,50; Mn=0,5-0,8; Si=0,17—
0,37; Cr=max. 0,25; Ni=max.0,30; P=max 0,04; S=max.0,04.
Hodnota tvrdosti podl'a Vickersa stanovena v zmysle STN EN
ISO 6507-1 10 mm od obrobeného povrchu bola 179-182
HV10. Skrutkovicovymi vrtakmi priemerov 7 mm boli vyvi-
tané diery do bloku rozmerov 119x60x39 mm z materialu
austenitickej chromniklovej ocele 1.4301. Chemické zloZenie
materialu v hm.% bolo: C = max. 0,08; Si = max. 1,00; Mn =
max. 2,00, P =max. 0,045; S = max. 0,03; Cr=17,5-20; Ni =
8—11. Material bol v stave po rozpustacom zihani. Hodnota
tvrdosti podl'a Vickersa 10mm od obrobeného povrchu bola
122—-129 HV10. Parametre procesu vitania dier a rozmerové
charakteristiky pouzitych vrtakov st v tab. I a v tab. II.

Vzorky pre metalograficki analyzu boli odobraté elek-
troiskrovo tak, Ze rovine metalografického vybrusu bola os
diery. Nasledne boli vzorky preparované v dentacryle
a pripravené beznym metalografickym postupom. Pre ucely
analyzy bola pouzita experimentalna technika svetelnej mik-

Tabulka I
C 45. Parametre vitania

Vzorka Parametre vitania Parametre skrutkovicového vrtaka

C45-  Posuv: 0,lmm D=6,8 mm. HSS + 8 % Co.

1CC  Rezrychl.: Uhol chrbta 8°. Uhol vrchola
60 m/min. 2k=135°

C45 Posuv: 0,15mm  D=6,8 mm. Spekany karbid bez

-2CC  Rez.rychl.: povlaku. Uhol chrbta 8°. Uhol
60 m/min. vrchola 2k,=140°.

Tabulka II

1.4301. Parametre vitania

Vzorka Parametre vitania Parametre skrutkovicového vrtaka
1.4301 Posuv: 0, mm D=7 mm. HSS + 8 % Co.
-15CN Rez. rych.: Uhol chrbta: 8°.
15 m/min. Uhol vrchola 2k=135°
1.4301 Posuv: 0,08 mm D=7 mm. Spekany karbid bez
-16CN Rez. rych.: povlaku.Uhol chrbta: 8°. Uhol
25 m/min. chrbta 22°(podbruseny chrbat).
Uhol vrcholu: 2x=135°
1.4301 Posuv: 0,09 mm D=7 mm. Spekany karbid bez
-18CN Rez. rych.: povlaku.Uhol chrbta: 8°. Uhol
40 m/min chrbta 22°(podbruseny chrbat).

Uhol vrcholu: 2xk=140°.
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roskopie: inverzny metalograficky mikroskop Olympus CX71
s kamerou Olympus DP12 a prislusenstvo pre pozorovanie
v polarizovanom svetle a pomocou diferencialneho interfe-
renéného kontrastu (DIC). Pre verifikaciu hodnoty hibky plas-
ticky deformovanych zén v okoli vitanych dier (urenych
metédami svetelnej mikroskopie) bola pouzita technika ske-
novacej elektronovej mikroskopie — JEOL JSM 7000F
s autoemisnou tryskou. Mikrotvrdost’ plasticky deformova-
nych zo6n bola stanovena vo vzdialenosti 50 um pre ocel’ C 45
od povchu vrtanej diery a 60 pm pre austenitick ocel’ W.Nr.
1.4301. Merania mikrotvrdosti boli realizované mikrotvrdo-
merom LM 700 AT so zatazenim 0,2452 N v smere kolmom
na povrch vzorky. Priemerna hodnota mikrotvrdosti pre
HV0,025 bola stanovena z 50 merani pre material C 45 a zo
60 merani pre material 1.4301.

3. Vysledky a diskusia

Metodami svetelnej a skenovacej elektronovej mikrosko-
pie bol wurCeny rozsah plasticky deformovanej zony
v oblastiach pod povrchom vitanych dier materidlu W.Nr.
1.4301. Boli identifikované oblasti tvorené suvislou plasticky
deformovanou mikrostruktirou a oblasti hlbsie pod opracova-
nym povrchom, v ktorych bola plasticka deformacia lokalizo-
vana do izolovanych zfn austenitu obr. 1 a 2.

Najmengia hibka stvislej a lokalnej plasticky deformo-
vanej mikrostruktury pod povrchom dier bola namerana v
poziciach D a E u vzoriek 1.4301-18CN (obr. 3).

Pod suvislou plasticky deformovanou vrstvou bola po-
zorovana lokalna plastickd deformacia v ramci jednotlivych
zfn austenitu. Oblast stivislej plastickej deformacie bola ohra-
ni¢end pomerne ostrym rozhranim. Oblast’ lokalnej plastickej
deformacie bola Casto v ramci jedného zrna orientovana na

Obr. 3. 1.4301-18CN-poz. D

Obr. 2. 1.4301-15CN poz. E
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konkrétny preferovany smer. Na povrchu vrtanych dier
a v oblastiach tesne pod povrchom u vsetkych vzoriek
z materialu 1.4301 nebola pozorovana separacia intenzivne
plasticky deformovanych objemov materialu (obr. 1).

Pozicie A, B, H, a I zodpovedaju pociatoénym oblastiam
vrtanych otvorov. V tychto miestach bol pomer hibky lokalnej
a suvislej plastickej deformacie pre vSetky vzorky z materialu
1.4301 (tab. III) 4,5 az 6,8. V oblasti rezného klinu
a vrcholového uhla (pozicie D, E) bol pomer lokalnej
a suvislej plastickej deformacie 2,9 a 4,5 pre vzorku 15CN,
1,3 a 1,9 pre vzorku 16CN a 5,8 a 1,0 pre vzorku 18CN. Roz-
sah plastickej deformdcie v tychto oblastiach vitaného otvoru
je podmieneny vlastnost'ami pouzitého nastroja a parametrami
procesu vitania.

V zénach lokalnej plastickej deformacie v poziciach D,
E, F (pozicia F je analogicka D) boli zvySené hodnoty mikro-

Tabulka III
Hibka plasticky deformovanej zény v pm

Vzorka 2 | ' Pozicia merania
¢ J).]‘“' I'I'F::.F{f
1.4301-15CN “>22=7 A B C D E
Deformacia lokalna 187 79 30 124 127
suvisla 29 17 12 43 28
1.4301-16CN A B C D E
Deformacia lokalna - 184 88 80 68
suvisla - 27 28 59 35
1.4301- A B C D E
18CN
Deformacia lokélna 166 118 56 70 12
suvisla 26 35 11 12 12

vtrdosti v priemere 2,5 az 3krat vzhl'adom na hodnoty mikro-
tvrdosti mimo plasticky deformovanych oblasti (tab. IV).
Minimalne hodnoty mikrotvrdosti HV 0,025 boli namerané
v nedeformovanych oblastiach obrobku.

Meranim hibky plasticky deformovanej zony v okoli
otvorov vyvitanych do bloku materidlu z nizkolegovanej
ocele C45 boli zistené oblasti suvislej a lokalnej plastickej
deformacie do hibky maximalne 48 um, ktoré boli v oblasti
rezného klina (tab. V).

V oblastiach intenzivnej plastickej deformacie resp.
v ich okoli bolo v mnohych pripadoch pozorované mechanic-
ké porusenie a az vytrhnutie (extrakcia) €asti povrchu vyvfta-
nych dier (obr. 4).

Tabulka IV
Mikrotvrdost’ plasticky deformovanych zon

Schéma Material Mikrotvrdost’ HV0,025
merania vzorka Max. Min. Ave. Dev.
x| 1= 1.4301- 562 228 336 71
f,f;|'“ "' i?f 15CN
5 G
(«g/yfﬁg 1.4301- 536 206 295 57
16CN
1.4301- 560 184 273 49
18CN
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Tabulka V
Hibka plasticky deformovanej zény v pm

Vzorka Pozicia merania
C45-1CC A B C D E
lokalna 11 8 - 18 68
Deformdcia — gqyigla 10 11 - 48 _
extrakcia — —_ —_ _ 25
C45-2CC A B C D E
lokalna 25 - - 19 -
Deformacia savisla B B _ B 31
extrakcia 18 - - 20 -

Vzhladom na malu hibku plasticky deformovanych zon
bolo mozné merat’ mikrotvrdost HV0,025 len v oblastiach
rezného klinu a vrcholového uhla (pozicie D, E, F) u vzorky
C45-1CC. Maximalna hodnota v oblasti lokdlnej plastickej
deformécie bola 373 HV 0,025 a priemerna hodnota mikro-
tvrdosti v nedeformovych oblastiach bola 278 HV 0,025.

V analyze procesu vitania je Gcelné samostatne skimat’
plasticktl deformaciu vzhl'adom k tvorbe triesky a k povrchu
vitanej diery. Plastickd deformacia vzhl'adom na triesku je
uplna a vysledkom je oddeleny element materidlu objektu vo
forme triesky™’. Plasticka deforméacia vzhladom na povrch
objektu po reze mdze mat roéznu formu a to plasticki
(spevnenie), elasticko-plasticku alebo elastickll (odpevnenie).
Pre skupinu tazkoobrabatelnych materidlov je tito forma
deformacie hlavne plastickd a meni sa s parametrami prosesu
obrabania®*®. Metody svetelnej a elektronovej mikroskope su
vhodné pre analyzu rozsahu plastickej deformacie v okoli
vitanych dier materialu W.Nr. 1.4301. Efektivnou metodou
svetelnej mikroskopie je diferencialny interferencny kontrast.
Intenzitu spevnenia plasticky deformovanych zén je mozné
uréit’ meranim mikrotvrdosti, ak hibka zony plastickej defor-
macie je minimalne 2,5krat vacsia ako dizka uhlopriecky
vtlacku indentora. Informacie o intenzite spevnenia
v rozmerovo malych plasticky deformovanych oblastich je
mozné ziskat jednoduchym cyklom zat'azenie-odlahcenie
a cyklickym (sinusovym) médom zat'azenie pri merani nano-
indentac¢nej tvrdosti. Rozptyl merania méze byt ohranieny
vhodnou pripravou vzorky'®, vhodnym miestom merania

Obr. 4. C45-1CC. Lokélna plastickd deformacia
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a Statisticky dostatoéne velkym suborom merania. Sinusovy
mad je vyhodnejsi ako cyklicky alebo jednoduché zat'azenie-
odlahgenie'".

4. Zaver

1. Metddami svetelnej a skenovacej elektronovej mikro-
skopie bol uréeny rozsah plasticky deformovanej zony

v oblastiach pod povrchom vitanych dier materidlu
W.Nr. 1.4301.

2. Boli identifikované oblasti tvorené suvislou plasticky
deformovanou mikrostruktirou a oblasti hlbSie pod
opracovanym povrchom, v ktorych bola plasticka defor-
macia lokalizovana do izolovanych zfn austenitu.

3.V zbnach lokalnej plastickej deformacie v poziciach D,

E, F (pozicia F je analogickd D) boli zvySené hodnoty
mikrovtrdosti v priemere 2,5 az 3krat vzhl'adom na hod-
noty mikrotvrdosti mimo plasticky deformovanych ob-
lasti.

Tato praca je riesena za podpory grantu VEGA
2/0060/11.
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M. DZupon®, M. Gajdos®, J. Jurko®, M. Ferdinandy®,
D. Jakubeczyova® (“ UMV SAV, Kosice, " ELBA, a. s., Krem-
nica, “ FVT TU KosSice so sidlom v PreSove, Presov, Slova-
kia): Plastic Deformation Around Holes Drilled in Auste-
nitic Steel 1.4301

The work deals with determining of the size of plastic
deformation zone around the surface of drilled holes by
means of optical and electron microscopy in austenitic Cr-Ni
steel 1.4301. Regions of continuous plastically deformed
microstructure and sites under machined surface with plastic
deformation localized within isolated austenite grains were
identified. Ratio of depth of localized and continuous plastic
deformations was 4.5-6.8 for all samples of the 1.4301 mate-
rial. In the zones of local plastic deformations the values of
microhardness were in average 2.5 to 3 times higher than
those found outside the plastic deformation zones.
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Slovenska republika
iveta.pandova@tuke.sk

Krluacove slova: zeolity, klinoptilolit, spal'ovacie motory, oxi-
dy dusika

1. Uvod

Rastiice naroky na ochranu zivotného prostredia si nutne
vyZzaduju neustale zdokonalovanie zariadeni na zniZovanie
emisii vypustanych do ovzdusia. Prirodné zeolity, ako mate-
ridly netoxické, ekologicky vyhodné a cenovo dostupné vd’a-
ka svojej Strukture, ionovym a sorpénym vlastnostiam st
vhodnym materidlom pre vyuzitie na ekologické ugely'”
v globalnom meradle.

2. Vplyv oxidov dusika na ovzdusSie

Oxid dusnaty vznika po oxidacii oxidu dusného vznika-
juceho spalovanim paliva v spalovacich motoroch. Oxid
dusnaty sa oxiduje v atmosfére na oxid dusi¢ity vplyvom
ktorého dochadza za pritomnosti ultrafialového Ziarenia ku
neziaducemu zvySovaniu koncentracie troposferického ozonu.
Zdrojom ozénu su nasledovné reakcie, prebichajuce
v troposfére’.

0, +hv (<242 nm) —» O+ O
NO, + hv (< 400 nm) — NO + O
0,+0+M—0;+M

Znizovanim obsahu oxidov dusika za pomoci zeolitov sa
zaober4 niekol’ko patentov z USA a Japonska'>'’, ako aj pra-

ce dalgich autorov'™.

3. Zeolity a ich uprava

Zeolity su jednym z typov inkluzivnych zlicenin, ktoré
st definované  ako  krysStalické  hlinitokremicitany
s trojrozmernou S§truktirou skladajicou sa z tetraedrov,
v strede ktorych je umiestneny ion Si™* a Al” (cit.'*%). Za-
kladnou stavebnou jednotkou zeolitovej Struktary je tetraeder
[Si04]* a [AlO4] V sieti tetraedrov [SiO4] ™ je &ast’ atomov
kremika nahradend izomorfne atdémami hlinika. Negativny
naboj zeolitickej mriezky, ktory tym vznika, je kompenzova-
ny anorganickymi alebo organickymi kationmi, ktoré su
umiestnené v mimomriezkovych polohach. NajcastejsSie su to
katiény alkalickych kovov a kovov alkalickych zemin"*" ™',
Chemické zlozenie zeolitov je mozné popisat’ podla literatiry
vzorcom™'’:

(Na, K), (Ca, Mg, Sr, Ba), Al,:2,Si, (x+2y) O27 .n H,O
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Vo vnutri krystalickej Struktiry zeolitu su umiestnené
kanaliky presne definovanych rozmerov. Velkost' vstupnych
okien vymedzuje molekuly, ktoré mézu vstupovat’ do kanali-
kovitej Struktiry zeolitu. Tato presne definovand velkost
kanalikovitej $truktiry zeolity odliSuje od amorfnych mikro-
poréznych materialov typu aktivneho uhlia alebo aluminy. Pre
zeolity su charakteristické tri zakladné vlastnosti: sorpéné,
ionovymenné a katalytické. Vymenou katiéonov v krystalovej
Strukture mozno pripravit’ modifikované zeolity pre Specidlne
druhy pouzitia' ™. Zeolity si uz davnejie ziskali svoje miesto
ako efektivne adsorbenty resp.ionexy'?. Sorpéné a katalytické
vlastnosti prirodnych zeolitov sa daju ovplyvnit vhodnou
chemickou tpravou. Pod chemickou upravou rozumieme bud’
dealuminaciu pdsobenim zriedenymi Kyselinami alebo zava-
dzanie katidnov kovovych prvkov do S$truktury zeolitu na
zaklade i6novej vymeny posobenim vhodnych roztokov. 16-
novou vymenou dosiahneme pripravu monoiénovych foriem,
a to bud’ priamou cestou alebo nepriamou cestou cez H' for-
mu a NH;" formu. Katexy v H' forme sa &asto pouzivaja ako
zaklad na pripravu kovovych katalyzatorov, napr. iénovou
vymenou octanom paladnatym'*'***? K priprave zeolitic-
kych katalyzatorov sa pouzivaju Casto aj soli anorganickych
kyselin s kationmi kovov. Z kovovych prvkov maju najcha-
rakteristickejSie katalytické vlastnosti prvky d bloku periodic-
kého systému. Pre katalyticky aktivne kovy je charakteristicka
neuplnost’ ich d-orbitalov, ktora urcuje ich chemické vlastnos-
ti (sklon k tvorbe komplexov) aj fyzikdlne vlastnosti
(Struktura krystalov, magnetické vlastnosti). Pritomnost’ neza-
plnenych d-orbitalov a prechody elektronov z s-orbitdlov na
d-orbitadly vedie k tomu, Ze na vonkajSich s a d-orbitaloch
vznikaji nesparené elektrony, ¢o vedie k zvyseniu katalytic-
kej aktivity. Aluminaciou sa sleduje modifikovanie zeolitov
odstraniovanim hlinika z tetraedrickej koordinacie zeolitovej
mriezKy, pricom sa zvySuje podiel kremika k hliniku. Podl'a
literatary® pomer medzi zastapenim kremika a hlinika sa mo-
ze zvysit troma spdsobmi, a to termickou, hydrotermickou
a chemickou dealuminaciou aj kombinaciou chemickej
a termickej dealuminacie. Chemicka dealuminacia sa uskutoc-
fiuje pomocou viacerych druhov chemikalii, ktoré st vo forme
roztoku alebo v plynnej forme. Uprednostiiuje sa pouzivanie
chemickych reagencii vo forme roztokov pred plynnou for-
mou. Z nich st najvhodnejsie roztoky kyselin a ich soli. Poso-
benim zriedenych mineradlnych kyselin dochddza k dvom
stuptiom kyselinovej dekationizacie. Prvym stupiiom je vyme-
na iénov vyjadritel'na nasledovnou rovnicou™:

M+x [(AIOZ)X(SIOZ)H,X] 7X+X(HZO+H+)_)
—[(H30)"(A102)x X(SiO2)nr] *+xM"

V druhom stupni prebicha dealuminacia vyjadritelna rovni-
cou:

[(AIOOH),(SiO5)px H3xH" —[(H40,),(Si02), ]+ x AL

V prvom stupni po vymene katidonov za vodik z kyseliny,
proton so zeolitovou vodou vytvdra ién hydroxonia H;O" ,
pricom vznika tzv. hydrogéniova forma. DalSim vzdjomnym
uc¢inkom protéonov s kyslikovymi radikdlmi dochadza
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k likvidacii centier katidnovej vymeny, ¢o sivisi so zmenSe-
nim naboja matrice a s vytvorenim hydroxidovej formy. Ten-
to proces je nevratny®.

4. Vyutzitie zeolitov v oblasti zniZovania toxic-
kych latok vo vyfukovych plynoch spalova-
cich motorov vo svete

Na znizovanie obsahu toxickych latok vo vyfukovych
plynoch spalovacich motorov vznikaji katalyzatory, ktoré st
kombinéciou sorbenta, s kovovymi kationmi, ktoré st nositel’-
mi katalytickych vlastnosti. Sorpény zeolitovy material byva
najcastejsie aplikovany na monolitickom nosi¢i vo forme
tenkého nateru.

Problém zachytdvania Skodlivin pocas studeného Startu
riesi napriklad americky patentovy vynalez'’. Navrhnuté za-
riadenie pozostava z dvoch katalytickych a jednej sorpénej
z6ny. Jednu z katalytickych zon tvori trojcestny katalyzator.
Sorpénéd zéna pozostava z prirodného sorpéného materialu,
akym je prirodny zeolit, ako faujasit, mordenit a chabazit,
pripadne synteticky beta zeolit alebo ZSM-5. Ulohou sorpénej
z6ny je zachytavat’ uhl'ovodiky a NOy vznikajice spal'ovanim
pocas studeného Startu, kym trojcestny katalyzator nadobud-
ne optimalnu pracovnu teplotu. Katalyzator kombinovany
so sorbentom pozostdva z  monolitového  nosica
z keramického materialu, ako napriklad cordierit, mullit alebo
z tepelne odolnej ocele (Fe-Cr-Al zliatina) a z plasta tvorené-
ho zmesou prirodnych a syntetickych zeolitov. Uprednostiio-
vané st zeolity s molarnym pomerom Si /Al rovnym a va¢$im
ako 40, ktoré st tepelne odolné a hydrofobne. Prikladom ta-
kychto zeolitov je ZSM-5, USY, B zeolit. Aby bol zeolit kata-
Iyticky aktivny, do jeho Struktury su inkorporované kationy
vzacnych kovov, akymi st platina, paladium a rédium, pri-
padne dalsich kovov'". Dal3i patentovy vynalez riesi redukciu
NO a NO, za pomoci katalyzatora obsahujuceho zeolit, ako
nosic¢ platiny a medi. V tomto zariadeni sa pouziva synteticky
zeolit ZSM-5 a z prirodnych zeolitov mordenit a ferrierit'®.
Vsetky tieto patentované zariadenia st zalozené na vyuziti
syntetickych zeolitov, pripadne prirodnych, ako ferrierit, mor-
denit, faujasit, pentasil, preto bolo zaujimavé preskimat’ moz-
nosti podobného vyuzitia prirodného zeolitu — klinoptilolitu,
pochédzajticeho z loziska pri Niznom Hrabovci na Slovensku.

