Preface

This special issue contains contributions from already 4™ (2007) and 5™ (2008) years of the seminar Local Mechanical
Properties (Lokdlne Mechanické Viastnosti, LMV). Its tradition was established in 2004 when it was organized as Slovak-Czech
seminar. At these days, the seminar developed into a regular international conference covering a wide range of nano/
micromechanics and other local phenomena and attracting researchers from wide geographical regions.

The knowledge of local mechanical properties is a prerequisite for the proper knowledge of other local phenomena and
natural relations of small scale objects. Through this knowledge one is able to model and predict global macroscopic properties
of the bulk material or a structure. Availability of the measurements comes with the development of experimental techniques,
computers, software and most importantly with the development of nanosciences. An important role between the experimental
techniques is played by nanoindentation. This technique has encountered tremendous evolution and its abilities are still expan-
ding.

The LMV seminar was found in 2004 as one of the results of the Slovak-Czech bilateral project proceeded in the frame of
intergovernmental scientific collaboration and conducted by the Department of Materials Science, Faculty of Metallurgy, Techni-
cal University of KoSice (L. PeSek) and the Department of Material Science and Technology, Faculty of Mechanical Engineering,
University of West Bohemia in Plzeri (O. Blahova). The project coordinators aimed to establish a platform for research presenta-
tions from the area which underwent a large expansion. And such a platform was missing at these days.

In 2004, the I* Slovak — Czech seminar Lokdlne mechanické viastnosti LMV 04 was held in KoSice (December 1-2, 2004)
themed “Instrumented indentation and its application”. It was attended by 22 participants from Slovak and Czech Republic,
16 papers were presented.

In 2005, the 2" year of LMV’05 was held in Herlany near Kosice (November 14-15, 2005), themed “Relation of instru-
mented indentation with other hardness tests and properties”. It was attended by 25 attendees from Slovak and Czech Republic,
12 papers were presented. Both first two years were organized by L. Pesek and Department of Materials Science, Faculty of Me-
tallurgy, Technical University of Kosice.

In 2006, the 3" year LMV'06 themed “Applicability of indentation measurements” was held in Nectiny near Plzeii
(November 8-10, 2006). It was attended by 40 participants from Czech and Slovak Republic, 30 papers were presented. The main
organizer became O. Blahova and the Department of Material Science and Technology, Faculty of Mechanical Engineering, Uni-
versity of West Bohemia in Plzen.

Proceedings of the I to 3 years were published on CD-ROM and/or printed (ISBN 80-8073-235-3, ISBN 80-8073-405-4,
ISBN 80-7043-512-7). Contributions covered problems of indentation measurements, experimental techniques, instruments, possi-
bilities of measurements, evaluation of results, layered materials, substrates, bulk materials and thin films. Always, the seminar
was complemented with an excursion and exhibition of experimental instruments. In 2006, the scope of the seminar was enlarged
with themes covering non-contact local deformation imaging techniques and small punch test.

In 2007, the 4" LMV'07 was held in Brno-Slapanice (November 7- 9, 2007) organized by Masaryk University in Brno. It was
attended by 40 attendees, 28 papers were presented. Excursion to the laboratories of Institute of Physical Electronics took place.
The seminar was organized by V. Bursikova and her team from Institute of Physical Electronics, Faculty of Science, Masaryk
University Brno. Proceedings of the LMV 07 were published also on CD-ROM under ISBN 978-80-210-4688-7.

In 2008, the 5" LMV°08 was held in Herlany near Kosice (November 3-5, 2008), organized by Department of Materials
Science, Faculty of Metallurgy, Technical University of Kosice. It was attended by 22 participants from Czech and Slovak Repub-
lic and Poland, 21 papers were presented. The topics of last two seminars were similarly to previous years focused on experimen-
tal techniques, instrumentation, evaluation of results on layers, thin films, particles and it covered materials like metals, alloyed
systems, polymers. New areas as multi-scale modeling, models based on neural networks, properties of composite polymers,
CNTs, DLCs, construction materials like cement and concrete and wood were touched. Problems solved by presented contribu-
tions were viewed from different perspectives (physical, chemical, engineering, technological). It was decided to focus preferably
on small-scale mechanical properties in the next years with the clear connection either to microstructure or to the macro-scale.

All information on the seminar (also for the next years) can be tracked on http://www.tuke.sk/Imp . The 2007 and 2008 are
the first years of the seminar for which the reviewed full-length papers are published within the special issue of Chemické listy
journal.
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1. Introduction

The preparation of nanostructured (nanocomposite or
nanocrystalline) diamond coatings is in a centre of a great
industrial interest due to their extreme mechanical hardness
and wear resistance, high bulk modulus, low compressibility,
high thermal conductivity, low thermal expansion coefficient,
broad optical transparency from the deep ultraviolet to the far
infrared, high electrical resistivity, biocompatibility, etc'™.
Their main advantage compared to the polycrystalline dia-
mond film is, that they can be prepared with relatively low
surface roughness. Smooth diamond films with crystallite size
at nanometre scale offer the potential for manufacturing
a wide variety of components and structures of technological
importance, with enhanced mechanical and functional proper-
ties, which cannot be realized in conventional microstruc-
tures.

The mechanical properties such as hardness, wear resis-
tance, fracture toughness, film-substrate adhesion and thermo-
mechanical stability of the coating-substrate system play always
a crucial role for industrial applications of the coatings'® ™.
Therefore the main aim of the present work is to study the
mechanical properties of ultrananocrystalline thin films using
two different indentation techniques.

2. Experimental

The common type of microwave reactor ASTEX was
used to deposit the studied films. In this reactor, microwaves
are coupled into a water-cooled metal cavity through a quartz
window, using an antenna, which converts the TE,o micro-
wave mode in the wave-guide to the TMy; mode in the cavity.
The inner chamber diameter is chosen so that only one micro-
wave radial mode can be sustained in the cavity at 2.45 GHz.
Substrates as large as 10 cm in diameter can be coated by
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positioning them on a heated stage beneath the plasma ball
which forms immediately above it. This reactor was modified
for the dual frequency application, i.e. application of RF
power to a substrate holder to achieve the so-called bias-
enhanced nucleation (BEN). The RF power of 35W
(13.56 MHz) was capacitively coupled to the central graphite
plate of the substrate holder. Due to different mobility of elec-
trons and ions this resulted in dc self-bias accelerating the
ions across the sheath adjacent to the graphite plate, i.e. the
substrate, causing them to sub-plant beneath the surface and
create a carbon-rich layer in the topmost few layers of the
substrate. This had two important effects, the initial nuclea-
tion rate was greatly increased, and the resulting diamond film
was registered with the underlying substrate lattice to a much
greater extent, allowing deposition of films with a preferred
orientation to be grown. The orientation of diamond crystal-
lites was studied using XRD technique.

The deposition was carried out on mirror polished (111)
oriented n-doped silicon substrates in the mixture of methane
(CH4) and hydrogen (H,) changing the CH4 concentration.
The supplied microwave power was 850 W and pressure in
the reactor was 7.5 kPa. The substrate temperature, estimated
by means of a pyrometer with disappearing filament, was kept
in the range from 1090 to 1120 K.

A Fischerscope HI00 depth sensing indentation (DSI)
tester and Nano Indenter XP equipped with continuous stiff-
ness measurement (CSM) were used to study the indentation
response of ultrananocrystalline diamond films.

The optical measurements were done with Horiba Jobin
Yvon ellipsometer in the spectral range from 190 to 2100 nm
at the incidence angles from 55° to 75° and were evaluated
using a dispersion model of optical constants based on the
parameterisation of densities of states (DOS)'*.

3. Results and discussion

Nanostructured diamond films with different concentra-
tions of methane (CH,4) in hydrogen (H,) were studied in the
present paper. According to Bachmann’s' C-H-O gas phase
concentration triangle the polycrystalline diamond can be
deposited by CVD from the CH4/H, gas mixtures, when the
concentration of CHy is in the range from 1 to 3 %.

With increasing methane concentrations, the crystal sizes
decrease, until above ca. 3 % CH, in H, the gas phase and the
resulted films exhibit ‘nanocomposite’ structure and may be
considered to be an aggregate of diamond nanocrystals and
disordered graphite. If BEN is employed as well as growth
conditions, which favour one particular orientation, highly
textured films can be produced which are very closely aligned
with the lattice of the underlying substrate. In case of the BEN
technique the monitoring the self-bias voltage provides im-
portant information about the diamond growth. At the begin-
ning ions impinge on the almost clean silicon surface and the
self-bias voltage is nearly constant. After the surface is step
by step filled by diamond nuclei the measured voltage de-
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Fig. 1. AFM images of the surfaces of sample D2 (2 % CH, in the
deposition mixture) and DS (10.4 % CH, in the deposition mix-
ture). The analysis of AFM data yielded the RMS roughness 20.7
and 8.8 nm and autocorrelation lengths of 141 and 120 nm for D2
and D5, respectively

creases. When the surface is completely covered the growth
stage begins and the measured voltage is again constant. Sam-
ple D2 was deposited with 8.3 sccm of CH4 mixed with
400 sccm of Hy, i. e. equivalent to 2.0 % of CHy4 in the gas
phase. The nucleation stage was relatively long: it took
20 minutes. Sample D5 was, on the other hand, prepared from
the mixture with higher C/H, 10.4 % (flow rates of CH4 and
H, were 41.7 and 400 sccm, respectively). The nucleation
stage of the film D5 prepared with highest amount of CH4 was
5 minutes.

In order to prepare the films with similar thickness in
these two different gas mixtures the deposition time of the D2
and D5 was 28 and 15 min, respectively. AFM micrographs
of the films D2 and D5 are shown in Fig. 1. They reveal
a significant difference between the two films as concerns the
surface topography. Especially in case of D5 the surface was
relatively smooth and allowed optical measurements in the
reflection mode. The analysis of AFM data yielded the RMS
roughness 20.7 and 8.8 nm and autocorrelation lengths of 141
and 120 nm for D2 and DS, respectively.