5. Experimentalna ¢ast’ — zniZovanie obsahu
oxidov dusika pomocou prirodného zeolitu —
klinoptilolitu

Monopolnym spracovatel'om prirodného zeolitu, ktory sa
nachadza pri Niznom Hrabovci je ZEOCEM a.s. Bystré.
V spolupraci s touto spolo¢nostiou bolo preskimané znizova-
nie koncentracie oxidov dusika vo vyfukovych plynoch spa-
Povacich motorov pomocou tohoto sorbenta. Klinoptilolit
sme testovali aj vzhl'adom na sorpciu polycyklickych aroma-
tickych uhlovodikov s pozitivnymi vysledkami, ked’ po jeho
kontaminacii vyfukovymi plynmi, sme v extrakte metdodou
GC a HPLC potvrdili pritomnost’, okrem inych aj karcinogén-
neho benzo(a)pyrénu' 2,

Obsah oxidov dusika vo vyfukovych plynoch sme stano-
vili pomocou prietokového analyzitora Smart Logger.
K experimentdlnym meraniam, ktoré sme realizovali, bolo
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navrnuté a skonStruované sorpéno-filtraéné zariadenie
s moznostou vymeny vzorky, vo vnutri vyplnené zeolitom
v granulovanej forme, ktoré bolo umiestnené na vyfukové
zariadenie osobného automobilu bez zabudovaného katalyza-
tora. Postupne sme testovali vzorky zeolitu v povodnej pri-
rodnej forme aj chemicky modifikované do amoniovej
a kobaltnatej modifikacie. Hodnoty obsahu oxidu dusnatého,
ktoré sme namerali na vstupe a vystupe zariadenia boli pouzi-
té k vypoctom Gc¢innosti sorbenta (tab. I).

Tabulka I
Zavislost’ u¢innosti filtracno-sorpéného zariadenia od ¢asu pre
ro6zne vzorky zeolitu

Cas[s] Prirodny Tepelne  NH,' modi-  Co"
zeolit aktivovany fikacia modifi-
kacia
30 20 75 80 81
60 18 54 69 69
90 20 32 65 59
120 22 32 63 48
150 23 30 59 42
180 25 29 56 38
210 23 29 55 36
240 20 27 53 36
270 19 25 52 34
300 19 25 51 34
330 19 25 51 34
360 19 25 51 34
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Najvys$ia priemerna ucinnost zariadenia (59 %) bola
dosiahnuta u amoniovej formy klinoptilolitu. S kobaltnatou
modifikdciou bola dosiahnuta priemernd ucinnost nizSia
(46 %), no u tejto modifikécie, na rozdiel od amoéniovej mo-
difikacie aj od prirodnej formy, uz od Stvrtej mintity nebol
zaznamenavany pokles uc¢innosti, ale nastalo ustdlenie na
hodnote 34 %. Graficky je zmena G¢innosti zaznamenana na
obr. 1. V tomto pripade vplyvom kobaltnatych i6nov naviaza-
nych do Struktary zeolitu, okrem sorpcie nastal aj rozklad
oxidu dusnatého na kyslik a dusik podl'a rovnice?":

2NO—>N2+02
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Obr. 1. Zmena ucinnosti v ¢ase pri pouZiti kobaltnatej modifikacie
zeolitu
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Rozklad oxidu dusnatého je sprevadzany ¢iastkovymi reakcia-
mi:

Co™ —e =Co™"

N*"+2¢=N’

Kineticky priebeh sorpcie bol sledovany u prirodnej
formy aj u amoniovej modifikacie. Z obr. 2 vyplyva, ze Upra-
vou vzorky do améniovej modifikacie doslo k urychleniu
sorpcie aj k zvySeniu sorpcnej kapacity.

—e— prirodna foma

nodifikacia

aimg.dm

Obr. 2. Kineticky priebeh sorpcie na prirodnej forme klinoptiloli-
tu a na amoéniovej modifikacii

5. Diskusia a zaver

Experimentalne, pouzitim analytickych metdd bola po-
tvrdena schopnost’ prirodného zeolitu — klinoptilolitu sorbo-
vat’ oxid dusnaty, vid’ obr. 1 a 2. Na zéklade ziskanych vy-
sledkov je mozné konstatovat’, Ze prirodny zeolit — klinoptilo-
lit z lokality Nizného Hrabovca je najmé po chemickej modi-
fikacii schopny znizovat’ obsah oxidov dusika, ktoré vznikaja
pri spal’ovacich procesoch spal’ovacich motorov.

Zaverom mozno zhrnut, ze klinoptilolit je prirodny,
ekologicky a cenovo dostupny material, ktory mozno vyuzit’
pri znizovani obsahu oxidov dusika a uhl'ovodikov vo vyfuko-
vych plynoch spal'ovacich motorov najmé pocas doby stude-
ného Startu, ked” je klasicky katalyzator eSte neucinny, ako aj
v kombinacii s klasickym katalyzatorom na zniZovanie obsa-
hu oxidov dusika katalytickou premenou. Vyuzitie zeolitov na
Cistenie ovzdusia je perspektivne aj na pracoviskach, kde sa
pouzivaju spalovacie motory v pracovnom procese.

Tato praca vznikla za podpory grantu VEGA 1/0047/10.

s611

Material v inzinierskej praxi 2011

LITERATURA

. Rehéakova M., Cuvanova S., Rimar J., Gavalova Z.: Solid

State Mater. Sci. 8, 397 (2004).

Rehakova M., Cuvanova S., Divak M., Gavalova Z.,

Rimar J.: Chem. Listy 97, 260 (2003).

Zavodska E., Zavodsky D.: Atmosfericky ozon. Studia

IX, SBKS SAV, Bratislava 1991.

Celis¢ev N. F., Berenstein B. G., Volodin B. F.: Ceolity —

Novyj tip mineralnovo syrna. NEDRA, Moskva 1987.

Seery M. W.: Bulk separation of carbon dioxide from

methane using natural clinoptilolite. US005938819A.

Fisera R., Kralik M.: Chem. Listy 92, 395 (1998).

Jacobs P. A.: Zeolite chemistry and Catalysis, Elsevier,

Amsterdam 1991.

Navratilova M., Sporka K.: Chem. Listy 94, 445 (2000).

Barrer R. M.: Inclusion Compounds (Atwood J. 1., Da-

vies J. E. D., Mac Nicol D. D. ed.), zv. 1, kap. 7. Acade-

mic Press, London 1984.

Cejka J.: Chem. Listy 92, 13 (1998).

Cejka J., Zilkova N.: Chem. Listy 94, 278 (2000).

Chmielewska E.: Chem. Listy 102, 124 (2008).

Phan N. T. S., Van Der Sluta M., Jones C. W.: Adv.

Synth. Catal. 348, 609 (2006).

Mol J. C.: J. Mol. Catal. 4 213, 39 (2004).

Miller S.: (Engelhard Corporation): PCT/US93/11312

Tiedtke H.: Exhaust gas perifying catalyst. EP 0773
057 A1 1997.

Pandova 1., Gondova T., Tkacéikova S., Oravec P.: Chem.

Listy 97, 820 (2003).

Sucha M., Gondova T., Pandova 1., Florian K., Reiffova

K., Oravec P., Macala J.: Chem. Listy 96, 521 (2002).

. Macala J., Pandova I., Panda A.: Mineral Resour. Mana-

ge. 25, 4,23 (2009).

Macala J., Pandova I.: Mineral Resour. Manage. 23, 19

(2007).

Obalova 1., Bernauer B.: Chem. Listy 97, 255 (2003).

Demel J., Cejka I., Stépni¢ka P.: Chem. Listy /03, 145

(2009).

Fotonova L., Naftova S., Cuvanova S., Rehakova M.:

Chem. Listy 102, 683 (2008).

>

o

10.
11.
12.
13.

14.
15.
16.

17.

18.

20.

21.
22.

23.

I. Pandova, A. Panda, J. Jurko (Faculty of Manufac-
turing Technologies, Technical University of KoSice with seat
in Presov, Slovak Republic): Clinoptilolite Testing as Sor-
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By scientific knowledges published at world, the zeoli-
ties are crystalic matters with the porous structure usable at
combustion engines noxious gases cleaning. The possibilities
of natural and chemically modified zeolite — clinoptilolite
type to reduce the nitrogen oxides concentration at noxious
gases of the combustion engines were studied. At publication
are implicited the resultes of the nitrogen oxides measure-
ments at noxious gases obtained by testing of the filter-
sorption equipment installer on exhaust stroke.
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1. Uvod

Jednym z najvyznamnejsich ciel'ov programu MPOV-34
je ziskat’ spolahlivé technické argumenty pre dlhodobu pre-
vadzku jadrovej elektrarne aj za hranice povodne planovanej
projektovej zivotnosti, ¢o je dnes uz bezna prax v mnohych
Statoch vo svete, ako napriklad v Japonsku, USA, Franctzsku,
Rusku, ale aj v inych krajinach vyuzivajucich jadrova
energetiku'. K daldiemu cielu programov overovacich vzo-
riek patri prognéza radiacného krehnutia materidlov TNR
a tym zabezpecenie podmienok, ktoré zaistuju bezpecnu pre-
vadzku reaktora mimo oblast rozvoja krehkého porusenia
materialu TNR?,

2. Struéna charakteristika TNR

V sulade s povodnou technickou dokumentaciou vystav-
by boli bloky 3. a 4. vybavené reaktormi ruského povodu
s oznacenim VVER-440/213 (vodovodny energeticky reaktor)’.
Tlakova nadoba reaktora uvedeného typu je na obr. 1 (cit.*).
Technicka $pecifikacia tohto typu reaktora je uvedend v tab. |
(cit.?). Smerodajné chemické zlozenie a zaru¢ené mechanické
vlastnosti zakladného materidlu a zvarového kovu pouzitého
pri vyrobe TNR st uvedené v tab. I a III (cit.*).

Obr. 1. Tlakova nadoba reaktora VVER-440/213 (cit.%)

Tabulka I
Zékladné technické tidaje o TNR typu VVER-440/213 (cit.%)

Material telesa TNR
Material navaru I.

ocel 15Ch2MFA
ocel 07Ch25N13

Material navaru II. ocel’ 08Ch18N10T

Vyska [mm] 11 800
Hrubka steny [mm] 149+2
Hrabka navaru [mm] 942
Vniitorny objem [m?] 112
Hmotnost’ [t] 215,150
Pracovny tlak [MPa] 12,26
Konstrukéna teplota steny [°C] 325

TNR predstavuje zlozité teleso, ktorého casti sa vyraba-
ju kovanim resp. lisovanim. Casti reaktora sa spajajii do celku
zvaranim. Vnuatorny povrch reaktora je chraneny dvojvrstvo-
vym navarom z austenitickych oceli (vid'. tab. I)**. Vzhladom
na synergicky efekt degradacnych procesov radiaéného kreh-
nutia, kordznych procesov, unavy a teplotného starnutia spo-
lupdsobiacich na TNR je nutné monitorovanie ich vplyvu na
zmeny mechanickych vlastnosti materialu TNR, ¢o vyzaduje
UJD SR resp. MAAE. Sledovanie radia¢ného krehnutia mate-
rialu TNR sa realizuje prostrednictvom programov overova-
cich vzoriek. Pre monitorovanie radia¢ného krehnutia TNR 3.
a 4. bloku jadrovej elektrarne Mochovce bude aplikovany
,Mochovecky* program overovacich vzoriek (MPOV-34)'",

Tabulka II
Chemické zlozenie materidlu uréeného pre vyrobu TNR
VVER-440 (cit.*)

Material Obsah prvkov [hm.%]
C Mn Si P S
I5Ch2MFA 0,13 0,30 0,17 max max
(ZM) az az az 0,025 0,025
0.18 0,60 0,37
10ChMFT 0,04 0,6 0,20  max. max.
(ZK) az az az 0,012 0,015
0,012 1,30 0,60
Cr Ni Mo v
15Ch2MFA 2,5 max. 0,60 0,25
(ZM) az 0,40 az az
3,0 0,80 0,35
10ChMFT 1,20 max. 0,35 0,10
(ZK) az 0,30 az az
1,80 0,70 0,35
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Tabulka III
Hodnoty garantovanych mechanickych vlastnosti materialov
TNR VVER-440 pri izbovej teplote a 350 °C (cit.*)

Material 20 °C 350 °C
Ryo2 Rn As Z Ry Rn As Z T
[MPa] [MPa] [%] [%] [MPa] [MPa] [%] [%] [°C]
15Ch2MFA 431 519 14 50 392 490 14 50 0
(Z™M)
10ChMFT 392 539 14 50 373 490 12 45 20
(ZK)

3. Program overovacich vzoriek MPOV-34

V ramci programu MPOV-34 sa pre analyzu radiacnej
degradacie ocele TNR sledujii zmeny mechanickych vlastnos-
ti pomocou troch typov vzoriek:

1.  Nestandardné vzorky na tahovu skisku,
2. Vzorky na skasku razom v ohybe typu Charpy-V,
3. Vzorky na stanovenie statickej lomovej huzevnatosti

COD s nacyklovanou trhlinkou.

Vsetky z uvedenych typov vzoriek sa vyrabaju celkovo
z troch druhov materidlov a to zédkladného materidlu (ZM),
zvarového kovu (ZK) a ich vzajomného rozhrania tvoreného
tepelne ovplyvnenou zénou (TOZ)'?.

Program MPOV-34 v sebe zahfiia okrem sledovania
radiacnej degradacie materiallu TNR i meranie ozarovacej
teploty ako aj meranie fluencie neutréonov i meranie ich ener-
getického spektra v ozarovacich puzdrach. Ozarovacie puz-
dro, predstavuje teleso, ktoré je naplnené vzorkami
z originalneho materidlu TNR so $pecifikovanou geometriou
ako aj tavné monitory pre stanovenie ozarovacej teploty
a monitory fluencie neutrénov. Takéto puzdro je zobrazené na
obr. 2 (cit.’). Sustava viacerych ozarovacich puzdier tvori
ozarovaci retazec, ktorého zjednodusena schéma sa nachadza
na obr. 3 (cit.").

Program MPOV-34 ma takychto ozarovacich retazcov
celkovo 8, pricom 6 z nich je vy¢lenenych pre monitorovanie
radiacného krehnutia materidlu 15Ch2MFA, kym zvys$né dva
su urCené na sledovanie zmien mechanickych vlastnosti
z materidlu austenitického ndvaru na vnutornej stene TNR

Obr. 2. Ozarovacie puzdro [5]

stred AZ
C— {1 {

M1 M2

Obr. 3. Schéma oZarovacieho ret'azca (AZ = aktivna zéna)"*
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(vid. obr. 1, tab. I). Tieto retazce sa podl'a $pecifickej doku-
mentacie vkladaji na urené miesta po vnitornom obvode
Sachty reaktora do ozarovacich kanalov. Ich spitné vytahova-
nie po oziareni v reaktoroch na vyhodnotenie vzoriek prebie-
ha podrla stanoveného harmonogramu.

V tab. IV je uvedeny popis vzoriek nachadzajucich sa vo
vnutri ozarovacich puzdier. Rozmery vzoriek pouzitych
v programe su nasledované:
pre skusobné telieska typu KCV a COD sa pouzivaji
tzv. ,inzerty“ s rozmermi 10x10x11 mm,
vzorky pre skusku SPT (small punch test) maju rozmery
0 8 mmx0,5 mm.

Tabul’ka IV
Typy vzorick MPOV-34 (cit.")

Cislo puzdra  Typ vzoriek Material vzoriek

M1 rekonstitucné telieska  zakladny material
KCV TNR daného bloku

M2 rekonstitucné telieska  zékladny material
COD TNR daného bloku

M3 SPT vzorky 4 sady vzoriek (ZM,

ZK,TOZ 1, TOZ 2)

M4 rekonstitucné telieska zvarovy kov TNR
KCV daného bloku

M5 rekonstitucné telieska  zvarovy kov TNR
COD daného bloku

s613

Inzerty znamenaju unikatny sposob, akym mozno ¢o
najefektivnejsie vyuzit’ a hospodarit’ s velmi cennym materia-
lom, nakol’ko sa na ich vyrobu prednostne pouzivaju vhodné
zvysky zo skusobnych teliesok typu KCV a COD.

Cely program MPOV-34 sa skladd v podstate z dvoch
etap. V prvej etape sa vyhodnocuju mechanické charakteristi-
ky materidlov  TNR na vzorkich KCV, COD, TAH
v neoziarenom stave, ¢o predstavuje ziskanie referenénych
podkladov pri budiicom porovnavani zmeny tychto vlastnosti.
Vsetky merania vzoriek typu KCV, COD a TAH sa vykona-
vajti v spolupréci s UIV Rez, a. s. z dovodov zachovania pres-
nosti a porovnatelnosti ziskanych vysledkov. Vzorky typu
SPT sa vyhodnocuju v laboratériach II. kategorie VUJE, a. s.
v stave pred i po oziareni. Ich samotnd priprava pre program
overovacich vzoriek predstavuje pomerne naroény proces na
presnost’ a dodrZzanie rozmerovych tolerancii, ¢o v stucasnej
dobe po vyladeni ich procesu a metodiky vyroby uz nepred-
stavuje vyznamny problém a je mozna ich vyroba v pozado-
vanych mnoZstvach a kvalite”. Tento typ vzoriek si vyZaduje
presntt metodiku ich odberu a pripravy, ¢o sa vzhl'adom k ich
velkosti vyuziva pre hodnotenie mechanickych vlastnosti
z uzkej oblasti TOZ. Pévodne vyuzivané typy vzoriek pre
hodnotenie TOZ vnaSali do vysledkov znaény rozptyl.
Z celého postupu vyroby tychto vzoriek mozno v skratke
uviest:
vyznacenie miest odberu v pripade vzoriek obsahujucich
zvar alebo definovanie rozhrania ZM vs. ZK,
elektroiskrové rezanie platkov zo zvyskov vzorieck KCV
a COD po odskusani resp. zo zvySnych neodskiisanych
vzoriek urenych pre hodnotenie v neoziarenom stave,
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kombinovana ru¢na a strojova metalograficka priprava,
kontrola rozmerov,

éistenie, konzervacia, balenie a archivacia.

Prva etapa programu MPOV-34 bola pre oba bloky elek-
trarne Mochovce uz zrealizovana, na ktori v sicasnej dobe
kontinualne nadvézuje druhd etapa. Pocas druhej etapy sa
realizuji vSetky Cinnosti stvisiace s pripravou resp. vyrobou
vzoriek, plnenim ozarovacich puzdier a ich montazou do re-
tazca az napokon ich zavdzanim do ozarovacich kanalov.

Na vzorkach typu KCV sa pre vsetky tri typy materialov
vyhodnocuje vrubova huzevnatost, prie¢ne rozsirenie a podiel
htazevnatého lomu na lomovej ploche vzorky. Kritériom urce-
nia kritickej teploty krehkosti alebo prechodovej teploty [°C]
je pri vrubovej hiizevnatosti hodnota KCV = 50 J em™ , pri
prie¢nom rozsireni je to PR = 0,9 mm a pri podiele huzevnaté-
ho lomu je to HL = 50 %. Tieto hodnoty sa odcitaju
z regresnych kriviek teplotnych zavislosti experimentalne
nameranych hodnot. Pri vzorkéach typu COD sa experimental-
nymi hodnotami teplotnej zavislosti lomovej huzevnatosti
prelozia tiez regresné krivky, z ktorych sa hodnoty prechodo-
vej teploty wuréuji pri statickej lomovej huzevnatosti
100 MPam'? (cit."®).

4. Porovnanie vysledkov po¢iato¢nych
vlastnosti I11. a IV. bloku

Na zaklade udajov v tab. III, V, VI a numerickych vy-
sledkov skusok mechanickych vlastnosti na materidloch TNR
uvedenych v  origindlnej passportovej dokumnetacii
(dodavanej odberatelovi vyrobcom Skoda JS, a. s. Plzeii®)
bolo mozné vysledky merani pociato¢ného stavu vzajomne
konfrontovat’ s nasledujiicim vysledkom. Vysledky mechanic-

Tabulka V

Vyhodnotenie prechodovej teploty statickej lomovej htizevna-
tosti materialu TNR pre 3. blok elektrarne Mochovce, podl'a
CSN 420347 a ASTM-1921-08 (cit.")