Mechanical properties of the films D2 and D5 were stud-
ied by depth sensing indentation (DSI) test at several different
final loads and by the continuous stiffness measurement
(CSM) enabling the determination of the material properties
continuously as the indenter moves into the surface, eliminat-
ing the need for unloading cycles. We studied not only the
film hardness and elastic modulus, but also the film-substrate
system indentation response in a wide range of indentation
depths (20 to 3000 nm). Dependencies of the hardness and
elastic modulus on the indentation depth obtained for samples
D2 and D5 using these two techniques are shown in Figs. 2
and 3.
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Fig. 2. Results of mechanical tests obtained on D5 using DSI and
CSM method. The lines in hardness and elastic modulus depend-
ences belong to the selected measurements obtained using CSM
technique, the scatter graphs belong to the results obtained using
DSI technique
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Fig. 3. Results of mechanical tests obtained on D2 using DSI and
CSM methods. The lines in hardness and elastic modulus depend-
ences belong to the selected measurements obtained using CSM
technique, the scatter graphs belong to the results obtained using
DSI technique
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The influence of the substrate on the measured values
was negligible up to 200 nm of indentation depth. With in-
creasing indentation depth the influence of the substrate on
the measured values increased. The combined effect of the
film and substrate on the measured values of composite hard-
ness H, was modelled according to Battacharya and Nix'®.
The combined influence of the film and substrate on the
measured elastic modulus was calculated according to Saha
and Nix'”. The results obtained with both DSI and CSM meth-
ods are in good agreement. The sample D2 exhibited the hard-
ness around 20 GPa and elastic modulus of 220 GPa. Al-
though the film D2 was deposited in "diamond yielding mix-
ture" the low values of mechanical parameters suggest that it
is rather a composite consisting of diamond crystals embed-
ded in a disordered graphite matrix. The fact, that the results
obtained by both DSI and CSM measurement were highly
scattered confirm the previous assumption. The film D5 ex-
hibited, on the other hand, relatively high hardness and elastic
modulus of 65 and 375 GPa, respectively.

- N
o © O o

N

Sample D5

Differential hardness [GPa]

N

500 1000
Indentation depth [nm]

Fig. 4. Differential hardness dependence on the indentation depth
obtained on DS using the Fischerscope tester

Moreover, the film D5 exhibited high fracture toughness.
In Fig. 4 the differential hardness 6L/6(h%) (here L is the load
and 4 is the indentation depth) dependence on the indentation
depth is shown for sample D5 together with the SEM image
of the indentation made at maximum load of 1 N. This de-
pendence enables to visualise the crack creation, what appears
on the dependence as an abrupt jump.

In case of the film D5 the ring/like through surface
cracking begun (see SEM image in Fig. 5), when the indenter
approached the film-substrate interface. We did not observe
any cracks emanating from the indentation print corners or
delamination around the indentation print even at indentation
depths higher, than the film thickness.

For the evaluation of optical measurements on sample
D35, the Rayleigh-Rice theory for roughness'®'® and the dis-
persion model of optical constants based on the parameterisa-
tion of densities of states (DOS) were taken into account. The
dispersion model was similar to that presented earlier for
diamond like carbon films'®'®. The refractive index was
slightly lower than that of the natural diamond. The RMS

LMV 2007

s100

Regular Lectures

Fig. 5. SEM image of the indentation carried out at maximum
load of 1 N

roughness and autocorrelation length for D5 were 9.1 and
73 nm, respectively. This is in a good agreement with the
values found by AFM.

4. Conclusion

We have deposited a large set of diamond like carbon
films with incorporation of silicon, oxygen and nitrogen. The
optimum deposition conditions for deposition of smooth,
hard, wear resistant thin films suitable for protection of the
polycarbonate substrates were found. The film prepared under
optimum conditions exhibited excellent fracture resistance
and low intrinsic stress. The prepared films have all the prop-
erties needed for excellent protective coatings including high
hardness, low friction coefficient, excellent chemical and
thermal stability and transparency in the visible spectrum.

This research has been supported by Ministry of Education,
Youths and Sports of the Czech Republic under project
MSM0021622411 by the grant of Czech Science Foundation
No. 202/07/1669 and by Academy of Science of the Czech
Republic by KAN311610701.
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Academy of Sciences of the Czech Republic, Brno, Czech
Republic): Mechanical Properties of Ultrananocrystalline
Thin Films Deposited Using Dual Frequency Discharges

The present paper describes the deposition of nanostruc-
tured diamond films with low surface roughness, high hard-
ness and fracture toughness by microwave PECVD in the
ASTeX type reactor from mixture of methane and hydrogen.
Films were deposited on a mirror polished (111) oriented n-
doped silicon substrate. The film exhibited relatively low
roughness, the root mean square (RMS) of heights ranged
from 20 to 9.1 nm, depending on the deposition conditions.
The hardness was found to be in the range from 22 to 65 GPa
and the elastic modulus ranged from 220 to 375 GPa, depend-
ing on the film structure.