Material Fluencia TTy00 [°C] Ty

[10” m™] [°C]
M 0 -112,6 -119,8
ZK 0 -37,6 -31,2
TOZ 0 -52,0 -40,0
Tabul’ka VI

Hodnoty prechodovych teplot stanovené zo skusky razom
v ohybe, pomocou réznych kritérii pre 3. blok JE Mochovce
v poiatotnom stave'”’

Typ skusky/kritérium Material

M ZK TOZ
Vrubova hiizevnatost’ -39,6 232 6,4
TTkevso [ °C ]
Prie¢ne rozsirenie TTprog [°C] -36,8 -18,9 12,5
Podiel huizevnatého lomu -24,7 -16,0 10,8

TThiso [°C]
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kych vlastnosti zodpovedaju svojim uréenym a pozadovanym
hodnotam.

5. Zaver

V ramci realizacie programu MPOV-34 boli vykonané

merania mechanickych vlastnosti neoziarenych vzoriek:

v statickom t’ahu,

statickej lomovej huZevnatosti,

a vrubovej hiiZzevnatosti

zakladného materidlu, zvarového kovu a tepelne ovplyvnenej
z6ny, ¢im sa ziskali pociato¢né hodnoty materidlovych vlast-
nosti pre stanovenie radia¢ného skrehnutia TNR EMO-3.4.

V sucasnosti je program MPOV-34 v stadiu pripravy
jednotlivych druhov vzoriek z jedine¢ného experimentalneho
materialu a vyroby konstrukénych casti potrebnych pre mon-
taz komponentov do zostavy ozarovacich ret'azcov.

Vysledky programu MPOV-34 budu slazit’ prevadzkova-
telovi blokov jadrovych elektrarni s tlakovymi nadobami
reaktora typu VVER-440/213 na zaistenie bezpecnej
a spolahlivej prevadzky po celu dobu Zivotnosti v zmysle
poziadaviek dozornych organov a medzinarodne uznavanych
Standardov.

Tato publikacia vznikla vdaka podpore v ramci operac-
ného programu Vyskum a vyvoj pre projekt Zvysovanie ener-
getickej bezpecnosti SR kéd ITMS: 26220220077, spolufinan-
covany zo zdrojov Europskeho fondu regiondlneho rozvoja.
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M. Kapusiak, L. Kupéa, M. Biezina (Division of
Nuclear Power Plant Diagnostics, Department of Structural
Analysis Trnava, Slovakia): Surveillance Specimen Pro-
gram for Reactor Pressure Vessel of the 3" and 4™ Mo-
chovce Nuclear Power Plant Unit

This paper deals with methods of monitoring radiation
embrittlement used to reactor pressure vessel VVER-440/213
for nuclear power plant Mochovce unit N°3 and 4. Herewith a
brief overview is written about new designed surveil-
lancespecimen program and it’s conceptual philosophy. Infor-
mations about individual stages of given program realization
and tables of partial outcomes dedicated to as-delivered mate-
rial mechanical properties evaluation are included too.
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1. Experiment

Pro zmapovani struktury pfedkladaného materialu byly
provedeny metalografické analyzy pomoci kterych bylo moz-
né stanovit charakter poruSeni. Metalografie zkoumaného
objemu materialu se vénovala oblastem, které navazovaly na
poruseni. V téchto lokalitach byla také provedena chemicka
analyza prvka.

Z vybranych hydraulickych prvkd (obr. 1), které byly
vice (vz. 1) nebo pomérné malo korozné¢ degradované (vz. 2),
se pripravil metalograficky vybrus (obr. 2).

Ocel byla strukturné hodnocena jako feriticka, s velkym
vyskytem cementitickych ¢&astic. Velikost cementitickych

Obr. 2. Feriticka struktura ocele (vzorek 1 a 2) s vyskytem cemen-
titickych ¢astic
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aglomeratt byla riznd a jejich rozlozeni ve struktufe nerovno-
mérné. Déle byla vénovana pozornost detailnimu zkoumani
oblasti, které byly vizualné¢ hodnocené jako lokality s povr-
chovym vyskytem koroznich zplodin (obr. 3, vz. 1), kde se
korozni vliv projevil ve zméné geometrie povrchu trubky.
Korozni proces zpusobil povrchovou zménu-vlnitost, nerov-
nost povrchu (obr. 3a). Dale hmotnostni ubytky z povrchu
(obr. 3b), Ize oznacit jako stav zmény geometrie télesa. Tento
mezni stav zmény geometrie zpusobuje zmenSeni tloustky
stén potrubi a vede nasledné k meznimu stavu poruseni
(obr. 4).

Obr. 4. Trhlina ve zkorodované oblasti (vzorek ¢. 1)

V okoli trhliny provedena prvkova chemicka analyza
méla prokazat jaké slozeni je daného materialu a zda povrch
sledovaného potrubi byl néjakym zptisobem chranény povr-
chovou upravou.

Z chemické analyzy vyplynulo, na zaklad¢ pfiomnosti
zbytkového zinku, Ze sledované trubky byly pravdépodobné
zérové pozinkované (obr. 5).

Ke komplexnimu hodnoceni byla brana v tvahu i chemicka
analyza kapalného média ve vodovodnim systému.



Chem. Listy 105, s616—s617 (2011)

2. Diskuze vysledku

Vzhledem k tomu, ze kapalné médium (na zakladé che-
mickém rozboru vody z potrubi) bylo zatizené vyskytem che-
mickych prvkil na bazi Ca, Na, S aj. dale, ze médium bylo
hodnocené jako kapalina s pH 10, vyskytovaly se na vnitini
strané potrubi jeSté anorganické nanosy (obr. 6).

Je znamé, ze u pitné vody muze dochdzet ke vzniku
aerobnich bakterii, které vytvareji Zelezité aerobni a sirné
anaerobni bakterie, které plisobi jako oxidanty na dalsi slou-
Ceniny zeleza. Reakce mezi chloridovymi ionty z vody
a oxidovanymi slouéeninami trojmocného Zeleza a manganu
za vzniku chloridd, aktivuji bodovou a §térbinovou korozi'.

V ptipadé, Zze voda je nasycena vice hydrogenuhli¢itany,
stava se agresivngjsi pii pH 10,7 na vznik dalSich chemickych
reakei, kterymi se odbouravaji z vySe jmenovanych materialti
prvky Zn, Cu a jiné, jez se dostavaji zpét do kolob¢hu vody.
Pii uvolnéni vétsich aglomeratd z povrchu, se tyto stavaji
abrazivnimi ¢asticemi, které se pohybuji s proudicim médiem.
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Fe Ka1

Zn Kal 2 Kal
Element hm.% at.%
OK 11.09 30.30
AlK 0.49 0.79
FeK 85.49 66.95
ZnL 2.94 1.96
Celkem 100.00
DI D.IS 1I 1 .IS 2I 2.I5 3I 3.I5

Full Scale 155331 cts Cursar: 0.000 ke

Obr. 5. Chemicka anylyza v okoli trhliny (oblast zbytkového zinku)
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Dale se prubézné méni i chemické sloZeni vody v potrubi
v zavislosti na teplot¢ a tlaku kapalného media. Tim se
v potrubnich  rozvodech  dostavaji do interakce
s povrchem struktury. Chemickym procesem, ve kterém spo-
luptisobi dalsi ptitomné prvky, vznikaji napt. chloridy, sirany,
a pod., které tvoti kapalné médium agresivnéjsi, coz proces
koroze urychluje’.

Obr. 6. Vnitini nanos ve vzorku ¢. 2

3. Zavéry

ze

Zavérem lze konstatovat, pouzity material
(nizkouhlikova ocel s vyskytem cementitu) byl nevyhovujici.
Samotna montaz nékolika typl materiald, navzajem Spatné
odizolovanych (nerovnomérné vedeni teplého media), dava
moznost vzniku koroznich &lanké'. Chemické sloZeni vody,
nevyhovuje (hydrogenuhliGitany 85 mg L™, zvy3ené pH vo-
dy) pro takto zvolené materidly a konstrukéni spoje, ale
urychluje korozni degradaci materiald.

Mekei feriticka struktura s obsahem tvrdych cementitic-
kych fazi vytvaii podminky pro nezadouci napjatost ve struk-
tufe, kterd se pii koroznim pusobeni projevi tim, ze dochazi
k mezifazovému porusovani, coz vede k vypadavani cementi-
tickych cCastic a k naruSeni celistvosti  struktury.
Z nasledujiciho je patrné, ze se ve struktuie potom objevuji
velké dutiny velikosti 0,01 mm az 0,2 mm, které pfechazeji
az k prodéravéni materialu. Toto poskozovani nasledné vede
k propustnosti potrubi a uniku vody na povrch, kde se koroze
prohlubuje.

Clanek vznikl za podpory EU proektu Inovacni Centrum
Diagnostiky a Aplikace Materialii na CVUT v Praze
CZ.2.16/3.1.00/21037.
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1. Uvod

Zdokonal'ovanie vyroby v oblasti strojarskeho priemyslu
je podmienené zvySujucimi sa narokmi na kvalitu, funkénost’
a zivotnost’ reznych nastrojov. Tento vyvoj sa ubera smerom
k povrchovym upravdim modernymi PVD technologiami,
ktoré sa neustale zdokonal'uju a st obecne Setrné k zivotnému
prostrediu, pretoze nemusia pouzivat’ nebezpeéné chemické
latky a plyny. Unikatnost vlastnosti modernych kompozit-
nych povlakov typov (Ti,ALCr)N, (Ti,ALLN)/(SisN4) je v ich
vynimo¢nych vlastnostiach: vysoka oxida¢na odolnost’ (nad
900 °C) pri vysokej tvrdosti HV 38 az 50 GPa (cit.").
K dalsim pozitivnym znakom patri nizky koeficient trenia,
vysokd tepelnd a nizka chemicka afinita k obrabanému
materialu®. Aplikacia tychto povlakov je realizovatelna vda-
ka modernym PVD technoldgiam vyuzivajucim bo¢né rotacné
elektrody, tzv. LARC®-Technology (LAteral Rotating ARC-
Cathodes)*. V prispevku s deponované vrstvy testované
vybranymi sktskami, ktoré navzajom koreluju a spolocne
podavaju informacie o kvalite aplikovanych povlakov.

2. Experimentalny program

Vychodiskové matrialy z produkcie praskovej metalurgie
(PM) - rychlorezné ocele typu Bohler S390 Isomatrix
a Vanadis30 — Super Clean boli nanasané PVD technologiou
kompozitnymi tenkymi vrstvami do hribky ca 2,8 pm. Mono-
vrstva AITiCrN sa aplikovala technolégiou ARC (dve planar-
ne elektrédy) a nanokompozitna vrstva nc-AlTiN/Si;N, (dalej
nACo) modernou LARC®-Technology. Skusobné vzorky
boli podrobené vybranym testovacim metédam. Drsnost’ po-
vlakov bola analyzovana AFM (Atomic Force Microscopy,
Dimension icon by Veeco Instruments) linedrnou metédou
a dokumentovana v profiloch 2D a 3D. Tvrdost bola merana
na tvrdomeri LECO LM 700 AT so zatazenim 0,5 N
a spracovana zo Statisticky vyznamného suboru. Kalotest je
metoda na ziskanie predstavy o umiestneni vrstiev a stanoveni
ich hrubky’. Z tzv. , kaloty” vytvorenej gul'oékou na povrchu
vzorky sa zistuje hribka, zmeny a porusenie pri prechode
medzi vrstvami az k podkladu. Na kvalitativne a kvantitativne
stanovenie kovovych i nekovovych prvkov po priereze apli-
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kovanych vrstiev sa pouzila analyza GDOES (Glow Dischar-
ge Optical Emission Spectroscopy) realizovana na optickom
emisnom spektrometri s tlejivym vybojom GDS-750. Vystu-
pom je hibkovy koncentraény profil graficky dokumentujici
koncentraéné zmeny zvolenych prvkov do hibky az 0,1 mm.
Presnost’ prepocétu Casovej osi merania na os koncentra¢ného
profilu je dany zistenim presnej odprasovacej rychlosti jed-
notlivych kalibraénych Standardov. Z dovodu merania viac-
komponentnych S$truktir je mozné predpokladat chyby v
tychto prepoctoch. Postup pre eliminaciu vznikajucich nepre-
snosti nie je obecny a je potrebné postupovat’ pripad od
pripadu’® Vyber jednotlivych vinovych dizok pre analytické
ucely je podriadeny niekol’kym krokom, ktoré vo svojej meto-
dike uvadzaju autori prace’. Na hodnotenie odolnosti proti
opotrebeniu deponovanych povlakov sa uskuto¢nil Pin-on-
Disc test, patriaci do skupiny tribologickych testov. Tieto
testy popisuju javy suvisiace s trenim a opotrebenim medzi
dvoma pohybujlicimi sa povrchmi (zatazovaného pin telieska
a skamaného systému) a vysledkom je stopa po opotrebeni®.
Testy sa uskutoc¢nili pri izbovej a zvySenej teplote — 400 °C so
zatazenim 5 N na pin teliesko (gulocka Al,O;), rychlostou
4cems'a polomeroch drahy 2, 4, 6 a 8 mm. Tento druh testu
sa priblizuje svojou podstatou ku skiskam trvanlivosti rez-
nych nastrojov. Test podla normy STN ISO 3685-1999
,»,Sktsanie trvanlivosti sustruznickych nastrojov s jednou rez-
nou hranou” bol realizovany v poloprevadzkovych podmien-
kach tzv. dlhodobou reznou skuskou, ktorej princip spocival v
ststruzeni povrchu tycového polovyrobku z certifikovanej
uhlikovej ocele 12 050.1 (cit.”). SustruZenie je vyrobna tech-
nologia, ktorou st vyrdbané prevazne rotacné sucliastky. Aj
v tomto pripade je drsnost’ jednou z délezitych charakteristik
profilu povrchu a predstavuje vySku nerovnosti od dokonalej
a idedlne hladkej plochy a vznikéa aj ako dosledok pouzitého
nastroja a suvisiacich parametrov. Proces rezania sa koncen-
truje do oblasti kontaktovania reznej hrany ndstroja
s obrabanym materidlom v tzv. zéne rezania. O tom, aké
vlastnosti ziska obrobeny povrch v zéne rezania rozhoduji
podmienky, ktoré na tvorbu obrobenych povrchov vplyvajua, z
ktorych su najdolezitejSie: geometria nastroja, napétie
v obrabanom materiali, tvorba narastov, teplota rezania, ai.’.
V pripadoch, ak sa obrobeny povrch stava kI'i¢ovym fakto-
rom Unosnosti suciastky, napr. pri lepeni a pod., je potrebné
dosiahnut’ pozadovany stav povrchu uz v procese technickej
pripravy vyroby'.

3. Vysledky a diskusia

Vrstva AITiCrN bola nanesena ARC technologiou, pod-
statou ktorej je odparovanie materidlu pomocou nizkonapéto-
vého obluka z elektréd (4-ploché elektrody umiestnené v
rohoch komory) a vrstva nACo bola aplikovana LARC®—
Technology, ktorej pozitivom su rotujiice katédy v pocte 2 a
viac (podl'a druhu nanasanych vrstiev) umiestnené tesne ved-
l'a seba. Aplikacia vrstiev modernou LARC-technoldégiou sa
prejavila aj na poklese parametrov drsnosti nanokompozitne;j
vrstvy — nACo takmer o 30 % (tab. I). Pokles drsnosti vedie
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k zaisteniu vyS$Sej tvrdosti, ktora je nevyhnutna pre innost’
reznych nastrojov v pracovnom procese. Na obr. 1 a 2 su pre
ilustraciu uvedené fragmenty povrchov oboch typov vrstiev
na podklade S390 a Vanadis 30 (dalej VA30) zobrazené
AFM a hodnoty vybranych parametrov st uvedené v tab. L.
Aplikacia PVD vrstiev sa realizuje na perfektne ,,zrkadlovo*
upraveny zakladny material, pricom depoziciou dochadza ku
zvySeniu drsnosti z dovodu existencie mikrokvapiek, resp.
makrocastic, ktoré s sprievodnym javom PVD povrchovej
upravy. Hodnoty drsnosti po deponovani oboch vrstiev oproti
vychodziemu materialu sa zvysili 5 az 7nasobne. Povlakova-
nim LARC metédou sa zaznamenal narast tvrdosti povlaku
nACo o ~ 10 % (25,9 GPa) s ohl'adom na jeho niz$iu drsnost’
oproti povlaku AITiCrN, tab. I. Obidva spdsoby povrchovych
uprav prispeli takmer ku 2nasobnému zvyseniu tvrdosti mate-
rialov na povrchu oproti vychodziemu stavu, tab. 1. ZvySenie
teploty v tribologickom procese na 400 °C ovplyvnilo drsnost’
a tvrdost’ len nepatrne. Hodnoty koeficientov trenia pre kon-
krétne skisobné vzorky odpovedaju sposobu depozicie, t.j.
v prospech vrstvy nACo aplikovanej technoléogiou LARC
a uvadzaju sa v tab. L.

Tabulka I
Vybrané parametre hodnotenia povlakov pri izbovej teplote
aT=400°C

Systém Ra [nm] Rq HVO0,5 pstr
[nm] [GPa]

S390vych. 4,0 5,7 11,8 -
AITiCrN 28,7 56,1 23,5 0,736
AITiCrN-T 28,0 59,0 22,1 1,274
VA30vych. 4,6 6,3 12,4 -
nACo 20,4 37,9 25,9 0,728
nACo-T 18,5 23,5 21,6 0,987

Ra — stredna aritmeticka odchylka profilu v nm, Rq — stredna
kvadraticka hodnota drsnosti profilu v nm; HV — pri zat'azeni
5N, pg — priemerny koeficient trenia

Obr. la. Morfologia povrchu
vrstvy AITiCrN (S390) pri 20°
C, profil 3D

Obr. 2a. Morfolégia povrchu
vrstvy nACo (VA30) pri 20°C,
profil 3D
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Obr. 1b. Povrch vrstvy v profile 2D a graficky zaznam nerovnosti
vrstvy AITiCrN pri 20 °C, vyska niektorych ¢astic ~210 nm
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o
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Obr. 2b. Povrch vrstvy v profile 2D a graficky zaznam nerovnosti
vrstvy nACo pri 20 °C, vy$ka niektorych ¢astic ~ 80 nm

Grafické zdznamy hibkového koncentraéného profilu
(at.%) dokumentuju obr. 3 a 4 s ilustraciou ,,kaloty vytvore-
nej kalotestom. Vyhodou tejto analyzy je moznost’ presného
uréenia koncentracie konkrétneho prvku v atémovych
a hmotnostnych percentach v ktoromkol'vek bode po hrubke
vrstvy az ku podkladu. Na obr. 5 st dokumentované vysledky
technologickych reznych skasok Celnym ststruzenim podla
ISO 3685-1999. Kriteridlne opotrebenie na hlavnej chrbtovej
ploche bolo podl'a uvedenej normy stanovené na hodnotu
vb = 0,6 mm. Pre porovnanie sa testoval zdkladny material
(ekvivalent), vyrobeny klasickou (tavnou, TM) a praskovou
metalurgiou (PM) bez povlakov. Opodstatnenie tohto testu
spoc¢iva v moznosti vyuzitia reznych nastrojov z rychloreznej
ocele (HSS) na urcité druhy operacii, pri ktorych je vyuzitie
reznych materidlov ako su rezna keramika a spekané karbidy
obtiazne alebo z finanéného hl'adiska nevyhodné °. Rezné PM
materialy s deponovanymi povlakmi AITiCrN a nACo do-
siahli 2 az 3ndsobne vyssiu trvanlivost’ oproti ekvivalentom
vyrobenym praskovou metalurgiou bez aplikovanych povla-
kov.

Fakt, ze rezné PM nastroje su progresivnym reznym
materialom dokazuje vysledok, ze dosiahli 3nasobne vys$Siu
zivotnost ako nastroje ekvivalentného zlozenia vyrobené
klasickou metalurgiou.

4. Zavery

1. Modernou LARC-technoldgiou sme dosiahli pokles
drsnosti u nanokompozitnej vrstvy —nACo o 30 %;

2. Pokles drsnosti mal za nasledok zvySenie tvrdosti: pre
vrstvu AITiCrN ~ 24 GPa a pre vrstvu nACo ~ 26 GPa;
tvrdost’ namerand na zédkladnom materialy pred depozi-
ciou dosiahla ~12 GPa;

3. Usporiadanie, hribka a chemické zlozenie povlakov
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bolo kvantitativne analyzované Kalotestom a metédou
GDOES;

4. Pin-on-Disc testom sa stanovili koeficienty trenia pri
izbovej a zvysenej teplote. Technologia LARC priaznivo
ovplyvnila ich zniZenie v prospech vrstvy nACo;

5. Celnym sustruzenim sme zistili, 7e testované rezné PM

materidly s aplikovanymi povlakmi AITiCrN a nACo
dosiahli 2 az 3nasobne vyssiu Zivotnost’ oproti PM ekvi-
valentom bez povlakov.

Tato praca je riesena za podpory grantu VEGA
2/0060/11 a Centra excelentnosti progresivnych materidalov s
nano a submikronovou Struktiurou, na zaklade podpory ope-
racného programu Vyskum a vyvoj financovaného z Eurdp-
skeho fondu regiondlneho rozvoja.
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1. Uvod

Nizkolegované CrMo a CrMoV ziarupevné ocele pred-
stavuji znacné hmotnosti a teda aj finanéné objemy v oblasti
energetiky a t'azkej chémie a preto sa venuje vel'ka pozornost’
o ich najlepSie vyuzitie. Pocas prevadzky v podmienkach
creepu vSak dochadza k degradécii ich vlastnosti. Poznanie
degradacnych mechanizmov umoziiuje presnejsi vypocet ich
zivotnosti a kontrolou stavu materialu pocas prevadzky moz-
me posudit’ intenzitu pdsobenia degradaénych mechanizmov
a predikovat’ zvyskovu Zivotnost. Obecne je mozné degradac-
né procesy zaradit’ do dvoch skupin'. Do prvej skupiny patria
degradacné procesy ktoré¢ priamo vedu k vzniku a Sireniu
trhlin do takej miery, ze méze ddjst k plastickému kolapsu
alebo krehkému poruseniu. Do druhej skupiny patria degra-
dacéné procesy ktoré priamo nevedi k vzniku necelistvosti, ale
sposobuju skrehnutie materidlu a tym narasta riziko poruse-
nia. Pre ocel’ ktorad pracuje v podmienkach creepu pdsobia obe
skupiny degrada¢nych mechanizmov.

Vychodzi §truktarny stav Ziarupevnych CrMo, CrMoV
ale aj inych po obvyklych sposoboch tepelného spracovania
nezodpovedd termodynamicky rovnovaznemu stavu. Pocas
vysokoteplotnej expozicii preto dochadza v Struktire ocele
k zmenam, ktoré vedu k vysSej tirovni rovnovazneho stavu’.
Za najdolezitejsie procesy, ktoré ovplyviuju stabilitu Strukta-
ry a tym aj vlastnosti mozno povazovat koagulaciu
a hrubnutie precipitatov, transformaciu typu karbidov, zmeny
v disloka¢nej hustote a dodatoénej precipitacii. Tieto Struktiir-
ne zmeny vedu ku skrehnutiu a zmékéeniu $truktiry najmé
v dosledku ubytku a hrubnutia precipitatov a odéerpaniu ato-
mov legujucich prvkov v matrici.

Cielom prispevku je analyzovat stav Struktiry
a mechanickych vlastnosti CrMoV nizkolegovanej ocele,
dlhodobo prevadzkovanej pri vysokej teplote a predikovat’ jej
zvyskovu zZivotnost.

2. Material a metodika experimentov

Vychodzim experimentalnym materialom bolo potrubie
@ 275 x 36 mm vyrobené z CrMoV nizkolegovanej ocele
1.7715 a prevadzkované po dobu 265 000 hodin pri teplote
540 °C a tlaku 13,6 MPa. Pracovné médium bola prehriata
para. Z potrubia boli odobraté a trieskovym obrabanim vyro-
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bené skiiSobné vzorky a skuSobné tyc¢e pre Strukturny rozbor
a mechanické skusky.

Struktiirna analyza bola realizovana na tradiénym sposo-
bom pripravenom metalografickom vybruse pomocou svetel-
ného mikroskopu OLYMPUS. Analyza substruktury
a chemického zlozenia matrice a Castic sa realizovala na elek-
tronovom riadkovacom mikroskope JEOL JSF 7000F s EDX
analyzatorom. Mechanické vlastnosti skiSobného materidlu
boli overované skuskami tvrdosti HBW a HV10, skuskou
v tahu pri 20 a 540 °C na trhacom stroji INSTRON 1185
a skuskou razom v ohybe pri teplotach 20 a 540 °C na kyvad-
lovom kladive PSW 3000. Odber vzoriek bol vo smere osi
potrubia, vyroba vzoriek a ty¢i, ako aj skuSobné postupy pri
skuskach boli v stlade s prislusnymi normami.

3. Experimentilne vysledky a ich rozbor

Z metalografickej analyzy vyplynulo, ze mikrostruktira
skusanej ocele po celej hrubke steny potrubia je rovnaka a to
polyedricka, feriticko-perliticka so strednou velkostou feritic-
kého zma cca 200 pm, obr. 1. Povodne perlitické zrna
s lamelarnou morfoloégiou su transformované na fericko-
karbidikt zmes.

Charakteristicka substruktira skisaného materidlu je
dokumentovana na obr. 2. V pdvodnych perlitickych zrnach
sa nachadzaju vo feritickej matrici hrubSie Castice ako
v pdvodnych feritickych zrnach. Aj v povodnych feritickych
zrnach okrem jemnych sa vyskytuju aj hrubsie Castice, obr. 3,
podobne aj na hraniciach zin, obr. 2.

Pomocou EDX analyzy v rdznych miestach feritickej
matrice a Castic vo vnutri a na hraniciach zfn bolo zistované
chemickeé zlozenie. Z analyzy vyplynulo, ze ferit je ochudob-
neny o legujuce prvky a v mnohych miestach neboli vo ferite
identifikované rozpustené atomy legujucich prvkov, obr. 4.

Karbidické ¢astice nachadzajiice sa vo vnutri zfn ako aj
na hraniciach mozno charakterizovat’ ako legovany cementit

L N ©

TR e e S oy’

A &Y

Obr. 1. Mikro$truktira zikladného materidlu pri vnitornom
povrchu potrubia



Chem. Listy 105, s621-s623 (2011)

i
WD 10.1mm

R 5cue 14t cn Curver 000
Electron image 1

Obr. 4. EDX nalyza chemického zloZenia feritickej matrice

na baze (Fe,Cr,Mn,Mo,V)C pricom obsah jednotlivych prv-
kov a cCastic sa meni.

Z vysledkov merania tvrdosti HV10 vyplynulo, Ze tato
sa pohybuje v intervale 123 az 134. Tvrdost’ podla Brinella
bola HBW=128 a vo vychodzom stave HB=180. Vysledky
skusky tahom skusaného materialu pri teplote 20 a 540 °C st
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Tabulka I
Vysledky skusky tahom a razovej htiizevnatosti

Ocel’ Teplota Rpo Ry As Z
[°C] [MPa] [MPa] [%] [%]

17715 20 268-282  461-485 31,5-342 71,7-73,3
540 161-172  209-214 662-67,2 86,0-87.3

EN 20 min. 363 490-600  min 17

L7715 549 min 206
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uvedené v tab. I, v ktorej su uvedené aj hodnoty predpisané
materidlovym listom pre skusanu ocel’.

Vysledky skusky razom v ohybe v intervale 20 az 540 °
C st graficky spracované na obr. 5. Tranzitna teplota T35 o
je teplota pri ktorej je rdzova hiizevnatost KCV = 35 J cm™
stanovena z grafickej zavislosti KCV-T je pomerne vysoka
52 °C. Pre vychodzi stav T35 =15 °C.

Z vysledkov strukturnej analyzy a chemického zloZenia
jednotlivych faz skisanej ocele vyplyva, ze pocas prevadzky
v podmienkach creepu doslo ku znacnej degradacii jej Struk-
tary. Doslo ku rozpadu lamelérneho perlitu na feriticko karbi-
dickt zmes, ochudobneniu matrice o legujuce prvky, koagula-
cii a hrubnutiu karbidickych castic a to aj na hraniciach zfn.
Za rozhodujice S$truktirne zmeny povazujeme zhrubnutie
Casti sekundarnych faz, o ma za dosledok zniZenie poctu
Castic a vzrast vzdialenosti medzi nimi a tym aj vyrazny po-
kles precipitaéného spevnenia a ziarupevnosti, ale aj odolnosti
voci krehkému porusenia. Taktiez v dosledku diftznych pro-
cesov doslo k poklesu spevnenia tuhého roztoku (feritu)
v dosledku znizenia atdémov legujucich prvkov pri tvorbe
rozmernej$ich karbidov.

Dolezitym poznatkom Strukturnej analyzy je, ze
v Struktare skusanej ocele neboli pozorované zarodky creepo-
vého porusenia. To znamena, Ze stav ocele umozinuje d’alsiu
prevadzku.

Vysledky mechanickych skasok potvrdili ocakavané
zmeny mechanickych vlastnosti v dosledku degradacie Struk-
tary skusanej ocele po prevadzkovani®. Vyuzitie literarnych
poznatkov® > a ziskanych vysledkov skiisok umoziiuju do
urCitej miery predikovat stupen degradicie materidlu
v dosledku dlhodobej prevadzky a tym aj zvySkovu Zivotnost.
Pri posudzovani zvyskovej zivotnosti za vychodzie vlastnosti

KCV [Jem?]

ans

160 540

1<l

Obr. 5. Teplotna zavislost’ razovej huZevnatosti materialu potrubia
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povazujeme min. hodnoty mechanickych vlastnosti udava-
nych v materidlovom liste pre ocel’ 1.7715. Pokles mechanic-
kych vlastnosti prevadzkovaného materialu (265 000 h, 540 °

C, 13,6 MPa) oproti min. hodnotdm udavanych
v materidlovom liste spdsobeny degradaciou Struktiry je na-
sledovny:

Pri 20 °C R, poklesla o 26 %, R,,0 8 %, HBW o0 25 %
a pri teplote 540 °C R poklesla o0 23 % a tranzitna teplota T35
sa posunula o 37 °C k vy$§im hodnotam.

Vzhladom na uvedeny pokles mechanickych vlastnosti
materialu v dosledku prevadzky je nutné predpokladat’ aj
pokles jeho medze pevnosti pri teceni Ry, a teda aj sucinitela
napit'ovej bezpecnosti n pri prevadzkovom nominalnom na-
péiti Ry v stene potrubia stredného priemeru Dy = 237 mm
hribky s = 36 mm a tlaku p = 13,6 MPa. Pri projektovanej
Zivotnosti 10°h bolo n = (R, 10%/540/ Ry=2,23, Ry= p.Ds/2s
=44.8 MPa.

Projektovana  Zivotnost potrubia bola 10° h
a vychodiskova hodnota Ry,,10°/540 = 100 MPa, &iZe Ry, 10%/
Ry = 2,25, pricom Ry = p.Dy/2s = 44,8 MPa. Po odprevadzko-
vani 265 000 h podl'a materidlového listu RTm2,65.105/540 =
60 MPa an=1,43.

Pri Struktirnej analyze neboli identifikované zarodky
creepového poskodenia skusaného materialu ¢o svedci o tom,
7e potrubie pracuje v druhom (linedrnom) §tadiu tecenia. Pre-
to mozno predpokladat’, ze v danych podmienkach nedéjde ku
zmene mechanizmu teenia. Mozno predpokladat, ze pokles
medze pevnosti po odprevadzkovani bude podobny ako
u medze klzu pri 540 °C (23 %). Za tohto predpokladu by
R1m2,65.10°/540 = 77 MPa a n = 1,72. Presné ur&enie hodno-
ty medze pevnosti pri teCeni prevadzkovaného materidlu je
prakticky mozné len dlhodobymi skiiskami tecenia.

Vzhladom na d’alSie degrada¢né mechanizmy posobiace
v materiali pocas prevadzky (skrehnutie, kordzia, tepelna
unava a pod.) predpokladame, Ze material by nemal pracovat’
pri n < 1,5. Pri n = 1,5 s vyuzitim empirickej zavislosti doby
do lomu tr a napéti o(t=f(c)) by celkova zivotnost’ skiisaného
materidlu potrubia za danych prevadzkovych podmienok bola
2,85.10°h.

Struktirne zmeny materialu poas prevadzky vyrazne
ovplyvnili krehkolomové vlastnosti skisaného materialu.
Znizenie razovej huZevnatosti a zvySenie tranzitnej teploty na
52 °C ved k zaveru, Ze pod teplotou 52 °C vznika nebezpecie
krehkého porusenia. Hodnoty napitia v stene potrubia od
pracovného tlaku su nizSie ako R./3 resp. 0,2.R. a preto ne-
vznikd nebezpecie rychleho lomu ani pod teplotou 52 °C.
Nominalne napitie v stene potrubia sa moze zvysit od inych
faktorov (hmotnost’ potrubia, dynamické razy, gradient teplo-
ty) a preto pri ochladzovani a ohreve pod teplotou 52 °C, resp.
pri tlakovych sktskach je potrebné uvedené faktory zohl'adnit’
a v maximalnej miere eliminovat’.
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3. Zaver

Prispevok analyzuje degradaciu Struktury
a mechanickych vlastnosti nizkolegovanej CrMoV Ziarupev-
nej ocele 1.7715 po odprevadzkovani 265 000 h pri teplote
540 °C a nominalnom napéti 44,8 MPa v prostredi prehriatej
pary. Na zéklade skusok a ich analyzy za najdodlezitejSie de-
gradacny proces povazujeme koaguldciu a hrubnutie Castic
(legovany cementit) v matrici a na hraniciach zin a tym aj
znizenie az Uplne ochudobnenie matrice o legujuce prvky.

V dosledku uvedenej degradacie S$truktiry dochadza
k zniZeniu precipitacného a roztokového spevnenia ¢o viedlo
k poklesu hodn6t mechanickych vlastnosti (R, 0 26 %, HBW
0 25 %) ale aj ku znizeniu nachylnosti ku krehkému lomu
(T35 sa posunula o 37 % ku kladnym hodnotam).

Na zéklade uvedenych vysledkov je prezentovany postup
a vysledok predikcie zvyskovej zivotnosti skuSaného materialu.
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sidual Life Cycle of Creep Resistant Low Alloy Steels

The contribution analyses a demotion of structure and
mechanical properties of low — alloy CrMoV creep resistant
steel after 265 000 operating hours by temperature 540 °C and
nominal tension 44,8 MPa. Results of structural analysis and
realized mechanical tests are exploited for a prediction of
residual life cycle of tested steels.



Chem. Listy 105, s624-s626 (2011)

Material v inzinierskej praxi 2011

VYSOKOCYKLOVA A ULTRAVYSOKOCYKLOVA UNAVA KOROZIIVZDORNYCH

OCELI AISI 316L A AISI 316Ti

OTAKAR BOKUVKA®, FRANTISEK NOVY?,
MARIO GUAGLIANO", KATARINA MIKOVA®

“ Zilinskd univerzita v Ziline, Strojnicka fakulta, Katedra ma-
teridlového inZinierstva, Univerzitng 1, 010 26 Zilina, Slova-
kia, ® Politecnico di Milano, Department of Mechanical Engi-
neering, Via La Masa 1, 20156, Milan, Italy
otakar.bokuvka@fstroj.uniza.sk

KTlucové slova: inava, AISI 316L, AISI 316Ti, vplyv frek-
vencie a typu zat'azovania

1. Uvod

Unava konstrukénych materialov je najéastejsie sa vy-
skytujuci degradaény mechanizmus v redlnej inzinierskej
praxi; viac ako 90 % prevadzkovych lomov st lomy spdsobe-
né tnavou. Oblast’ inavy je vyznamna z hl'adiska ekonomic-
kého, spolahlivostného a ekologického. Pévodné vysledky
umoziuji navrhovat’ suciastky a zariadenia isporné, bezpec-
né a ekologické' ™. Unave konitrukénych materialov sa venu-
jeme uz takmer 170 rokov a to tak v oblasti nizkocyklove;j,
vysokocyklovej ako aj ultravysokocyklovej. Predovsetkym
oblast’ ultravysokocyklovej unavy sledovana experimentalne
v oblasti od N 107 cyklov do N =~ 10" cyklov je
v poslednom obdobi stredobodom zaujmu vyznamnych expe-
rimentalnych pracovisk. Diskutované st otdzky: aky je prie-
beh zavislosti 6, = f(N), fyzikalna podstata medze tnavy a ¢i
existuje medza unavy, aké st degradaéné inavové mechaniz-
my pri vel'mi nizkych hodnotadch amplitidy plastickej defor-
macie, povrchova a podpovrchova iniciacia unavovych trhlin,
Sirenie kratkych Gnavovych trhlin extrémne nizkymi rychlo-
stami, tloha inkltzii, porov, stiahnutin, dlhych hranic zfn, ale
taktiez aky je vplyv frekvencie a charakteru zat'azovania za
tzv. zakladnym poétom N~ 107 cyklov v réznych konstruké-
nych materialoch.

Pri skamani vplyvu frekvencie a charakteru zatazovania na
unavovu Zivotnost’ su skusky na tinavu v oblasti ultravysoké-
ho poétu cyklov (107 < N < 10" cyklov) ¢asovo vel'mi naroé-
né a pri experimentalnych pracach je potrebné pouzit’ origi-
nalne vysokofrekvenéné zariadenia (s pracovnymi frekvencia-
mi f~ 20 kHz), ktoré zvycajne pracuju v oblasti zatazovania
symetrickym striedavym zatazovanim tah — tlak (R = —1)
(cit.*™"). Zariadenia pracujiice pri nizkofrekvenénom cyklic-
kom zatazovani vyuzivaji zvyc€ajne frekvencie do f~= 200 Hz
(cit."®). Pre nazornost' treba uviest,, Ze ak na hodnotenie ina-
vovej zivotnosti pouzijeme frekvenciu f = 20 kHz, je cas
vlastnej skiiky na tnavu pri N = 10" cyklov = 6 dni. Pri
pouziti napr. frekvencie f = 50 Hz by bol potrebny ¢as okolo
6 rokov. DoterajSie poznatky o vplyve frekvencie, resp. typu
zatazovania na unavovu zivotnost st ¢asto protichodné. Frek-
vencia a typ zatazovania niekedy nemaju takmer ziadny
vplyv, alebo naopak modifikuji vyslednu zavislost’ amplitady

napitia G, vs. podet cyklov N2, V predloZenej praci su
uvadzané experimentdlne vysledky o tUnavovej Zzivotnosti
koroéziivzdornych oceli AISI 316L a AISI 316Ti ziskané pri
nizkofrekvencnom (ohyb za rotacie) a vysokofrekvencnom
cyklickom zatazovani (striedavy sumerny tah — tlak) vo vy-
sokocyklovej a ultravysokocyklovej oblasti poctu cyklov.

2. Experimenty

K experimentom boli pouzité dva druhy austenitickej
koroéziivzdornej ocele Cr-Ni-Mo komeréného oznacenia AISI
316L (STN 41 7349) a AISI 316Ti (STN 41 7348), ktorych
chemické zlozenie (overené kvantitativnou chemickou analy-
zou) a mechanické charakteristiky (ziskané skuskou tahom
a skuskou tvrdosti podl'a Vickersa) su uvedené v tab. L. resp.
tab. II.

Mikrostruktara uvedenych oceli (svetelna opticka mikro-
skopia) je dokumentovana na obr. 1. a obr. 2. Mikrostruktira
obidvoch oceli je tvorend polyedrickymi zrnami austenitu
s pozorovatelnymi deformacnymi a zihacimi dvojéatami
s nepravidelnym rozlozenim nitridov a karbidov (typu TiN,
M,; Cs). Lokalne bol pozorovany vyskyt o-feritu.

Experimentéalne zistovanie inavovej zivotnosti, zavislos-
ti o, = f(N), pri nizkofrekvenénom cyklickom zatazovani
v oblasti vysokého poctu cyklov bolo realizované ohybom za
rotacie (skusobny stroj ROTOFLEX, frekvencia zat'azovania
f =34 a 40 Hz, teplota T = 20 + 3 °C, koeficient asymetrie
cyklu R —1). V oblasti ultravysokého poctu cyklov
(gigacyklova unava) bolo pouzité vysokofrekvenéné cyklické
zatazovanie so sumernym zataZzovacim cyklom charakteru
tah — tlak (skagobny stav KAUP — ZU, frekvencia zatazova-
nia f = 20 kHz, teplota T = 20 + 10 °C, intenzivne chladenie
vodou upravenou inhibitormi, koeficient asymetrie cyklu R =
—1)!B Skagané tyge kruhového prierezu (v pracovnej asti

Tabulka I
Chemické zlozenie ocele AISI 316L a AISI 316Ti

Obsah prvku [hm.%)]
ocel Cr Ni Mo Mn Ti C Si  Fe
316L 17,32 13,68 2,73 1,89 0,002 0,026 0,65 zv.
316Ti 17,55 1296 2,54 1,63 0,37 0,058 0,81 2zv.
Tabul’ka I1
Mechanické vlastnosti ocele AISI 316L a AISI 316Ti
Mechanické vlastnosti
ocel’ Re Ri As Z [%] HV 10
[MPa] [MPa] [%]
316L 248 753 53 46 245
316Ti 251 773 54 48 213
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AR : :
% =]
- r‘ s ~
. —*_.; ":.._ s s . soE‘m |

Obr. 2. Mikrostruktura ocele AISI 316Ti

o = 8 mm, ohyb za rotacie; @ = 4 mm, tah — tlak) boli vyrobe-
né trieskovym obrabanim a z dovodu eliminacie vrubovej
citlivosti na povrchu brasené a lestené. PouZitych bolo spolu
26 skusanych ty¢i (13 ks pre zat'azovanie tah — tlak, 13 ks pre
zat'azovanie ohybom za rotacie).