Chem. Listy 705, s102—s104 (2011)

LMV 2007

Regular Lectures

TESTING OF THE IMPACT LOAD AND TRIBOLOGICAL BEHAVIOUR OF W-C:H

HARD COMPOSITE COATINGS

TOMAS FORT**, TOMAS VIiT(",
RUDOLF NOVAK®, JAN GROSSMAN?,
JAROSLAV SOBOTA?,

and JIRI VYSKOCIL®

“ Institute of Scientific Instruments, Academy of Sciences of
the Czech Republic, Kralovopolska 147/62, 61264 Brno,

b Faculty of Transportation Sciences, Czech Technical Uni-
versity, Na Florenci 25, 110 00, Prague 1, © Faculty of Me-
chanical Engineering, Czech Technical University, Technicka
4, 166 07, Prague 6, Y HVM Plasma Ltd, Prague 5 Czech
Republic

Sfortt@isibrno.cz

Keywords: PVD, DLC, impact test, pin-on-disc, friction coef-
ficient

1. Introduction

Hard carbon based composite coatings are more and
more frequently used in practical applications, such as auto-
motive industry, where not only good adhesion and wear re-
sistance, but also reasonable thermal stability, low wear at
elevated temperatures and impact resistance are required.
Diamond-like carbon coatings have a range of tribological
properties that are controlled with the incorporation of addi-
tional elements such as silicon, nitrogen or metal. Consider-
able scientific and industrial interest is focused in nanocom-
posite coatings containing tungsten in the diamond-like amor-
phous hydrogenated carbon matrix (W-C:H). These coatings
generally possess high hardness, low friction coefficients
against a range of counterfaces, good wear resistance and
good adhesion to a range of substrates by controlling the in-
terlayers responsible for promoting good adhesion and control
of residual stress in the coatings'. Numerous papers deal with
the tribological behaviour and properties of DLC coatings™>.
Density, hardness and compressive stress of W-C:H coatings
were studied as a function of composition and structure and
deposition conditions®. The effect of slightly different hydro-
gen content in W-C:H coatings on microstructure, adhesion
and tribological properties was studied in ref’. A detailed
structural characterization of W-C:H showed the existence of
a submicrometer scale columnar structure and intercolumnar
defects within the coating®. This structure could be related to
failure mechanisms during tribological and wear tests. In the
case of W-C:H coatings the outweighing degradation mecha-
nism was a combination of polishing wear with micro- or
nano-delamination and micro-pitting’. Nevertheless, no re-
sults of detailed studies of tribological parameters temperature
dependency have been published yet.

The dynamic impact wear tester developed in our labora-
tory has been used to evaluate the impact resistance of thin
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hard composite coating in dynamic loading wear applications.
Impact testing of the coatings was proposed by Knotek et al in
the 1990’s (ref.®). During testing the specimen was cyclically
loaded by tungsten carbide ball that impacts against the coat-
ing/substrate surface. After each the test, wear scars were
evaluated by means of optical microscope and profilometer.
Results of these tests show usability of coatings in dynamic
load and enable to optimize the design of the coating/substrate
system for the particular use. The test simulates a wide range
of tribological systems. The impact test offers an important
new method for determination of the fracture toughness of
hard thin coatings.

2. Experimental Details

The substrates made from high speed steel were used
with tempering temperature of 550 °C. They were polished
with brush papers and finally with diamond pastes. The sub-
strate hardness was 62 HRC. W-C:H coatings were deposited
with combined PVD and PACVD processes. Thickness deter-
mined by calotest method was about 2 pm. The dynamic im-
pact wear tester developed in the Institute of Scientific Instru-
ments ASCR in collaboration with Brno University of Tech-
nology has been used to evaluate modified DLC coatings.
Setting of the impact tester: impact force from 200 N to
600 N, number of impacts could be varied from 1 to 100 000.
The tungsten carbide ball 5.00 mm in diameter with guaran-
teed geometry and surface roughness was used. After each
test, wear scars were evaluated by means of profilometer Ta-
lystep (Taylor-Hobson) and confocal microscope
LEXT OLS 3100 (Olympus). Impact tester has been used in
our laboratory for more than two years to evaluate hard coat-
ings produced in coating centres and both its hardware and
software were improved to achieve minimum scattering of
measured values caused by the device. Nowadays the range of
values scattering on homogenous coating/sample system does
not exceed several percent.

The coatings hardness and Young modulus were meas-
ured with nanoindenter Fisherscope H100. The results were:
indentation  force = F=50mN, universal  hardness
H,=6380+£120 MPa, W/Wy=58%, E=15144 GPa. Pa-
rameters measured with higher indentation forces (up to 1 N)
did not differ substantially. In order to verify the adequate
mechanical properties of W-doped a-C:H coatings, the tri-
bological performance was studied using standardized pin-on-
disc CSM Instruments measuring device. The tests were car-
ried out in the temperature range from 20 °C (room tempera-
ture, RT) to 200 °C, thus the thermal stability could be deter-
mined. The testing conditions were set as follows 5000 cy-
cles, normal load 5N, linear speed 0.05ms™'. The testing
ball-coating contact was unlubricated and the relative air hu-
midity at room temperature was about 40+5 %. As counter-
parts the ceramic Al,O; balls with diameter of 8 mm were
used.