3. Vysledky a diskusia

Zavislost o, = f(N) ziskana pri skuskach na unavu
ohybom za rotacie v oblasti od N = 2.10° cyklov do N = 2.10’
cyklov (v rozmedzi o, = 525 MPa az 6, = 345 MPa) a pri
zat'azovani charakteru striedavy sumerny tah — tlak v oblasti
0d N~ 4.10° do N = 10° cyklov (v rozmedzi 6,= 370 MPa az
o, = 280 MPa) je sthrne uvedena na obr. 3. Ziskané
vysledky  preukazatelne dokladuju kontinudlny pokles
amplitady aplikovaného napitia o, v celom experimentalne
sledovanom rozsahu poétu cyklov zataZovania (od N =~ 2.10°
cyklov do N = 10° cyklov), priom pokles za tzv. zakladnym
poctom cyklov (N, = 107 cyklov) v oblasti ultravysokého
poctu cyklov je A o,~ 80 MPa. Tato skutocnost’ predstavuje
rozdiel v pripustnej vel'kosti defektu, trhliny Aa.= 0,058 mm,
reSpektujic  skutoCnost, Zze zakladna prahova hodnota
amplitddy sucinitela intenzity napdtia K,y je pre skiimané
ocele K,y = 6 MPa ml/z, ¢o je potrebné reSpektovat
v hodnoteni mikrocistoty, resp. pri optimalnej vol'be materidlu
pre dany konitrukény tcel'. Tieto vysledky s v stlade
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s pracami autorov”'>'®, ktori uvadzaju pokles A o, v intervale
od A 6,= 20 MPa az A o,= 200 MPa, pri¢om vysSie hodnoty
boli pozorované u oceli vysokych pevnosti resp. povrchovo
intenzivne speviiovanych. V oblasti ultravysokého poctu
cyklov zatazovania povrch nema rozhodujicu ulohu pri
iniciacii degradacnych tnavovych mechanizmov a to najmé
ak je bez vyraznych vrubov. Dochadza prednostne
k podpovrchovej iniciacii unavovych trhlin, pricom ako
iniciané miesta sluzia inklazie, vnitorné mikrodefekty, dlhé
hranice zin atd’.'’"?°. Napriek uvadzanym skuto&nostiam,
pozorovanym inkluziam (nitridy, karbidy), vid. obr. 1.
a obr. 2. boli inicia¢né miesta tnavového poskodenia v celom
sledovanom intervale poc¢tu cyklov vylu¢ne na povrchu
skuSanych ty¢i (obr. 4 a obr. 5). Je tak mozné konStatovat’,
ze velkost inkluzii neprekrocila kriticka velkost, resp.
vnutorné napétia vokol inkluzii su odrelaxovavané okolitou
matricou (tvarny austenit)®.

Frekvencia zat'aZzovania ovplyviiuje Gnavové charakte-
ristiky materidlov predovsetkym pri zvySenych a vysokych
teplotach’®. Boli zaznamenané vy$sie hodnoty medze tmavy
o, pri tzv. zakladnom poéte N = 107 cyklov®. Naopak vplyv
frekvencie je minimalny’ a vysledky nizkofrekvenéného vs.
vysokofrekvenéného cyklického zatazovania su prakticky
rovnaké, o prezentuju napr. prace vykonané na zliatine Udi-
met 500°, liatine®', mikrolegovanej oceli E 700 TS¥, ultra-
jemnozrnej medi'® a iné experimentilne prace realizované

550
L AISI 316Ti
—_ () Tah-tlak
g 500 — A f=20kHz
[ o Ohyb za rotacie
g 450 — © f=40Hz
g 400 —
g T AISI 316L
2 350 —  Tan-tiak
F O f=20kHz
300 — Ohyb za rotacie
| @ f=35Hz
250 | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ L
10° 10* 10° 10° 10" 10® 10° 10"

pocet cyklov

Obr. 3. Zavislost’ 6, = f(N), ocele AISI 316L a AISI 316Ti
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Obr. 4. Inicidcia inavového poskodenia z povrchu skusanej tyce,
ocel’ AISI 316L, o,= 340 MPa, N =33 712 110 cyklov
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Obr. 5. Iniciacia inavového poskodenia z povrchu skusanej tyce,
ocel’ AISI 316Ti, 6,= 340 MPa, N = 24 732 100 cyklov

v oblastiach od N = 10* cyklov do N = 10" cyklov. V pripade
vykonanych experimentalnych prac na koréziivzdornych
oceliach AISI 316L a AISI 316Ti mozno rovnako konstatovat’
nevyrazny vplyv frekvencie zatazovania na inavovu Zzivot-
nost’. Najmi v oblasti od N = 107 cyklov do N = 10"’ cyklov
je experimentalny material vystaveny velmi nizkym hodno-
tam amplitady plastickej deformacie a vplyv rychlosti zat'azo-
vania je preto nevyrazny. Toto vSak neplati pre oblast’ nizko-
cyklovej tnavy, kde pri vysokych amplitidach plastickej
deformacie tieto ocele citlivo reagujtl na frekvenciu zatazova-
nia. Lomové charakteristiky st obdobné tak pri nizkych ako aj
vysokych frekvenciach zataZovania®?*. V celom sledovanom
intervale pocétu cyklov sa obidve ocele (AISI 316L a AISI
316Ti) porusovali transkrystalickym tnavovym mechaniz-
mom.

Autori dakujii Vedeckej grantovej agentiire MS VVaS SR

a SAV za podporu prace formou grantu ¢. 1/0193/10. Cast
vysledkov vznikla aj v ramci rieSenia projektu SK-PL-0049-
09 agentury APVV.
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In this work the authors present experimental results
about the AISI 316L and AISI 316Ti stainless steel fatigue
endurance in the high and ultra high cycle region (from N =
2x10° cycles to N = 10° cycles) obtained at low frequency
(rotating bending, f =35 and 40 Hz, T =20 + 3 °C, R = -1)
and high frequency cyclic loading (push—pull loading, f = 20
kHz, T =20 + 10 °C, R = —1). The shape of fatigue endurance
curves do not depend on the loading type, the stepwise 6, — N
curves, plateau regions and notable influence of frequency
were not observed. In the whole range of applied stress ampli-
tudes the surface fatigue crack initiation occurs only.
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1. Uvod

Recyklacia kovov sa stala dolezitou stcastou trvalo
udrzatel'ného rozvoja vyspelej priemyselnej spolocnosti eko-
nomicky, technicky i ekologicky. Recyklacia hlinikového
Srotu sa vyznacuje velkym prinosom v spotrebe elektrickej
energie. Jednym z najdolezitejsich faktorov je fakt, ze recyk-
lacia hlinikového Srotu Setri az okolo 95 % elektrickej energie
potrebnej na vyrobu primarnych zliatin. Inym délezitym fak-
torom je skuto¢nost’, ze vicsina pouzitého hlinika méze byt
recyklovana, ¢o je velmi cenné. Dnes recyklovany hlinik
predstavuje jednu tretinu celosvetovej spotreby hlinika a ma
nad’alej stiipajucu tendenciu.

Ako vysledok zvysenej recyklacie kontaminéacia sekun-
darnych zliatin neobvyklymi a neocakavanymi necistotami
a stopovymi mnozstvami prvkov sa vyskytuje. V priebehu
recyklacie/pretavovania $kodlivé prvky moézu byt pritomné
v tavenine spdsobujuce segregaciu a intermetalikd, ktorych
morfoldgia ovplyviiuje zlievarenské a pevnostné vlastnosti
odliatkov. Zlievarenské vlastnosti zliatin predstavuju schop-
nost’ zliatin byt odlievané bez defektov ako je porovitost,
trhliny, nedotecenie a pod. Cielom tejto prace bolo skimat’
vplyv zeleza a manganu na porovitost odliatkov z hliniko-
vych zliatin Al-Si-Cu pri zvySenom obsahu zeleza. Délezitou
stcastou prace bolo najst’, resp. overit' optimalnu hodnotu
vzajomného pomeru manganu a zeleza, pri ktorej by bola
dosahovana najnizsia hodnota porovitosti odliatkov.

2. Prehlad riesenej problematiky

Zelezo, ako jedna z hlavnych negistdt v hliniku, je vzdy
pritomné v zliatinach hlinika ¢o je spdsobené réznymi prici-
nami. Zelezo je prirodzena negistota, ktora vznika v procese
vyroby primarneho hlinika. V zavislosti od kvality bauxitu
a inych vstupnych surovin a kvality riadenia parametrov pro-
cesu vyroby hlinika, roztaveny primarny hlinik obsahuje oko-
lo 0,05-0,15 hm.% zeleza. Doteraz nie je znamy ziadny spo-
sob odstranenia zeleza z hlinika a jeho zliatin, ktory by bol
ckonomicky akceptovatelny. Naviac vSetky ¢innosti spojené
s roztavenym kovom predstavujii potencidlne nebezpecie
zvydenia obsahu Zeleza v tavenine. Zelezo sa moze dostat’ do
taveniny tymito beznymi mechanizmami:

1. Tekuty hlinik je schopny rozpustania zeleza pri styku

s nechranenym ocelovym néaradim a prisluSenstvom

pece. Pri dlhodobom styku méze obsah zeleza stapnut’

az na 2 hm.% pri teplote taveniny 670 °C,

Zelezo sa mdze dostat’ do taveniny pridanim predzliatin

nizkej Cistoty,

3. Zelezo sa mdze dostat’ do taveniny pridanim vratného
materialu s vy$§im obsahom zZeleza ako je v zdkladnom
materiali.

Hoci zelezo je vysoko rozpustné v tekutom hliniku
a jeho zliatinach, rozpustnost' Zeleza v tuhom roztoku o je
vel'mi mald. Preto vdc¢sina pritomného zeleza tvori intermeta-
lické fazy, charakter ktorych zavisi od pritomnosti inych ne-
&istdt, stopovych a prisadovych prvkov v zliatine'. Okrem
zliatin pre tlakové liatie do kokil je zelezo skodlivym prvkom
a jeho vysoké koncentracie sposobujii zhorSenie mechanic-
kych vlastnosti Al-Si zliatin. To je sposobené predovsetkym
precipitaciou krehkych AlFeSi intermetalickych faz, pritom-
nych v mikrostrukture ako ihlicky alebo dosticky.

Zliatiny AlSi6Cu4 sa stali dolezitymi v automobilovom
priemysle pre ich vysoka pevnost’ pri normalnych i vysokych
teplotach, kde sa vyuzivaji predovSetkym na vyrobu hlav
automobilovych motorov. Tieto zliatiny s vSak nachylné na
vznik rozsiahlej porovitosti hlavne v odliatkoch so znizujiicou
sa rychlostou tuhnutia v pieskovych formach. Literarny pre-
hl'ad zamerany na problematiku vplyvu zeleza na dosadzova-
nie taveniny pocas tuhnutia a vznik poérovitosti v hlinikovych
zlievarenskych zliatinich Al-Si je uvedeny v pracach
Taylora® a neskér v praci Mbuya®. Tuhnutie takychto zliatin
je v pociatoénej faze sprevadzané vznikom nespojitej sicte
dendridov v tavenine’. Schopnost’ taveniny dosadzovat’ tekuty
kov zacne byt’ dblezitd v okamihu vytvorenia polotuhej siete
dendridickych zfn. Dendridické ramena pokracuji v hrubnuti
a intergranularne oblasti zmenSuju svoje rozmery, ¢o je spre-
vadzané zvic¢Sovanim objemu tuhej fazy. Kanaliky medzi
dendridmi a zrnami pokra¢uju v postupnom zuzovani
a vytvaraju stale viac kl'ukatejsie cesticky cez ktoré zostavaju-
ca tavenina musi pretekat’. Ak tavenina obsahuje zelezo, kl'u-
katé kanaliky medzi dendridmi a zrnami mézu byt blokované
rasticimi Casticami intermetalickych faz Zeleza vznikajtcich
vo vnutri te¢iicej taveniny®. Toto vedie k zhor§eniu toku tave-
niny v interdendridickych priestoroch.

Hlavnou tlohou manganu v zliatinach Al-Si je kompen-
zovanie nepriaznivého vplyvu zeleza. Mangan v hliniku ma
rozdel'ovaci koeficient k, = 0,72, preto ma len mali segrega-
ciu a netvori vlastné fazy. Vstupuje ale do faz Zeleza a meni
ich morfolégiu. Pridavky manganu sa pouZivaju’ predoviet-
kym na znizenine $kodlivych uéinkov P-fazy AlsFeSi a jej
nahradenie za menej $kodlivl o-fazu Al;s(MnFe);Si,.

N

3. Experimentalna ¢ast’

Na hodnotenie problematiky kvality matefialov®® existu-
je mnozstvo metdd. Z dovodu velkého poctu premennych,
dolezitosti interakcie premennych navzajom a vplyvu velkého
poctu Sumovych faktorov, ktoré neboli zahrnuté do experi-



Chem. Listy 105, s627-s629 (2011)

mentu, navrh a hodnotenie experimentu boli realizované pou-
zitim Taguchiho metody. Identifikacia nezavisle premennych
faktorov (riadiace parametre procesu), zavisle premennych
veli¢in (skimané veliiny procesu) a znamych Sumovych
faktorov sposobujucich variabilitu, je uvedend v tab. L. Tri
nezavisle premenné a jedna interakcia medzi prvkami boli
v praci skimané. Vplyv ostatnych stopovych a prisadovych
prvkov a necistot bol do experimentu zahrnuty prostrednic-
tvom Sumovych faktorov opakovanim experimentov. V tab. II
st znazornené horna a spodna troven obsahu nezavisle pre-
mennych prvkov uvazovanych v experimente. Ortogonalna
matica L-8 podla Taguchiho® s hodnotami obsahu nezavisle
premennych prvkov je znazornena v tab. I11.

Tabulka I
Parametre experimentu

Nezavisle Zavisle premenné  Sumové faktory
premenné

Prvky Stiahnutiny a Ostatné prvky

Si mikropdrovitost’ a neCistoty vysky-
Fe tujlce sa

Mn v zliatine
Tabul’ka II

Urovne obsahu nezévisle premennych prvkov

Prvky Spodné hodnota Horna hodnota
obsahu [hm.%] obsahu [hm.%]
Si 5,80—6,40 (6,10) 6,41-6,99 (6,70)
Fe 0,29-0,41 (0,35) 0,42-0,53 (0,47)
Mn 0,32-0,438 (0,40) 0,49-0,65 (0,57)

() oznacuje ciel'ovll hodnotu

Tabul’ka IIT
Ortogonalna matica L-8
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sa v jednotlivych experimentoch pohyboval v intervale od
0,09 po 0,14 cm’/100 g zliatiny. Teplota liatia taveniny sa
pohybovala v intervale od 720 do 730 °C, pouzité boli formy
vyrobené z formovacej zmesi pozostavajucej z kremicitého
piesku a spojivového systému Alphaset. Kvoli zaisteniu ro-
bustnosti navrhovaného experimentu, kazdy experiment bol
opakovany dva krat.

4. Analyza vysledkov experimentu a diskusia

Na transformaciu opakovaného experimentu do jednej
hodnoty bol pouzity pomer S/N (signal/Sum), ktory sa podla
Taguchiho uréi zo vzt'ahu

S/N=-10 log (MSD)

Pomer S/N podporuje linearitu, je idealnym prostriedkom pre
meranie variability a jeho optimom je vzdy najvyssia hodnota.
Velic¢ina MSD vyjadruje stredni kvadraticki odchylku vy-
sledkov experimentu a je v nej zahrnuty priemer i smerodajna
odchylka experimentov. Vysledky analyzy opakovanych ex-
perimentov Taguchiho metédou vypocitané programovym
systémom Minitab s uvedené v tab. IV ana obr. 1 a 2.

Obr. 1 znazoriiuje diagram vplyvu skimanych prvkov
Si, Fe a Mn na vznik stiahnutin a porovitosti spdsobenych
nedostatoénym dosadzovanim taveniny pocas tuhnutia odliat-
kov.

Diagram na obr. 1 pomaha ur¢it’, ktora uroven faktora je
lepsia pre pozadovanu kvalitu odliatku (odliatok bez stiahnu-
tin a bez mikroporovitosti). Minimalny vplyv na pdrovitost’

Tabulka IV
Hlavné G¢inky faktorov pri S/N analyze

Prvky Si Fe Mn
1. troven -8,368 -6,237 -6,633
2. uroven -10,880 -13,012 -12,616
Velkost vplyvu 2,512 6,775 5,983
Poradie vplyvu 3 1 2

Experiment Si Fe SixFe Mn SixMn FexMn
1 6,10 0,35 0,40
2 6,10 0,35 0,57
3 6,70 0,47 0,40
4 6,70 0,47 0,57
5 6,10 0,47 0,40
6 6,10 0,47 0,57
7 6,70 0,35 0,40
8 6,70 0,35 0,57

Zlievarenska zliatina AlSi6Cu4 bola pre ucely experi-
mentov upravena pouzitim predzliatin tak, aby sme ziskali
zliatiny s obsahom skumanych prvkov podla tab. III. pre jed-
notlivé experimenty 1 az 8. Tavenina bola pred kazdym expe-
rimentom odplynena prebublavanin dusikom. Obsah vodika
v tavenine pred kazdym liatim bol merany, pricom jeho obsah
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Obr. 1. Diagram vplyvu prvkov Si, Fe a Mn na vznik poérovitosti
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bola zistend pre zmenu obsahu kremika v intervale 6,1 az
6,7 hm.%. ZvySeny obsah Zeleza ma najvacsi vplyv na vznik
porovitosti v odliatkoch. Najvyssia hodnota pomeru S/N bola
zaznamenand pre obsah Zeleza rovny 0,35 hm.%, ¢o je lepSia
uroven obsahu Zeleza pre dosiahnutie mensej poérovitosti od-
liatkov. Vplyv mnozstva manganu v zliatine sa ukdzal byt
vel'mi dolezity, lepsi vysledok vykazuje niz§ia hodnota obsa-
hu mangénu, t.j. hodnota 0,40 hm.% manganu. Z vedeného
vyplyva, Ze optimum nastava pri pomere Mn/Fe = 0,40/0,35 =
1,14 ~ 1,2. Pri tomto pomere Fe/Mn je ihlicovo tvarovana
intermetalickd faza B-AlsFeSi uplne premenena na o fazu,
tzv. ¢inske pismo o-Al;s(MnFe);Si,. Pri vy$Som pomere Fe/
Mn dochéadza ku vzniku mnohostennych faz, ¢o je sprevadza-
né zhor$enim pevnostnych vlastnosti zliatiny'®. Stredne silna
interakcia medzi obsahom Zeleza a manganu vyplyva i z dia-
gramu interakcie prvkov Fe a Mn na obr. 2.

Z uvedeného vyplyva, ze pridanie manganu hra dolezitt
ulohu pri redukcii mnozstva poérovitosti v zliatine AlISi6Cu4.
Pri optimalnom pomere Mn/Fe=1,2 sa tvori na zaciatku pro-
cesu tuhnutia kompaktna o-faza (obr. 3). Tymto sa spotrebuje
vécsina zeleza, ¢im sa redukuje jeho mnozstvo v poslednej

-5.0 Mn

—&— 040

—m— 057
=75 u

N
N
-
-10.0 -
ST ~.
~
-12.5 ~
~
~
~
-15.0 ~
-
N
-
-17.5 “m
0.35 0.47

Fe

Obr. 2. Diagram interakcie prvkov Fe x Mn

Obr. 3. SEM mikro$truktury (a-faza, tzv. ¢inske pismo) hlinikovej
zliatiny AlSi6Cu4 pri optimalnom pomere Mn/Fe=1,2
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tekutej Casti taveniny. To brani nukleécii B-fazy v interden-
dritickych priestoroch, ktora nebola v mikrostruktire skima-
ného materialu odliatku pozorovana.

5. Zaver

Zelezo v zliatinach Al-Si-Cu tvori B intermetalické fazy
AlsFeSi, ktorych morfolégia ovplyviluje dosdzdanie taveniny
pocas tuhnutia, ¢o sa prejavuje predovsetkym vznikom poro-
vitosti. Zelezo a kremik spolu s manganom tvoria o interme-
talické fazy Al;s(MnFe);Si,, ktoré vyzeraju ako ¢inske pismo
alebo ako rybia kost a pri optimalnom pomere prvkov Mn/Fe
~ 1,2 minimalizuju pérovitost’ v odliatkoch.