The tribological performance was determined not only
with respect to the friction coefficients, but from the point of
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view of wear rates and free wear debris characterization as
well. The coating wear rates were evaluated on the basis of
cross-section wear track profile measurements, the wear rates
of balls were calculated from spherical wear cap images taken
from optical microscopy. The wear rates were determined as
the worn volume per sliding distance and load’. Each tri-
bological test was carried out three times with expected meas-
ured parameters standard deviation of about 10 %. In this
paper the average values of friction coefficient and wear rates
are presented. To determine the dominant wear mechanism,
the wear tracks were studied using optical microscopy, scan-
ning electron microscope JEOL JSM-6460 LA and confocal
microscope. Additionally, the measurements of coating hard-
ness were taken into account.

3. Results
3.1. Impact tests

Fig. 1 shows crater volumes against the number of im-
pacts plotted at three different impact forces. Volumes were
calculated provided that the shape of the crater was approxi-
mated by a rotational paraboloid, by using the radius and the
average depth of the crater measured by profilometer. Aver-
age values were calculated from at least five repetitive meas-
urements carried under identical conditions. The wear rate
was calculated using central part of the dependence (from 5 to
50 000 impacts) as a quotient of the variation of crater volume
AV and the number of impacts. In the Tab. I the wear rates for
three values of impact forces are summarized.

In the Fig. 2 the crater volume corresponding to wear
rate of coating/substrate system and bare substrate is pre-
sented. In spite of this high load the coating has beneficial
effect on the system wear resistance in the whole range,
namely for higher number of impacts.

Table I
Wear rate of the coating/substrate system in dynamical mode
for the load forces 200 N, 400 N and 600 N

F[N] 200 400 600
AV [mm3] 34 E-8 14 E-8 23 E-8
2,0E-06
——600 N ;
"E 1,6E-06 —=—400 N
£ —4—200 N
5 1,2E-06
% 8,0E-07
£
S 40E07 .
0,0E+00 o i * * i)
1 10 100 1000 10000 100000,

Number of impacts

Fig. 1. Mean values of crater volume, impact force varies from
200 N to 600 N
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Fig. 2. Comparison of wear rate of coating/substrate system and
bare substrate at 600 N

3.2. Tribological tests

The tribological measurements clearly showed high-
temperature coating applicability limit. The friction coeffi-
cient at 200 °C became unstable and higher values of about
0.45 were obtained. The coating wear scars were very coarse
with deep abrasive scratches that in many cases reached the
substrate surface.

The typical evolution of friction coefficient with number
of cycles is showed in Fig. 3. At RT the friction process is
stable, short run-in could be observed and at about 500 cycles
the steady-state phase was reached with average friction coef-
ficient of about 0.1. The testing ball exhibited almost no nota-
ble surface damage, only high coverage with compact carbon-
containing wear debris interlayer was observed. Thus, third
body friction occurred predominantly. The calculated coating
wear rate value of about 0.43-10°mm’N™' m™" corresponded
to the low measurability limit. The wear track appeared very
smooth with very low surface damage, thus, only polishing
wear mechanism occurred.

At 100 °C the sliding process partially lost its stable
behaviour. Up to 1500 cycles the friction coefficient exhibited
unsteady evolution with higher value of about 0.5. The sliding
interlayer was not compact enough and, thus, ceramic ball
hard surface affected the tested coating directly. Higher
amount of free wear debris were produced and this process

Friction coefficient

T T T
0 1000 2000 3000 4000 5000

Fig. 3. Typical friction curves of AL,O; ball against W-C:H coat-
ing at RT, 100 °C and 200 °C



Chem. Listy 705, s102—s104 (2011)

resulted in consequent friction coefficient reduction above
1500 cycles. The ball wear scar was negligible, the contact
surface exhibited partial coverage with free wear debris. The
value of coating wear rate increased to 12-10° mm*N"'m™,
maximum penetration depth was about 0.5 um that corre-
sponded to 50 % of total coating thickness. The wear tracks
were rather coarser with many scratches parallel to the contact
movement and significant effect of abrasive wear mechanism
was observed. At 200 °C the evolution of friction coefficient
was unstable reaching high value of about 0.45. The free wear
debris did not affect the ball-coating interface; no compact
sliding interlayer was observed. Thus, the ceramic ball surface
slid directly on the tested surface and induced very high abra-
sive wear of coating. The coating wear rate reached the value
of about 31-10° mm*N™'m™ and the penetration depth ex-
ceeded in some cases the coating thickness. The failure of ball
surface was negligible.

4. Conclusions

The impact tests demonstrated low wear rate of the coat-
ing/substrate system in a wide range of dynamical load. Coat-
ing erosion occurred and the substrate was gradually uncov-
ered only for the highest impact force of 600 N and the num-
ber of impacts exceeding 50 000. At 100 000 impacts ap-
proximately one half of the coating was removed.

The comparison of the wear rate coating/substrate sys-
tem and the bare substrate clearly demonstrated that the coat-
ing significantly extended the lifetime of the tribological sys-
tem even for high loads and high number of loading cycles.

The results of tribological testing showed the tempera-
ture limit of about 200 °C. The increase in wear rate was
probably due to lower humidity, graphitization and coating
hardness reduction at elevated temperature. This phenomenon
is under further investigation.

This work has been supported by grant of Czech Ministry of
Industry and Trade MPO 24-1TP1/031.
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gue, ‘Faculty of Mechanical Engineering, Czech Technical
University, Prague, YHVM Plasma Ltd, Prague, Czech Re-
public): Testing of the Impact Load and Tribological Be-
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W-C:H hard composite coatings were studied. The com-
parison of the wear rate of the coating/substrate system and
the bare substrate obtained from dynamic impact test clearly
demonstrated that the coating significantly extended the life-
time of the samples even for high loads and high number of
loading cycles. The obtained results will support the research
and development of new metal-doped a-C:H coatings, which
exhibit promising properties for future engineering applica-
tions, especially in dynamically loaded contacts.
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1. Introduction
1.1. HVOF technology

Thermal spray technology encompasses a group of coat-
ing processes that provide functional surfaces to protect or
improve the performance of a substrate or component. Many
types and forms of materials can be thermally sprayed —
which is why thermal spraying is used worldwide to provide
protection from corrosion, wear, and heat; to restore and re-
pair components; and for a variety of other applications.
HVOF (High Velocity Oxygen Fuel spray) spray technology
uses a high velocity spraying of the flame. This method was
developed most of all for spraying of the cermets coatings. It
is based on the special torch design where the combustion
products (oxygen and kerosene) rapidly expand in the nozzle-
end and consequently come to the dramatic acceleration. The
powder of coated material, injected to the flame, reaches
a supersonic velocity. The combustion is also accomplished
by the heating for melting of the incomings powder. The
melted powder particles impinge on the grit-blasting substrate
and create the coating. Schematic picture of HVOF spraying
is described in Fig. 1. With HVOF technology the coatings
with a high adhesion, cohesion and density, with a low oxides
and pores contents are created. The main advantage of HVOF
technology is the deposition of cermets coatings with the
hardness about 55-66 HRC that are used for the most de-
manding applications.

1.2. WC-Co coating

In the WC-Co sprayed coatings there are carbides ho-
mogenously distributed in the coatings without mutual touch.
That is influenced by the high part of cobalt in this sprayed
system (12—17 % Co) and by the loss of the WC particles or
by their dissolution in the cobalt during the spraying. In com-
parison with the basic powder material, the changes in the
coatings composition appear due to the spraying process. The
main cause is the decarburization, in other words the carbon
elimination. A high flame temperature of the applied fuel
increases the carbon loss during the spray process'®. During
this process one part of WC is diffusing to W,C and W while
generating CO and CO,.
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Thermal Spray Coating Process
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Fig. 1. The scheme of HVOF spray technology
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After oxidation the process continues with W and C
dissolution in cobalt. The particles impacting the substrate
become cold very fast and the matrix solidifies in the amor-
phous or in the fine-grinded form like a supersaturated solid
solution from which can precipitate W and other phases
(brittle n phases CosW;C, CogW4C). The decarburization and
arising of the brittle phases is undesirable because they de-
crease the ductility of Co matrix and the cermet losses its
excellent properties — combination of the hard phase in the
ductile basis®’.

For the creating of coatings with definite desired proper-
ties it is important to spray at optimal conditions. The most
important spray conditions are the equivalent ratio (relation
between oxygen and kerosene), the pressure in the combus-
tion chamber, and the deposition distance. The next important
spray condition is the angle of spraying. The stream of spray
particles should impact the target surface as close to normal
(deposition angle 90°) as possible. It is mentioned that the
decreasing deposition angle is followed by the decrease of the
coating properties like the bond strength and the coating cohe-
sion and increase of the coating porosity. Particle impacting at
angles of less than 90° creates a shadowing effect that results
in increasing of the coating porosity".

2. Experiment

The WC-Co powder is documented in Fig. 2. The initial
powder for spraying is agglomerated and sintered with chemi-
cal composition 83 % WC and 17 % Co and its grain size is
15-45 um. The powder particles are spherical and the WC
grains (white areas) are uniform distributed in the cobalt
phase (grey areas). Inside of the particles are visible pores, the
dark areas in the SEM picture. The material of this powder
was sprayed in five different deposition angles: 90°, 75°, 60°,
45° and 30° on the steels substrate. The substrate material was
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Fig. 2. SEM picture of the WC-Co powder, left: the powder sur-
face, right: the powder cross section; the hell areas — carbides
WC, the grey areas — Co matrix, dark areas — pores

the steel CSN 11 373. The substrate surface was before spray-
ing cleaned and roughened by grit-blasting for a good coating
adhesion to the substrate. The grit-blasted medium was brown
corundum in average size 1 mm.