Tdto praca vznikla za podpory grantu MSVVS SR DA-
AD 0300/2008.
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The most common defect in aluminium castings is po-
rosity, which is a result of insufficient feeding and/or hydro-
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in castings has been investigated. It is observed that the mor-
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1. Uvod

Spajkovacia pasta, ktora je v poslednom obdobi stale
viac predmetom vyskumov v oblasti reoldgie, hra dolezita
ulohu v montaznych technolégidch elektroniky, kde sa po-
diel'a na vytvoreni elektrickych, mechanickych a teplotnych
prepojeni medzi komponentom a substratom. Reologické
charakteristiky past st dolezit¢é najmd pri navrhu a vyvoji
novych typov past, na ktoré si najmé z dévodu neustale po-
kracujtcej miniaturizacie kladené vysoké naroky.

Spajkovacia pasta predstavuje homogénnu zmes Castic
spajkovacej zliatiny s definovanym priemerom, nevyhnutného
tavidla a d’alsich prisad na zabezpecenie potrebnej viskozity,
roztekania a lepivosti. Tato praca je zamerana na viskozitné
a reologické merania spajkovacich past, tj. ne-
newtonovskych pseudoplastickych kvapalin a tiez na ich su-
vislost’ s dynamikou tlace.

Pasty musia vyhoviet' najmi 6 naro¢nym poziadavkam,
bez ktorych by pozadovany vodivy a mechanicky spoj medzi
doskou plosnych spojov a osadenym elektronickym kompo-
nentom neplnil svoju Glohu:

Optimalne reologické vlastnosti, ktoré zabezpecia moz-
nost’ tlace cez kovovi Sablonu alebo dispenzerom,
dlhodobé zachovanie si tvaru aj polohy na substrate bez
roztekania,

dostato¢na lepivost’, z dovodu nasledného prichycovania
elektronickych komponentov,

podmienky pre zlucenie do homogénnej masy spajky po
pretaveni.

dostato¢ne ucinné ale neagresivne tavidlo,

relativne nizka teplota pretavenia (T, do 260 °C).

Prvé tri z uvedenych kritérii spajkovacej pasty st najkritickej-
Sie. Ked’ze hlavnou ulohou reolégie ako vedy je najst’ vztahy
medzi napatim, deforméciou a rychlostou deformacie, cielom
tejto prace bolo vyhodnotit’ spravanie sa spajkovacej pasty
v pripade zmeny obsahu tavidiel a aditiv. Vysledkom je vy-
tvorenie reologického modelu, ktory popisuje chovanie sa
tohto typu ne-newtonovskej kvapaliny, umoziujicim demon-
Strovat’ korelaciu medzi vyssou viskozitou a kvalitnou tlacou
spajkovacej pasty.
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2. Reologia ne-newtonovskych kvapalin

Ne-newtonovské latky st charakteristické svojim
mikrodisperznym zlozenim, ktoré zapriCiiiuje odchylky od
newtonovského chovania kvapalin. Tento charakter kvapaliny
tiez spdsobuje Strukturnu nestabilitu a taktiez nehomogén-
nost, ¢o Casto krat moze sposobit’ desinterpretaciu viskozit-
nych merani. Spravanie sa ne-newtonovskych kvapalin
v zavislosti od napitia T alebo viskozity 1 na gradiente rych-
losti D (resp. na Smykovej rychlosti) popisuju krivky na
obr. 1. NajcastejSim typom Cisto viskdznych ne-
newtonovskych kvapalin st pseudoplastické kvapaliny, dila-
tantné, binghamské, tixotropné a reopexné.
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Obr. 1. Tokové a viskézne charakteristiky niektorych ne-

newtonovskych kvapalin, 1 — newtonovska kvapalina, 2 — $truk-
tirne viskézna kvapalina, 3 — dilatantna kvapalina, 4 — pseudo-
plasticka kvapalina, 5 — binghamska kvapalina

Spéjkovacie pasty st typické pseudoplastické tixotropne
kvapaliny, u ktorych zdanlivéa viskozita s rasticou Smykovou
rychlostou a s dobou pdsobenia napitia klesa. Toto spravanie
sa vyuZziva hlavne pri vel'mi preciznom nanaSani spajkovacich
past v elektronike.

Reoldgia je nauka, ktora sa zaobera skiimanim vztahov
medzi napitim a deformaciou (Smykovym tokom) latok. Ak
uvazujeme realne tekuté latky (viskdzno-elastické média),
potom moézeme hovorit’ o suvislosti medzi Smykovym napé-
tim a $Smykovou rychlostou. Jednym z najcastejSie skima-
nych (statickych) parametrov reoldgie je viskozita. Reologia
spajkovacich past v§ak zahifia aj skimanie spravania sa mate-
ridlov (spajkovacej pasty) pri fluktuacii Smykovej rychlosti
a pri r6znych frekvenciach. Komplexné reologické vlastnosti
spajkovacich past je najvhodnejSie charakterizovat’ reologic-
kym testom, t.j. skupinou merani, kde mozno zahrnut statické
(viskozita a reologicka krivka tecenia) a dynamické (oscilacia
a tixotropia) vlastnosti. Vysledkom reologickych testov apli-
kovanych v priebehu vyvoja by mala byt nova pasta, ktora by
spiiala naroéné poziadavky elektronickych technoldgii, t.j.
v priebehu tlace cez kovovii masku by mala byt’ pasta schop-
na rolovat’ pod tlakom stierky definovanou rychlostou (10 az
200 mm s™'), priom by vyplnila vietky otvory. Po oddeleni
kovovej masky od substratu nesmie dojst’ k zaneseniu otvorov
a nanesena pasta si zachovava presne definovany tvar. Pri
nedostatoénych reologickych parametroch spajkovacej pasty
doch4ddza k zborteniu natlaceného tvaru obr. 2 a tiez
k zaneseniu otvorov v maske.
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Spéjkovacia pasta

Obr. 2. Rozdiel medzi spravne nanesenim tvarom spajkovacej
pasty (A) a zbortenym tvarom po naneseni (B)

Pri merani ne-newtonovskych kvapalin je dblezité pouzi-
vat’ pristroje, ktoré ndm umoznia realizovat’ kinematické pod-
mienky Smykového toku, stanovit Smykovu rychlost’
a napétie. Pre testovanie reologickych vlastnosti spajkovacich
past sa najviac osvedcil rotacny systém ,.konus-platna“, ktory
urcuje viskozitu zo silovych ucinkov. Tieto silové ucinky st
dosledkom poésobenia dvoch valcovych ploch, medzi ktorymi
sa nachadza skimana kvapalina. Meracie zariadenie Rotovis-
co umoziiuje uskutoéfiovat’ merania pri Sirokom nastaveni
podmienok merania:
rozsah a priebeh $mykovej rychlosti (0-150 s™', pre nase
merania 0—18 s7),
rozsah teplot (—10 °C do 200 °C, pre nase merania 20 az
30 °0),
oscilacia hodnot $mykovej rychlosti (od 1 s do 10 h).

113

3. Vysledky a diskusia

PredloZzeny prispevok pojednava o reologickych vlast-
nostiach bezoplachovej bezolovnatej spajkovacej na podklade
zakladnych skuSok reologického testu, t.j. viskozitného
a tixotropneho testu. Komeréne dostupna pasta bola modifiko-
vana zvySenym % obsahom hmotnosti kovovych Casti. Vsetky
kompozicie pasty mali rovnaké zlozenie: 96.5Sn-3Ag-0.5Cu,
typ tavidla F1, teplotu tavenia 217-220 °C a velkost’ zrna 25
az 45 pm. Obsah pdovodnych 88,5 hm.% kovovych castic
v spajkovacej paste sa postupne zvySoval na 90, 92 a 95
hm.%.

Meranie reoldgie spajkovacich past prebiehalo na ststa-
ve HAAKE rotovisco©, systémom konus-platiia. Konus
s priemerom 20 mm a skosenim 1° poskytoval pocas celej
doby merania vysledky s najvacsou opakovatel'nostou. Roz-
sah teplot merania spajkovacich past sa pohyboval od 20 °C
do 30 °C, pricom teplota sa menila v 2 °C krokoch. Vyber
teplot odzrkadloval redlne teploty pri aplikovani pasty
v priemysle, kde je teplotny interval 20-30 °C prisne dodr-
ziavany. Ako maximum pre Smykovl rychlost’ bola stanove-
né hodnota 18 s,

a) Viskozitny test

Viskozita spajkovacich past s réoznym hmotnostnym
obsahom kovovych ¢astic bola merand v zavislosti na zmene
teplot. Pri zvySovani teploty viskozita klesala u vSetkych ty-
pov past. Najvyraznej§i pokles bol namerany pri paste
s obsahom kovovych ¢Castic 95 %, kde viskozita klesla o vySe
35 % pri naraste teploty z 20 °C na 30 °C.

V grafickom znazorneni na obr. 3 je mozné sledovat,, ze
intenzita poklesu viskozity s ndrastom teploty je v zavislosti
od obsahu kovovych castic rozdielna. Komeréne dostupna
pasta (88,5 %) a tiez pasta s obsahom 90 % kovovych castic
ma nepatrny trend v klesani viskozity, preto je mozné ocaka-
vat,, ze teplotny gradient viskozity je u tychto past mensi, t.j.
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Obr. 3. Viskozita ako funkcia teploty pre rézne typy spajkovacich
past. Meranie prebiehalo pri §mykovom rychlosti 9 s™

viskozita bude menej zavisla od zmeny teploty. Pri vyssich
podieloch kovovej Casti je pozorovatelna vyraznd zmena.
Podstatné vsak je, ze relativna hodnota viskozity je pri vys-
Sich obsahoch kovovych Eastic omnoho vyssia v porovnani
s niz§im obsahom. Tieto pasty maju zaroveii omnoho vyssiu
citlivost’ na zmeny teploty. Vzhl'adom nato, Zze spéjkovacia
pasta je typicka tixotropna pseudoplasticka ne-newtonovska
kvapalina je mozné, Ze zvySenie obsahu kovovych Castic
v paste ovplyvni jej pseudoplasticitu.

b) Tixotroépny test

spravanie sa spajkovacej pasty je v priebehu jej nanasa-
nia cez kovovu masku silne podmienené reologickymi vlast-
nostami, obzvlast' jej tixotropiou. Tato vlastnost pomaha
spravne vysvetlit' niektoré suvislosti v pripade docasnej zme-
ny viskozitnych vlastnosti. KedZe zavislost' viskozity
a Smykovej rychlosti vyjadrena v log suradniciach vykazuje
Standardne linearny priebeh, mozno sklon krivky, ktory popi-
suje charakteristiku riedenia, oznacit' ako tzv. tixotropny in-
dex T (I):

)

V pripade nanaSania spajkovacej pasty v elektronike je pozia-
davka dosiahnut’ spravny index tixotropie (/). Prili§ nizke
a tiez prili§ vysoké hodnoty indexu tixotrépie (okolo hodnoty
1 a tiez okolo hodnoty 0) spdsobuju problémy pri tlaci. Pre
komplexné postdenie je eSte dolezité zadefinovat’ d’alsi as-
pekt spajkovacich past, t.j. schopnost’ pasty vratit’ sa do po-
vodného stavu po namahani napr. pri tla¢i. Schopnost’ vratit’
sa do povodného stavu bez relaxacie popisuje index hysteré-
zie R, ktory sa da vypocitat’ zo vzt'ahu (2) :

)

R _ 7795 '(rasnicumD) - 779s l(ldesaju'comD)

77%" (rastiicomD)

Pri tychto meraniach sa dynamicka viskozita zaznamena-
vala ako ,,okamzita viskozita“, teda nie ako viskozita po usta-
leni systému. V grafickom znazorneni na obr. 4 je mozné
vidiet’ rastucu tendenciu kriviek. Popri merani sa zaznamena-
vala a nasledne vypocitala tixotropia, ktora vykazovala roz-
dielne hodnoty. Miera tixotropie sa s rastom obsahu kovovych
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Castic meni dost’ vyznamne. Pri spdtnom zaznamenavani dy-
namickej viskozity, je zrejmé, ze vplyvom $mykovej defor-
macie kvapaliny sa latka nestihne zrelaxovat’, ¢o ma za nasle-
dok pseudoplasticita a tixotropia kvapaliny. Tento ,,zelany“
efekt je vyrazne potlaceny pri obsahoch kovovej zlozky nad
90 hm.%, obr. 4.

ae 4
0F P

-“,nT-au- & Index Iystazie
0.5 B index tacirome
03 + | . .

¥ —

S5.5% 0% 2% 95%

Obsah kowovey Zodicy

Obr. 4. Index tixotropie a hysterézie ako funkcia obsahu hm.%
kovovej zloZKy pre rézne typy spajkovacich past

4. Zaver

V tomto ¢lanku je prezentovany vplyv obsahu kovovych
zloziek v paste na teplotnu zavislost’ viskozity ako aj na kore-
laciu tychto zavislosti s indexom tixotropie a indexom hyste-
rézie, ako zakladnych vlastnosti pseudoplastickych ne-
newtonovskych kvapalin. Na zaklade predlozenych analyz
aplikovanych na spajkovacich pastach je mozné konstatovat’,
ze reologické vlastnosti st okrem zloZenia aj funkciou poso-
biaceho cCasu, avSak iba pre pripad, kedy eSte nedojde
k potlaceniu efektu tixotropie. Inak povedané index tixotropie
a hysterézie spajkovacich past napomahaji ur¢it’ hranicu, do
akej miery je eSte mozné zvySovat obsah podielu kovovej
zlozky  bez  nebezpeCenstva  zhorSenia  tlacovych
(tixotropnych) vlastnosti, pozadovanych v montdznych tech-
nologiach v elektronike. V pripade spéajkovacich past ide
o hranicu 90 hm.% obsahu kovovych ¢astic v paste. Zmenou

s632

Material v inzinierskej praxi 2011

zlozenia sa meni tixotropne spravanie past, ¢o vyrazne
ovplyviiuje aj tlacové charakteristiky spajkovacej pasty. Pre
zachovanie tixotropie vhodnej pre tla¢ pasty je vhodné, aby
hodnoty indexu hysterézie a tixotropie nedosahovali vysoké
hodnoty (okolol). Pri obsahoch kovovej zlozky nad 90 hm.%
je efekt tixotropie potlaceny a pasty nevyhovuju poziadavkam
montaznych technologii.

Tento clanok bol vypracovany s podporou projektu VE-

GA ¢ 1/0298/09, 2009-2012: Analyza a navrh komplexnej
metodiky vyhodnocovania kvality spojov montdznych sucias-
tok a systémov zaloZenych na bezolovnatych spajkach.
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A. Pietrikova, M. Kravéik (Department of Technolo-
gies in Electronics, Faculty of Electrical Engineering and
Informatics, The Technical University of KoSice, Kosice, Slo-
vak Republic): Rheological Properties of Non-Newtonian
Fluids

This work has been focused on viscometric and rheologi-
cal measurement of solder paste as non-newtonian liquid. The
results of the analysis show that increasing amount of metal
powder content in solder paste show influences rheology
changes of the solder paste. It was found that the viscosity
increases with increasing amount of metal content. Significant
differences between the results were observed, which demon-
strate the importance of measuring thixotropy and non-
recovery rate R of non-Newtonian properties for realistic
representation of the flow behaviors of solder paste.
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VYHODY A NEVYHODY SPRACOVANIA POVRCHU OCELI TENIFEROVANIM

A NITRIDACIOU V PLYNOCH
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1. Uvod

Teniferovanim sa nazyva proces nitridacie pri 570 °C
v prevzdusnovanych  kyanid-kyanatanovych  kupeloch
v titanovom kelimku. Podl'a tvrdenia autorov tohto patentova-
ného procesu' a radu inych publikécii, citovanych v, umoz-
fiuje zvysit' rychlost’ rastu hrubky povrchovej zluceninovej
vrstvy e-fazy 2,5 az 3krat, ako aj difiznej vrstvy o-fazy pod
flou v porovnani s nasycovanim v neprevzdusinovanych kape-
Toch, resp. v plynoch. Vytvorena vrstva e-fazy zaistuje vyso-
ki odolnost’ povrchu proti adhezivnemu opotrebeniu. Vrstva
o-fazy zvySuje odolnost’ proti inavovému namahaniu.

Pri klasickom procese nitridacie v kyanid-kyanatanovych
kapel'och ich aktivna zlozka — kyanatan vznika neregulovane
oxidéciou povrchu kuperla pri styku so vzduchom v priebehu
prevadzky:

2 KCN + 0, — 2 KCNO

KCN + CO, — KCNO + CO

Kyanatan adsorbovany povrchom vsadzky termicky
disociuje za vzniku aktivnych atomov dusika a uhlika, ktoré
mozu byt povrchom absorbované:

4 KCNO — 2 KCNO + K,CO; + 2N+ CO

2CO0—CO+C

Povrch ocele sa nasycuje dusikom, uhlikom, ale aj kysli-
kom pri moznej reakcii CO, s povrchom. Vo vrstve e-fazy
ostava okrem dusika absorbovany vsetok uhlik a kyslik. Do
vrstvy o-fazy pod niou difunduje len dusik.

Ovladanym nepretrzitym prevzdusnovanim kupela pri
teniferovani sa udrzuje vysoky obsah aktivnej zlozky — kyana-
tanov (cca 45 %), vysoka rychlost’ ich termickej disociacie
a absorpcie atdomov N a C nasycovanym povrchom. Zvacsi sa
koncentraény spad N v nasycovanej vrstve, v porovnani
s nasycovanim v neprevzdusiovanych kupeloch a tym aj
rychlost’ jej rastu. K tejto prispieva v nemalej miere aj pomer-
ne vysoka teplota teniferovania 570 °C (pri klasickych proce-
soch v plynoch a v sol'nych kupel'och cca 500 °C).

Pouzivanim titanového kelimku sa podla publikovanych
udajov zniZi obsah Zeleza v kupeli z 0,7 % na 0,1 %, ¢o udaj-
ne znizuje poréznost vrstvy e-fazy zo 70 % jej hrubky na 10
az 20 % a tym aj jej krehkost’.

2. Material a metodika experimentu

Ako experimentalny materidl boli pozité ocele ozn.
1.7766 (15 330), 38Ch2MIJuA (15 340), X32CrMoV3-3

(19 541), ktoré boli nitridované povrchovo sytené: a, v ply-
noch pri teplote 565 °C, ¢as sytenia bol 60, 120 a 240 min,
resp. b, v kupeli kyanid-kyanatan (teniferovanie) za anologic-
kych podmienok ako v plynoch.. Mikrotvrdost’ a hrubka nitri-
dovanej vrstvy bola merand Vickersovou metédou pri zat'aze-
ni 50 g.

3. Experimentilne vysledky a ich rozbor

Vysledky nasho vyskumu na celom rade konstrukénych
a nastrojovych oceli vyvratili tvrdenia o vysSej rychlosti rastu
oboch zloziek nitridovanej vrstvy pri teniferovani,
v porovnani s nitridaciou v plynoch, pozri obr. 1 az obr. 3
atab. L.

Pri rovnakej teplote nasycovania 565 £ 5 °C a ¢asoch
zotrvania na teplote: 60 az 240 min, je hrubka zli¢eninovej
vrstvy e-fazy a difuznej vrstvy a-fazy pri nitridacii v plynoch
(aktivna zlozka NH;) vzdy vécsia, ako pri nitridacii procesom
tenifer. Autori propagujuci teniferovanie pri 570 °C dospeli
k opisanému omylu porovnanim vlastnych vysledkov merani

Tabul'ka I
Hrabka e-faze po nitridacii v plynoch a teniferovani’®

s633

Ocel’ Cas nasyco- hrybka vrstvy hrubka po
vania [min]  e-faze [mm] teniferovaniv
plynoch [mm]
X32CrMoV3- 60 0,001 0,003
3 120 0,005 0,013
240 0,010 0,016
1.7766 60 0,001 0,005
120 0,004 0,011
240 0,010 0,014
38Ch2MJuA 60 0,001 0,004
120 0,004 0,008
240 0,008 0,012
B0 min 240 min

120 min |

o

Obr. 1. Priebeh tvedosti nitridovanej vrstvy pri
mat. 19541

teplote 565 °C
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Obr. 2. Priebeh tvedosti nitridovanej vrstvy pri teplote 565 °C
mat. 15 340

s publikovanymi vysledkami nitridacie v plynoch pri obvyk-
lych a zauzivanych teplotach 490 az 500 °C. K ich omylu
mohli pomoct’ aj komeréné zaujmy.

Proces teniferovania sa vel'mi rychlo zaviedol v celom
rade §tatov a vyuziva sa aj v sucasnosti. Vlastnik patentu vy-
rabal a dodaval kompletné zariadenie pre realizaciu patentu.