The optimized spraying parameters are the standard
parameters used in SKODA VYZKUM Ltd. Plzefi. On such
prepared samples were measured several mechanical proper-
ties. The microhardness, indentation fracture toughness (IFT)
and coating microstructure were investigated.

Fig. 3. Evaluation of the fracture toughness

LEM theory:  K,c=0,0134 (L/c*?) (E/H)"? ref.’
LS theory:  K;c=0,0101 L/(ac'?) ref.®
EC theory:  K;c=0,0824 L/c*? ref.
LF theory:  K;c=0,0515 L/(c*?) ref.®

Here is a — % of the diagonal length [m], ¢ — fracture length
+ a [m], E/H — materials constant [-], Kjc — fracture tough-
ness [MPa m'?]

The microhardness HV0.3 was measured on the coating
cross sections by LECO DM-400A Hardness Tester. The used
load was 300 g and the indentation time was 10 s. Altogether
there were prepared 10 indentations. The lengths of diagonals
were measured and then calculated for an average value. In
the accordance with the Standard CSN EN ISO 6507-4 (ref.*)
the microhardness value was determined from the diagonal
length.

The indentation fracture toughness was determined by
the help of the Scratch Tester “Revetest” in the Academy of
Science in Plzen. In the cross sections were prepared 10 in-
dentations by the Vickers diamonds indenter. The load was
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selected in such manner in order to be possible to obtain
cracks which start from the corners of the indents, Fig. 3.
WC-Co cermet is very hard and tough therefore it was neces-
sary to use a load of 200 N for crack creation. After these
cracks were measured we determined the IFT values by using
the four models below.

Microhardness and fracture toughness were evaluated on
the cross sections of the samples. For sections preparation was
used standard method for metallography preparation of hard
metals’.

3. Results
3.1. Coatings microhardness

Results of microhardness testing are summarized in the
Tab. I. For WC-Co coatings the typical high microhardness
also corresponds to their high resistance against several wear
conditions. As seen in the Tab. I and in Fig. 4, the microhard-
ness has the tendency to decrease with lower deposition angle.
For deposition angles 30° and 45° we noticed the lowest val-
ues and then it is seen an increase up to the deposition angle
90° where the microhardness is the highest. The microhard-
ness variance between deposition angles 90° and 30° is of
a significant value 145 HV0.3.

3.2. Indentation fracture toughness and microstructure

Thermally sprayed coatings show a strong anisotropy
due to their lamellar structure. Because of that the lengths of
cracks differ significantly in parallel and perpendicular direc-
tion with respect to coatings surface'’. In this experiment
there were measured only parallel cracks, Fig. 5. As shown in
the picture, the cracks spread parallel through the coatings
from the corner of the indent.

The lengths of the cracks were specific to each deposi-
tion angle. For lower deposition angles the cracks were longer
and wider. Also the indents size was different for the different
deposition angles. The coatings prepared with the lower depo-
sitions angles showed a lower indents size. That is among
others obvious from the results of microhardness.

The results of the indentation fracture toughness (IFT)
for all used models are contained in Tab. II below. In Fig. 6 it
is recorded an evident effect of deposition angle on IFT. The
IFT values that are calculated according to models>® differ
significantly, but they have a similar tendency. The deposition

Table I
List of microhardness values

Deposition angle Microhardness Standard deviation
HV0.3 [£]

30° 1145 100

45° 1134 80

60° 1238 90

75° 1291 70

90° 1319 110
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1,50E+03
1,40E+03 7
1,30E+03 7
1,20E+03 1
1,10E+03 1

1,00E+03 1

Microhardness HVo3

9,00E+02

8,00E+02
30° 45° 60° 75° 90°

Deposition angle [°]

Fig. 4. Dependence of the microhardness on the deposition angle

Fig. 5. Measurements of indentation fracture toughness, a) cracks
in the coating sprayed under 90°, b) cracks in the coating sprayed
under 30°

angle definitely influences the IFT. The trend of IFT changes
is similar to the changes of microhardness. With the decreas-
ing deposition angle decreases the indentation fracture tough-
ness of the coatings. One disagreement in this trend of IFT
measuring is only for deposition angle 60° and 75° where the
IFT values are identical.

The fracture strength of WC-Co cermet depends mainly
on the carbides grain contents and carbide grain size in the
coating and further also on the amount of Co-binder phase.
For WC-Co system exists an optimal carbide grain size and
free path of cobalt binder where occurs the highest fracture
strength'?. During HVOF spray process the decarburization
which leads to the carbides loss might occur together proba-
bly with the carbide loss provoked by melted particle impact
on the substrate. When the melted particle impinges the sub-
strate with the high velocity it could occur a disadvantageous

LMV 2007

Regular Lectures

Table I
Summary of IFT values

0[°] Indentation fracture toughness Standard deviation
IFT [MPa m'"?]
[MPa m'"?]