Medzi vyhodami patentu teniferovania sa uvadza pod-
statne rychlejsi rast nitridovanej vrstvy, ako pri klasickej nitri-
dacii v soliach a v atmosfére NH; a tym skratenie procesu
chemicko-tepelného spracovania, vdcsia hribka povrchovej
zltiCeninovej vrstvy e-fazy a tym moznost’ jej dodatoéného
leStenia, nizSia krehkost’ e-fazy, vyssia odolnost’ nitridovanej
ocele proti inave po odporu¢anom rychlom ochladeni po
vybrati z kupela, lepsia operativnost’ napriklad presné minu-
tové zotrvanie detailu na teplote po ponoreni do kupel'a napri-
klad u reznych nastrojov.

Medzi nevyhody teniferovania, ktoré sa obvykle neuva-

dzajl, mozeme zaradit:
pouzivanie prudko jedovatych soli a naklady na likvida-
ciu kyanidového odpadu,
naleptavanie povrchu vsadzky solnym kapelom
s predlzovanim casu zotrvania v kupeli a tym zvySenie
drsnosti povrchu,
pripustny Cas zotrvania vsadzky v kupeli je maximalne 4
hodiny pre poskodzovanie povrchu naleptdvanim kupe-
lom. Tym je obmedzena aj maximalna dosiahnutel'na
hribka nitridovanej vrstvy pri teniferovani,
obmedzena vyrobnost’ nitrida¢nych kupel'ov pripustnym
stipnutim hladiny sol'ného kupela po zalozeni vsadzky,
potreba predohrevu vsadzky vo vzdus$nej peci pre od-
stranenie pripadnej vlhkosti pred ponorenim do kupel'a,
naklady na predohrievaciu pec, na stavbu a prevadzku
neutralizacnej stanice pre likvidaciu kyanidového odpa-
du, néklady na kompresorova stanicu, hluénost jej pre-
vadzky pri prevzdusiovani kapel'ov.
Dvojstuptiovym procesom nitridacie v NH; a difuzneho
ihania* v N,, je mozné dosahovat kvalitnejie nitridované
vrstvy v plynoch ako pri teniferovani, bez obmedzenia jej
hrubky a bez zvySenia drsnosti povrchu. Dusikova atmosféra
v zavere procesu umoziuje v pripade potreby okamzité otvo-
renie pece a rychle ochladenie vsadzky.
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Obr. 3. Priebeh tvedosti nitridovanej vrstvy pri teplote 565 °C
mat. 19 330

Je potrebné zddraznit,, ze na hrabku oboch zloziek nitri-
dovanej vrstvy (€ aj o fazy) vyrazne vplyva aj legovanost
ocele. V praxi by sa teda mali nitridovat’ na jednu predpisant
hrubku € fazy v jednej vsadzke vyrobky len z jedného druhu
ocele (resp. ocele blizkeho zloZenia). Dalej je potrebné presne
dodrziavat’ cely predpisany teplotny cyklus nitridacie, ¢o si
vyzaduje prisnu technologickt disciplinu. Dalej je potrebné
poznat’ kinetiku rastu povrchovej vrstvy € fazy, resp. pri hrub-
Sich vrstvach kinetiku rozvoja jej siete v o faze pri pouziva-
nych oceliach. Len so znalost'ou tychto faktorov predpisovat
konkrétne technologické parametre nitridacie a diftizneho
zihania pre dantl vsadzku a presne ich dodrziavat. Na nasej
katedre aj v stcasnosti nahradzujeme na poziadanie objedna-
vatel'a proces teniferovania nitridaciou s difiznym zihanim
v plynoch.
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1. Introduction

In the last few years new ceramic/carbon nanotube com-
posites have been developed and a number of authors re-
ported improved mechanical, electrical and thermal properties
in the case of these composites compared to the monolithic
ones'. According to the results, reinforcing by CNTSs in many
cases improved the fracture toughness of alumina due to
bridging of the crack surfaces by CNTs during the crack
propagation and by CNT pullout mechanism, which strongly
depends on the interfacial bonding between CNTs and the
matrix. Such a toughening, however is not evident and was
not proved in all experiments?,

The positive effect of the carbon nanotubes on electrical
conductivity of polymer materials due to the percolation of
CNT is widely expected, however only a few authors re-
ported improved electrical conductivity of CNT—ceramic
composites’ . The electrical conductivity of CNT—ceramic
nanocomposites is highly dependent on many factors, for
example CNT content, distribution of CNTs, bulk density and
sintering conditions.

The aim of the present work is to study the effect of
addition of carbon nanotubes and carbon black on the indenta-
tion toughness and electrical conductivity of alumina-CNT
and alumina-carbon black (CB) nanocomposites.

2. Experimental materials and methods

The experimental materials were prepared by spark
plasma sintering at the Queen Mary, University of London,
UK.

The microstructure and fracture surfaces of the investi-
gated materials were studied using scanning electron micros-
copy (SEM). The electrical conductivity (o) of monolithic and
composite materials was measured at ambient temperature
using a two-point probe setup, carried out on a precision im-
pedance analyzer Agilent 4294A. The used frequency was in
the range from 40 Hz to 40 kHz.
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A schematic of the two-point probe configuration used
for the electrical conductivity measurements is shown in
Fig. 1. The common equations were used for calculation of
the electrical resistivity and conductivity of samples from
resistive material with electrical contacts on both ends. The
electrical resistivity p (rho) of a material is given by:

A

P=R 7

)

where p is the static resistivity (measured in Qm), R is the
electrical resistance of a uniform specimen of the material
(measured in Q), / is the length of the piece of material
(measured in m), A is the cross-sectional area of the specimen
(measured in square metres, m?). Conductivity is the recipro-
cal (inverse) quantity of electrical resistivity p, and has the SI
units of siemens per metre (S m™):

)

Indentation fracture toughness test was performed at loads of
50 and 100 N using a Vickers indenter. The calculation of the
fracture toughness was made using the Anstis equation:

1
E\2
K= 0.016-(1{] :

where E is the modul of elasticity, H is the hardness and ¢ the
radial crack length generated by Vickers’s indentation. At
least 10 indentation have been made for all investigated mate-
rials. The grain size was measured on polished/etched surface
using standard statistical methods and the fracture surface of
specimens was studied using macro and microfractograpy.

>

P G)

3
2

A

Fig. 1. Scheme of the two-point electrical conductivity measure-
ment

3. Results and Discussion

The microstructure of the monolithic Al,O; consists of
relatively large, micron sized grains with randomly distributed
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submicrometric sized pores, located at the grain boundaries,
Fig. 2a. The grain size of the matrix is lower in the ALO; +
2 % CB composite and even lower in the ALOs;+ 5 % CB
composite, Fig. 4a,b. Relatively large numbers of CNF clus-
ters were observed on the polished and fracture surfaces of the
ALO; + 3.5 % CNT composites, Fig. 2b. This material has
even finer matrix with relatively well distributed carbon nano-
tubes with diameter of several nanometers and with very high
aspect ratio. The smaller matrix grain size in the composite
suggests that the carbon black and the CNTs hinder the grain
growth during the sintering.

The CNTs in the ALO;-CNT composite were located
mainly in the intergranular places and were well attached to
the alumina grains.

The indentation toughness of monolithic alumina is ap-
proximately 3.24 MPa m'"? which is comparable to similar
materials in the literature. The addition of 2 % carbon black
increased the indentation toughness, but after increasing to
5 % the indentation toughness decreased to the similar level
as of the monolithic material. The addition of 5 % CNTs in-
creased the indentation toughness up to 4.14 MPa m"”? which
is the highest value obtained for the materials investigated.

Fig. 2. Fracture surfaces of monolithic AL,O; sintered at 1800 °C
for 3 min under a pressure of 100 MPa (a) and alumina—-3.5 wt.%
CNT nanocomposite sintered at 1800 °C for 3 min under a pres-
sure of 100 MPa (b)
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In Tab. I the room-temperature electrical conductivity of
the investigated materials is illustrated. The electrical conduc-
tivity increased significantly from a very low value (the exact
value of the monolithic alumina was not possible to measure
because of the limitations of our measurement equipment) to
the maximum value of 140 S/m for the composite with
10 wt.% of CNTs. The electrical conductivity of the compos-
ites with CNTs in all cases is higher compared to that of the
materials with carbon black. It was found that the size and
shape of the mixed carbon black additives resulted in a very
limited graphite particle connection in the matrix, which re-
sulted in the low electrical conductivity, Fig. 3. So the aim of
the next experiments is the formation of chains of conducting
carbon black at the grain boudaries, which increases the elec-
trical conductivity of the composite, thanks to the percolation
threshold.

) ™ .'——
e d A
. tPvel %
D e alumina e 1‘ *®
.'Oﬁ ] Carbon
€j%s segaoaqpe black

...

Fig. 3. Scheme of the microstructure of ceramic composite with
carbon black (a) and CNTs (b)

Inam et al.” measured the electrical conductivity of the
same materials as in the present contribution and found higher
values in comparison to our results. It seems that the results of
the electrical conductivity strongly depends on used measure-
ments methods. The used cooper plates 3 mm X 3 mm elec-
trodes in our experiment in comparison with the used silvered
samples by Inam et al. results in significant differences”.

Well-dispersed CNT-reinforced Al,O; nanocomposites
have been recently prepared with reasonably high density
using hot pressing®. According to the results 2 wt.% of CNT
addition increased the hardness, flexural strength and fracture
toughness of nanocomposites (from 3 to 4.3 MPa m"?), how-
ever further CNT addition up to 5 wt.% slightly decreased the
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Table I
Indentation toughness, grain size and electrical conductivity
of investigated materials

Sample Grain size Kic i El. conduct.
[nm] [MPa m "] [S/m]
Al O, 1802+339  3.24+0.15 -
AL O3;+2%CNT - - 27,2+0,5
AlLO3+3,5%CNT - - 73,9+4,5
ALO3+5%CNT 383+45 4.14£0.62 90,5+4,8
Al,O3;+10%CNT - — 139,6+20,1
ALO;+2%CB  1065+120  3.84+0.5 3,8+0,3
AlL,O3+5%CB 536+61 3.44+0.25 8,5+0,1

hardness, reduced the flexural strength but improved the
toughness up to 4.5 MPa m'?. The increase in toughness is
believed to be associated with the strong interface connections
between the CNT and the matrix, resulting in pullout resis-
tance, bridged the crack gaps and hindered the crack propaga-
tion by exploiting CNTs elasticity, leading to improved frac-
ture toughness.

Fig. 4. SEM images of polished surfaces of alumina-2 wt.% car-
bon black nanocomposite (a) and of alumina-5 wt.% carbon
black nanocomposite. Polishing plucked out agglomerates of
carbon black from the surfaces (b)
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Fractography of the fracture surfaces of the composites
revealed carbon based “bridges” between the alumina grains,
which probably in the case of Al,O;+ CNT composite are
strong enough to increase the resistance against the crack
propagation. These results are in good agreement with the
results of recent investigations®.

4. Conclusion

The effect of addition of carbon nanotubes and carbon black
on the mechanical and electrical properties of alumina-CNT and
alumina-carbon black nanocomposites has been investigated.

The addition of 5 % CNTs increased the indentation
toughness from 3.24 MPa m"? to 4.14 MPa m"2. The slightly
increased fracture toughness is probably connected with the
interfacial bonding between the CNTs and the matrix. This
bond, however, was not strong enough to increase the fracture
toughness more significantly.

The electrical conductivity of alumina-CNT nanocompo-
sites is approximately ten times higher in comparison to the
alumina-carbon black nanocomposites due to the fibrous na-
ture and high aspect ratio of CNTs. Electrical conductivity
increases with the increase of the CNT content. Introduction
of carbon nanotubes also leads to refinement of grain size.
The significant enhancement of electrical conductivity can be
attributed to the percolation phenomena between CNTs or
CNT bundles in the alumina matrix of the composite.

This work was partly supported by APVV LPP-0174-07,
APVV-0034-07, VEGA No. 2/0088/08 and MNT-ERA.NET
HANCOC.
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This work describes the microstructure, indentation
toughness and electrical conductivity of alumina-carbon black
and alumina-carbon nanotubes nanocomposites prepared by
spark plasma sintering. Materials have been studied by SEM,
Vickers indentation technique and two-point electrical con-
ductivity measurement. The addition of 5 % CNTs increased
the indentation toughness from 3.24 MPa m'" to
4.14 MPa m". The electrical conductivity of alumina-CNT
nanocomposites is approximately ten times higher in compari-
son to the alumina-carbon black nanocomposites due to the
fibrous nature and high aspect ratio of CNTs.
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1.Uvod

Kontinualna vyroba bram je v su€asnosti najpouzivanej-
Sou metodou, pri ktorej tuhnutim ocele dochadza k vyrobe
dlhych ocelovych produktov. Zakladny princip kontiliatia
spociva v tom, ze tekuta ocel sa na zaciatku naleje z panvy do
medzipanvy a potom je distribuovana cez urcity pocet vtokov
vo vertikdlnom smere do medenych foriem chladenych vo-
dou. Teplo sa odvadza cez med’ do vody, ¢im dochadza
k tuhnutiu tenkej povrchovej vrstvy tekutej ocele. Aby sa
zabranilo prilipnutiu tuhniicej vrstvy na medené platne, je
nevyhnutné mazanie a kmitanie krystalizatora, ktoré je pri
jednotlivych rychlostiach liatia riadené pocitac¢om. Frekvencia
kmitov je viazand s rychlost’ou liatia a vySkou zdvihu a moze
sa menit’ v rozmedzi cca 15" az 5 5™

Mechanizmus kmitania obsahuje ploché pruziny
(obr. la), ktoré prenasaju ¢asovo premennu silu ' (obr. 1b)
medzi pevinymi a pohyblivymi Gastami mechanizmu'.

Pretoze pocas prevadzky krystalizatora dochadzalo

k castému predfasnému porusovanim pruzin lomom bola
realizovana rozsiahla analyza moznych pri¢in tychto porach.
V prispevku je prezentovand analyza materidlu pruzin
v kontexte hodnotenia ich unavovej zivotnosti.

Obr. 1. Plocha pruZina. a) tvar a zakladné rozmery, b) casovy
priebeh zat'aZujicej sily
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2. Material pruZin a jeho vlastnosti

Podl'a dokumentacie prevadzkovatela pruziny boli vyro-
bené z ocele X4 CrNiMo 16-5V (Cr-Ni-Mo martenziticka
korozivzdorna ocel’), pri¢om podl'a Fiirbachera® je ekvivalen-
tom tejto ocele akost X4 CrNiMo 16-5-1 (¢islo materialu
1.4418), zusTachtena QT900.

V priebehu riesenia uvedeného problému boli analyzova-
né materialy viacerych plochych pruzin'>*. V tab. I a II st pre
ilustraciu uvedené pozadované hodnoty chemického zlozenia
a mechanickych vlastnosti ako aj typické vybrané hodnoty
chemického zlozenia a mechanickych vlastnosti ziskané ana-
lyzou materialov pruzin.

Ako vyplyva z tab. I, nie vSetky pruziny boli vyrobené
z materialu splitujuceho pozadované chemické zloZenie (niZsi
obsah Cr, Mo, Ni, vyssi obsah P). Rovnako mechanické vlast-
nosti materialu pruzin mali pomerne vel’ky rozptyl, pricom sa
vyskytli pripady ked’ pevnost’ materialu bola niz8ia ako poza-
dovana hodnota (tab. II).

Z analyzy lomovych ploch pruzin vyplynulo, Ze sa jed-
nalo o krehké lomy najcastejSie situované v strednej casti
v mieste ukonc¢enia prechodu zo strednej hrubsej Casti pruziny
(24 mm) do jej tensej Casti (8 mm) — pozri obr. la.

Mikro$truktira materidlu pruzin (obr. 2) je ihlicovita,
pri¢om sa v nej vyskytuju hrubsie popustené ihlice martenzi-
tu, ktoré moézu ovplyvnit' pevnost’ materialu. Tato Struktira
odpoveda strukture nizkouhlikového martenzitu.

Obr. 2. Mikro$truktira materialu pruZiny

3. Skusky Zivotnosti plochych pruzin

Pre skasky zivotnosti boli zvolené postupy vyuzivajuce
skuSobné zariadenie PWY od firmy SCHENCK. Pretoze plo-
ché pruzina je pri sprdvnom nastaveni zatazovana striedavo
sumernym ohybom (obr. 1b), bol tento spdsob namadhania
zvoleny aj pri skuskach Zivotnosti’. Tvar a rozmery vzoriek
hriubky 8 mm st na obr. 3.
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Tabulka I
Hodnoty chemického zlozenia, ocel’ X4 CrNiMo 16-5V
C Si Mn P S Cr Mo Ni N
Pozadované max. max. max. max. max. 15,0- 0,80- 4,50- min.0,020
0,080 1,00 1,50 0,035 0,015 17,0 1,30 5,50
Ziskané ¢.1 0,017 0,398 0,784 0,012 0,004 14,24 0,707 4,475 0,035
meranim ¢.2 0,050 0,400 0,871 0,060 0,003 14,73 1,102 5,003 0,028
Taburlka II
Hodnoty mechanickych vlastnosti, ocel’ X4 CrNiMo 16-5V
Rpo2[MPa] R, [MPa] As[%] Z [%]

Pozadované min 700 900-1050 min 16 -
Ziskané ¢.1 726 898 20,5 58,0
meranim ) 849 923 22,7 53,3

¢.3 836 995 21,7 62,1

60

15] 30

Obr. 3. Tvar a rozmery vzorky pre plochy ohyb

Skusky zivotnosti listovej pruziny boli postavené na
téze, e medza unavy materidlu pruziny podla Statneho vy-
skumného ustavu materidlov v Prahe®’ pri namahani na ohyb
striedavo sumernym cyklom je o, .= 0,43 . R,,. Vychadzajuc
z udajov o mechanickych vlastnostiach materialu pruzin opi-
sanych v predchadzajicej Casti, maximalna pozadovana pev-
nost’ materidlu pruziny dosahuje hodnotu R,, = 1050 MPa a
tomu odpovedajica medza unavy je o. .~ 0,43 . 1050 =
452 MPa. Uvedena hodnota medze tinavy plati za predpokla-
du, ze povrch vzorky je lesteny. Pri skuskach bol povrch vzo-
riek jemne bruseny. Vzorky boli odoberané z roznych miest
listovych pruzin, vratane z oblasti koncentratorov napéti.

Unavové skugky striedavym siimernym ohybom vzoriek
podla obr. 3 zo vsetkych skumanych pruzin preukazali, ze
medza Gnavy materialu prevysuje hore uvedent hodnotu na-
pétia. Na obr. 4 je pre ilustraciu uvedena lomova plocha vy-
branej vzorky po jej poruseni vy$Sou amplitidou napdtia ako
medza Unavy materialu pruziny.

Z analyz lomovych ploch vzoriek vyplynulo, Ze sa v nich
nachadzaju vmestky, ktoré vznikli s najvac¢Sou pravdepodob-
nostou nespravnou technoldgiou vyroby, pricom nerovnoroda
Struktira sa vyskytovala vo viacerych miestach lomovych
ploch.

Skutoéna medza Ginavy materidlu pruziny vo vsetkych
pripadoch prevysila teoreticky ur¢entt hodnotu 452 MPa aj
napriek tomu, ze povrch vzorky bol jemne bruseny a nie
lesteny. Na inavovu pevnost pruziny okrem mechanickych
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Obr. 4. Lomové plochy vzorky

vlastnosti materialu vSak vplyvaji aj d’al§ie parametre. Medzi
ne patria koncentratory napétia (zmeny hrubky pruZziny, geo-
metria hran podloziek zabezpecujucich vizby, polomery pre-
chodov) ktorych vplyv je vyjadrovany tzv. tvarovym stCinite-
Pom zavislym od druhu namahania (ohyb, tah), velkost’ su-
Ciastky (v zavislosti od druhu namahania), akost’ opracovania

povrchu ako aj citlivost’ materidlu pruziny na vruby. V ramci
analyzy Dboli kvantifikované tiez zvySkové napitia
v pruzinach, pri¢om ich hodnota nepresiahla 40 MPa. So zre-
telom na to, Ze Casové zmeny napéti v pruzinach pri prevadz-
ke maju striedavo simerny harmonicky priebeh, vplyv zvys-
kovych napéti uvedenej vel'kosti sa na unavovom poskodeni
vyraznejsie neprejavi.

Z experimentov vyplynulo, zZe za podmienok pri ktorych
boli realizované analyzy vplyvu materialu pruzin (v rozsahu
hodné6t mechanickych vlastnosti podl'a Tab. I, nemohlo dojst’
k ich poruseniu. Lomy mohli byt teda vyvolané len inymi
vplyvmi, stvisiacimi s neStandardnou prevadzkou mechaniz-
mu kmitania.

4. Zaver

Analyzou dosiahnutych vysledkov, ktoré vyplynuli
z analytickych, numerickych a experimentalnych postupov
bolo zistené, ze ploché pruziny v mechanizme kmitania st
z hl'adiska bezpecného prevadzkovania pri beznych pracov-
nych rezimoch vyrobené z vyhovujuceho materialu a ich roz-



Chem. Listy 105, s638—-s640 (2011)

mery a ulozenie by mali v plnom rozsahu zabezpecovat
spravnu ¢innost’ mechanizmu kmitania. Poruchy — lomy tych-
to pruzin dokumentuj, Ze stavy pri ktorych dochadza k tymto
javom nie su beznymi prevadzkovymi stavmi a preto nie je
potrebné menit’ rozmery a material pruzin ani spdsob ich ulo-
Zenia, ale odstranit’ pri¢iny ktoré vyvolavaju nadmerné zata-
zenia, predovsetkym v okamihu sptstania mechanizmu kmi-
tania, resp. pri havarijnych prevadzkovych stavoch.

Tato praca vznikla realizaciou projektu ,,Centrum vy-
skumu riadenia technickych, environmentalnych a humannych
rizik pre trvaly rozvoj produkcie a vyrobkov v strojarstve’
ITMS:26220120060, na zdklade podpory operacného progra-
mu Vyskum a vyvoj financovaného z Eurépskeho fondu regio-
nalneho rozvoja.
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1. Uvod

Vysokd pec pozostdva z plasta pece hribky 45 mm,
systému chladenia, vymurovky a ostatnych technologickych
zariadeni. Pec ma svoje odstavky a opédtovné spustenia. Po
dlhodobej odstavke ostava v peci stuhnuty zliatok surového
zeleza a koksu. Pri znovuspusteni pece dochadza k obnoveniu
pracovnej teploty cca 1500-1600 °C vo vnutri nisteje. To
sposobuje rozpinanie materidlov v nisteji pece, vymurovky
vplyvom tepelného pdsobenia a tym aj chladeného ocel'ového
plasta nisteje. Rozsah deformacie plasta a moznosti jeho
riadenia sa nedaju explicitne vyjadrit’ a z tohto dévodu bola
pouzita experimentalna metéda merania napéti plasta nisteje
pomocou odporovej tenzometrie.

2. Chemicko-technologicky proces

Nistej vysokej pece pozostava z ocelového plasta, zo

systému chladiacich elementov s cirkulaciou chladiacej vody
a zo $pecialne usporiadanej ziaruvzdornej uhlikovej vymurov-
ky. Pred zacatim prevadzky bola nistej vycistena 1000 mm
pod troviiou odpichového otvoru a kompletne obkopana po
celom obvode steny nisteje az po dno.
Strbina hriibky 200-250 mm bola naplnena koksovym pra-
chom. Pred spustenim vysokej pece bolo jej vnutro az po
predtriedenym koksom. Nasledne sa zavazali vrstvy Zelezo-
nosného materialu a koksu ukladané postupne az po hrdlo
pece tak, ze sa v nich zvySoval obsah Zeleza.

Na zaciatku bola nistej vysokej pece ohrievand dvoma
sposobmi. Specialny horak na zmes zemny plyn/kyslik doda-
val energiu do vnutra pece pocas prvych 24 hodin s teplotou
horenia na urovni do 2800 ° C podla reakcie
CH4 + 202 g C02 + 2H20
(pri¢om vznika energia 13 239 kcal/kg)

Pocas nasledovnych 12 hodin bolo dodavané teplo do-
vnatra nisteje sucasne hordkom ako pocas predoslych
24 hodin a fikanim hortceho vzduchu z okruzného vetrovodu
cez dve otvorené fukacie formy k zeravému koksu ¢im sa
vytvorila dodatocnd energia ako je uvedené nizsie.
C+0,—CO, (AH® —97.8 keal pri 1400 °C)

CO, +C — 2CO (AH® + 40.3 keal pri 1000 °C)
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V tomto Case sa zacala pred otvormi fukacich foriem
tvorit’ prevazne tavenina trosky a tiez surového zeleza. Tave-
nina sa kumulovala v priestore odpichového otvoru. Odpicho-
vy otvor bol otvoreny po dvanastich hodinach fikania horuce-
ho vzduchu. Postupne sa otvarali fiikacie formy podl'a obr. 5.
Viac otvorenych fikacich foriem malo za nasledok vytvorenie
vécsiecho mnozstva taveniny a tym viac tepla bolo dodavaného
do oblasti nisteje. Teplotu nisteje ovplyvnilo priamo zvysenie
poctu otvorenych fukacich foriem, ¢im narastal objem taveni-
ny a teda aj pomer tekuty kov/troska, v zmysle nasledujucej
bilancie priamej a nepriamej redukcie:

Fe,0; +3CO — 2Fe +3CO, (AH® — 10.27 kcal pri
726 °C )
FeO+C —Fe+CO (AH’+36.16 kcal pri 1200 °C)

Prvotna teplota taveniny odpichovej kyslej trosky bola
okolo 1300 °C a kone¢na teplota horuceho kovu pri vsetkych
otvorenych 22 fukacich formach dosiahla 1500 °C.

Odpichovy !_ i

Fukacia [k otvor [zt |

forma

Obr. 1. Schéma nisteje vysokej pece s 2 odpichovymi otvormi a 22
fukacimi formami po obvode

3. Experiment

Plast pece tvori zvéarana Skrupinova konstrukcia
z kotlovej normalizacne zihanej ocele triedy 11 483.1
s mechanickymi vlastnostami: medza klzu R, = 363 MPa,
pevnost’ R,, = 471 — 608 MPa, taznost’ As = 22 %, rdzova
huZevnatost KCU3 =49 J cm™.

Podla bezmomentovej tedrie rotaénych Skrupin®* sa na
vybranych miestach plasta pece merali prirastky pomernych
deformacii a im zodpovedajticim napdtiam v merididnovom a
obvodovom smere. Pre takéto meranie je najvhodnejSie pou-
zit  polmostikové zapojenie tenzometrickych snimacov
s tepelnou kompenzaciou’. Rozmiestnenie snimadov na
16 meracich miestach v oblasti nisteje vysokej pece zobrazuje
obr. 2, kde st uvedené aj rozmerové udaje ich polohy.

Pre meranie boli pouzité tenzometrické snimace fy.
HBM 1-XY11-6/120 a 6/120XY91. Lepenie bolo realizované
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Obr. 2. Rozmiestnenie snimacov na rozvinutom plasti pece

prostrednictvom dvojzlozkového tenzometrického lepidla X
60. Izolacia tenzometrov voci vonkaj$im vplyvom sa robila
pre tenzometrické snimace umiestnené na plasti pece pomo-
cou silikonového tmelu s hlinikovou féliou ABM 75 a pre
kompenzaéné tenzometre prostrednictvom silikonovej gumy
SG 250. Prenos signalu od snimaca ku meracej aparature bol
realizovany pomocou tienenych privodnych kablov. Meracia
aparatura bola tvorend 4 modularnymi meracimi zosilova¢mi
s A/D prevodnikmi SPIDER 8. Na zber, spracovanie a vyhod-
nocovanie nameranych udajov bol pouzity softvér CATMAN
od firmy HBM (cit.").

Redlne zapojenie snimacov pre jedno meracie miesto na
plasti vysokej pece spolu s kompenza¢nymi tenzometrami je
zobrazené na obr. 3.

Zapojenie modularnej aparatury pre 32 kanalové mera-
nie v meracej miestnosti, ktora bola Specidlne izolovana proti
¢iastockam poletujiiceho grafitu z vysokej pece je zobrazené
na obr. 4.

4. Zaver

Meranie prirastkov napéti v 16 meracich miestach apli-
kacii snimacov podl'a obr. 2 bolo vykonané pocas 26 dni. Pri
merani bolo pouzitych 32 aktivnych snimacov (pre meranie
meridianovych a obvodovych prirastkov napiti) a 32 tepelne
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Obr. 3. Fotodokumentacia zapojenia snimacov

Obr. 4. Meracie stanoviSte

kompenzaénych snimacov (pre tepelnii kompenzaciu meridia-
novych a obvodovych prirastkov napéti). Pocas uvedenej
doby merania doslo k poskodeniu 5 snimacov ¢o zabranilo
snimaniu za ¢as merania 5 meridianovych alebo obvodovych
prirastkov napiti z celkového poctu 32 prirastkov napéti na
plasti pece. Vzhl'adom na spol’ahlivost’ dosiahnutych vysled-
kov je tento pocet zanedbatelny a nema vyznamny vplyv na
celkovy  sledovany  Casovy  vyvoj  meridianovych
a obvodovych prirastkov napiti na plasti pece. Pri¢inou zlyha-
nia snimacov su elekticky skrat, lokalne zvySena teplota
(mozny dopad castice tekutého zeleza do odlasti snimaca,
alebo kabla), mechanické poskodenie kabla udrzbarom, alebo
inym zasahom a pod. . Na zaklade pravidelnych merani teplo-
ty vo vybranych miestach plasta pece pristrojom FLUKE 561
je mozné konstatovat, ze povrchova teplota plasta neprekro-
¢ila hodnotu 50 °C.

Sthrnny ¢asovy priebeh prirastkov obvodovych napéti
pocas 26diového merania v meranych miestach 1-8 na urov-
ni A (podla obr. 2) je uvedeny na obr. 5. Na l'avej strane tohto
obrazku je uvedeny Cas zaciatku horenia a casovy sled zapi-
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Ustdleny prisun tepla do celej nisteje (1460 — 1500 °C)
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Obr. 5. Suhrnny ¢asovy priebeh prirastkov obvodovych napéti na irovni A

nania fukacich foriem 1-22. Naznaéeny pokles prirastku ob-
vodovych napiti v priebehu ¢asu cca 5 hodin bolo v dosledku
kratkodobej technickej odstavky. Na obrazku je naznacena
prevadzka odpichového otvoru €. 1 ako aj nadbeh prevadzky
odpichového otvoru €. 2. Z grafu je vidiet' celkovy pokles
vsetkych prirastkov obvodovych napéti po cca 14 diioch pre-
vadzky vysokej pece. Dosledkom tohto poklesu napiti je
uvolnenie pnutia vymurovky a tym aj uvolnenie deforméacie
ocelového plasta pece.

Vyssie uvedené analogicky plati aj pre urovein B podla
obr. 1.

Z merani je zrejmé, Ze maximalne prirastky obvodovych
napati ako na trovni A tak aj na urovni B neprekro¢ili hodno-
tu 135 MPa Z ostatnych priebehov prirastkov obvodovych
napéti v miestach merania mozno konstatovat’, ze ich uroven
je do cca 100 MPa. Pri uvazovani pretlaku v peci 0,24 MPa
spolu s 1,7 m vysky 50 % Fe a 50 % trosky, celkovy tlak
predpdtia neprekro¢i hodnotu 140 MPa. Obvodové napitie
v najnepriaznivej-Som pripade neprekro¢i hodnotu cca
300 MPa, pricom medza klzu materialu plasta pece dosahuje
hodnotu 363 MPa. Pre potreby prevadzky bol vypracovany
navrh kritickych trovni prirastkov’ predovietkym obvodo-
vych napiti a predizeni v obvodovom smere, ktoré si uvedené
v tab. L.

Tabulka I
Navrh kritickych trovni

1L III.

Prirastok obvodového <165 >220
napitia [MPa]
Predizenie

v obvodovom smere

[mm]

165-220

<32 32-43 >43
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Uvedené kritické urovne 1., II. a III. z tab. I s charakterizova-
né nasledovne:

L. — nevyzaduje sa ziadny zasah

I — zvySenie doslednosti kontroly a sledovanie trendu
prirastku napétia
— redukcia produkcie surového Zeleza cez redukciu

prietoku a tlaku vhananého vzduchu

II1.

Na zaklade udajov z tab. I a priebehov prirastkov obvo-
dovych napéti podla obr. 5 mozno konstatovat’, ze st splnené
kritéria nachadzajtice sa v poli .

Vzhladom k tomu, Ze nistej bola pred Startom pece vy-
prazdnena a ostavajuci zliatok bol po obvode nisteje obkopa-
ny a vysypany prachovym koksom, je mozné urobit’ zaver, Ze
nahrievanie nistejovej keramiky je zodpovedné za narast na-
pati na plasti pece. Relaxacia napiti nastala cca po 14 diioch
prevadzky pece, po ustaleni teplot v nistejovej vymurovke.
Toto zistenie je v stlade a podporuje nazor prezentovany?, Ze
napitia v nisteji pocas Startu pece pochadzaju z vymurovky
nisteje a existuju nastroje na riadenie ich Grovne.

Tento clanok bol vytvoreny v ramci realizacie projektov
ITMS ¢cislo 26220120060 financovaného z Europskeho fondu
regiondlneho rozvoja ako aj projektu VEGA 1/0356/11.
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Slovakia): Impact of Chemical-Technological Process on
Loading of Blast Furnace Steel Shell

During blast furnace life time it is necessary to realize
also down time periods and afterwards is the blast furnace
started again. After the down time period remains a frozen
mixture of pig iron and coke on the blast furnace bottom.
During the start-up process temperature inside the hearth upis
increasing to level 1500-1600 °C as a consequence of run-
ning chemical — technological processes. This temperature
increase causes an expansion of the carbon bricks refractory,
as well as expansion of the cooled steel shell of the hearth.
Deformation of the shell cannot be expressed explicitly and
from this reason an experimental measuring of hearth shell
tension was applied by means of resistance strain gauge
method. Results of the experimental measurement confirmed
a fact that circumferential deformation and stress of the blast
furnace shell did not exceed the upper control limit value.
Hearth ceramic is primary responsible for creation of meas-
ured hearth shell tension, and there is a possibility for tension
level control.

s644

Material v inzinierskej praxi 2011



Chem. Listy 105, s645—-s646 (2011)

Material v inzinierskej praxi 2011

HODNOTENIE SUBSTRUKTURY TITANU PO TAHANI ZA STUDENA A ECAPE

IZABELA BERNATHOVA, ONDREJ MILKOVIC

Katedra nauky o materialoch, Hutnicka fakulta,
Technicka Univerzita Kosice, Letnd 9, 042 00 Kosice,
Slovenska republika

izabela.bernathova@tuke.sk,

KTucové slova: UFG Ti, tahanie za studena, ECAP

1. Uvod

Vyskum v oblasti biomateridlov v prevaznej miere riesi
problémy biokompatibility. Titdn o Cistote 99,9 % je prefero-
vanym materidlom pre aplikiciu v medicine. Zivotnost’ apli-
kovanych materidlov v praxi je do velkej miery zavisla od
znalosti podmienok namahania, druhu prostredia v ktorom
dany material bude pracovat, vhodného konstrukéného riese-
nia a pod. Z toho titulu st hl'adané materialy so zvySenymi
mechanickymi vlastnostami a nizkym modulom pruznosti do
100 GPa.

V suéasnosti je objemovy nanoStruktirny titan nTi
s ultrajemnou $truktirou perspektivnym materidlom pre pou-
zitie v dentalnej implantologii. Je to material s vel'mi jemnym
zrnom radovo 1-100 nm. Tieto stavy Struktary st pripravova-
né uhlovym pretla¢anim'* Equal Chanel Angular Pressing
(uhlové pretlacanie kanalom rovnakého prierezu ECAP). Pri
tomto technologickom procese dochadza k zmene Struktury
materialu, t.j. k zmenseniu Struktarnych zin v celom objeme a
taktiez k zmene mechanickych vlastnosti.

Nanostrukturny titin ma 2-3krat vacSiu pevnost’ nez
komer¢ne Cisty titan, medzu pevnosti okolo 1310 MPa, tvr-
dost’ 330 HV. Na zaklade testov bolo zistené, ze na povrchu
nanotitanu dochadza k lepsej adheracii bielkovinovych buniek
o viac nez 30 % oproti beznému titanu rovnakej &istoty”. Ob-
last’ pouzitia implantatov je charakterizovana prisnymi pozia-
davkami aj na neskodnost’, netoxicitu, kvalitu pouzitého mate-
rialu, resp. znalost’ vlastnosti materidlov pri extrémnych spo-
soboch zatazenia, ktoré organizmus pri jeho funkcii pocas
l'udského zivota moze vytvorit'.

2. Material a metodika experimentu

Ako experimentalny material bol pouzity titan
s nano§trukturou nTi o priemere 7,56 mm pripraveny techno-
légiou ECAP — Equal Chanel Angular Pressing (uhlové pre-
tlacanie kanalom rovnakého prierezu). NanoTi bol porovna-
vany s komercne Cistym Ti (cpTi). Pri technologickom proce-
se ECAP dochéadza k zmene $truktiry materialu, t.j. zmense-
niu Struktirnych zfn a taktiez k zmene mechanickych vlast-
nosti, ktoré su podstatne vyssie ako u cpTi.

Stadium substruktiry v tenkych foliach bolo realizované
pomocou transmisného elektronového mikroskopu (TEM)
JEOL JEM 2000 FX pri pouzitom urychlovacom napéti

s645

200 kV. Tenké folie boli pripravené elektrolytickym leStenim
v prude elektrolytu (HC1O4: metanol: butylalkohol = 6:59:35)
prinapéti 11 V.

3. Experimentalne vysledky a ich rozbor

Na obr. 1-3 je zdokumentovana substruktara nTi pripra-
vené¢ho metddou ECAP. V prie¢nom reze vzorky (obr. 1) je
mozné pozorovat subzrna ako viac-menej rovnoosé, pricom
sa lokalne nachadzaji aj subzrna s pretiahlou morfologiou
(obr. 2). V pozdiznom reze vzorky nTi (obr. 3) sa nachadzajt
vyluéne pretiahle subzrna v smere ECAP-u. Tento stav je
charakteristicky vysokou hustotou dislokacii a zjemnenou
substrukturou.

Rozlozenie bodov na difrakénom spektre prie¢neho rezu
nTi materidlu je ndhodné, ¢o odpoveda nahodnej orientacii
bez znamky vzniku textiry. V difrakénom spektre

Obr. 1. SubStruktiira prieéneho rezu nTi

Obr. 2. Substruktiira prieéneho rezu nTi
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Obr. 4. Substruktira prieéneho rezu cpTi

z pozdizneho rezu nTi je mozné pozorovat’ tvorbu prednostne;
orientacie v smere ECAP-u. Material cpTi bol pred tahanim
za studena podrobeny zonalnej rafinacii, pocas ktorej vznikli
zrna s tvarom ihlic s typickou Widmanstéttenovou morfolo-
giou (zdokumentované na obr. 4 a 5). Tato morfologia bola
pozorovana ako v pozdiznom reze, tak aj v prienom reze
vzorky. Plastickd deformacia za studena po zonalnej rafinacii
zvysila hustotu dislokacii v matrici, avSak nedoslo az k tvorbe
typickej buneénej substruktiry. V niektorych zrnach je mozné
pozorovat oblasti s rozdielnym difrakénym kontrastom typic-
kym pre rozne natocenie krystalografickej mriezky, ¢o odpo-
veda formovaniu bunecnej substruktary.

Z difrakéného spektra cpTi materidlu je mozné pozoro-
vat’ pritomnost’ znacnej prednostnej orientacie substruktury.
V préci 3 boli hodnotené mechanické vlastnosti (tab. I) tychto
materidlov, ktoré su v zhode s pozorovanou substruktirou.

Tabul'ka I
Mechanické vlastnosti cpTi a nTi

Materidl Rpg, [MPa] Rm [MPa] As[%)] Z [%] HV
cpTi 645 665 17,0 66,5 203-214
nTi 1290 1310 10 51 321-333
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Obr. 5. Substruktira pozdiZzneho rezu cpTi

Znatné deformacné spevnenie nTi subStruktury s vysokou
hustotou dislokacii v ultra jemne;j Struktire vedie k zniZeniu
taznosti materialu a zvySeniu medze klzu a pevnosti. Material
cpTi dosahuje vyssiu hodnotu taznosti a niz§ie pevnostné
charakteristiky z dovodu existencie hrubej Widmanstittenovej
morfoldgie zin, v ktorych nebola vycerpana schopnost’ plas-
tickej deformacie.

4. Zaver

Pozorovanie substruktir rézne pripravenych titdnovych
zliatin poukédzalo na znacné rozdiely. Material nTi pripravo-
vany ECAP procesom vykazuje ultra jemnu Struktaru s vyso-
kou hustotou dislokacii a pozorovanou prednostnou orientacie
substruktury v pozdiznom smere. V materiali cpTi bola pozo-
rovand Widmanstéttenova morfologia zin s pociatoénym $ta-
diom formovania buneénej substruktiry.
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This paper deals about the study of two different sub-
structure of titanium alloy. Ultra fine grained structure with
hight density of dislocation and low preferred orientation have
been prepared by equal channel angular pressing process.
Widmanstitten like structure with hight density of dislocation
without cell substructer have been prepared by zone rafination
and subsequent cold drawing.
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