LEM LS EC LF LEM LS EC LF

30 0.75 062 1.1 0.68 0.07 0.05 0.1 0.07
45 087 0.72 1.3 078 030 0.10 04 0.20
60 1.00 084 15 091 020 0.10 03 0.20
75 098 0.83 1.4 088 030 020 04 030
90 120 093 1.8 1.10 04 020 07 040

2,60E+00
2,40E+00
2,20E+00
2,00E+00
1,80E+00 4
1,60E+00 {
1,40E+00 {
1,20E+00 4
1,00E+00 4
8,00E-01 |
6,00E-01 |
4,00E-01

Indentation fracture thoughness [MPa.m™?]

30° 45° 60° 75° 90°

Deposition angle [°]

Fig. 6. Effect of deposition angle on the indentation fracture
toughness

effect of some hard WC grains ejecting from the melted co-
balt matrix. This undesirable effect could be higher when the
deposition angle decreases and the particles impinge on the
substrate in oblique direction. This assumption could explain
why the IFT value decreases with decreased deposition angle.

The coatings cross sections show several differences in
the microstructure. All coatings are dense without cracks and
presence of oxides. The boundary between individual splats
(impinged melted particles) is not identifiable and the adhe-
sion to the substrate seems to be good. The coatings sprayed
under the angles 75° and 90° show uniform carbides distribu-
tion and the pores content is low and nearly identical. The
pores are small and spherical. The coatings sprayed under 60°
and lowers contents more porosity in particular the coating
sprayed under the angle 45°. Increase of coatings porosity can
tend to decrease coating cohesion and fracture strength.

4. Conclusion

The experimental results described in this paper show
that the deposition angle in the HVOF spray process plays an
essential role for the resulting coating properties. The coating
sprayed with 90° deposition angle shows the best mechanical
properties.

The coating microhardness and indentation fracture
toughness decrease with the decreasing of the deposition an-
gle. This deterioration of mechanical coatings properties is
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probably affected by WC grain loss in the coatings that are
sprayed by lower deposition angle than 90°. Further effect
could be assigned to coatings porosity rise and to cohesion
loss in the coatings that are sprayed with the lower deposition
angles.

The article was prepared thanks to the project of Ministry of
Education, Youth and Physical Training of the Czech Repub-
lic MSM4771868401.
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Thermal spraying is the effective technology that pro-
duces the coatings from 50 pm to several millimeters in the
thickness. In this paper the HVOF spray technology is dis-
cussed. This technology for its typical properties is most of all
used for forming cermets coatings. WC-Co cermets coating
was tested and its mechanical properties were studied. WC-
Co coatings were sprayed with five different angles (90°, 75°,
60°, 45° and 30°). The deposition angle is very important for
resulting coating properties. The deposition angle influences
most of all bond strength, coating cohesion and porosity of
the coating. From this case the different properties for the five
different deposition angles were expected. We directed our
attention at the hardness measurements and indentation frac-
ture toughness (IFT) measurements. The results of microhard-
ness and IFT indicate on mechanical material properties in the
influence of the deposition angle.
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Theoretical substance of the two-exposure
holographic interferometry method and its
using for the Young's elasticity modulus
measurement

The light waves generated by the stimulated radiation of
atoms conserve not only the frequency but also the phase
during the coherence time that determines the spatial coher-
ence. Let the v is the velocity of the light wave with the wave-
length A from laser and this wave is divided into two waves
u,, u, with the different passed optical paths x;, x, .

[

. X
u, = a sine
v
. x
u, =bsina 1 —-%
v

We can observe the interference of these two waves in
the place of meeting

u=u +u,
u = a sin(wt—kx, )+ b sin (o — kx, )

2n
where k=-——1is the wave number. The amplitude of the
wave u is

A’ =a’ +b” +2abcosk(x, - x,)

For k(x] —xz):(2n+l)ﬂ: we obtain 4= ‘a—b‘ . Ifa = b,
then the wave disappears in the place of meeting.

We can obtain the information about the object if we
divide the wave from laser into two waves. The first falls on
the object. This wave is reflected and dispersed by the object
and falls on the holographic plate with high resolution. The
second wave falls on the same plate after the reflection by the
mirror. Both of the waves write the information about the
object on the plate during the first exposure, see Fig. 1.

If we do the second exposure with the same plate, when
the object is deformed, we obtain the picture of the object
with the interference fringes, that carry the information about
the object deformation'. This fact we use for the Young's
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Fig. 1. An optical composition. M — mirror, a, b — parallel beams of
coherent waves, HP — holographic plate, O — object

elasticity modulus determination. The down end of the mate-
rial is fixed and the up end is deviated by the force F' action
during the second exposure. We can calculate the bend y of
the loose girder end by formula.
_FP )

3EJ

y

Where / is a distance between the fixed end and the point
of the force activity, E is the Young's elasticity modulus, J is
the area momentum of inertia for the perpendicular cross-
section of the girder, see Fig. 2.

Fig. 2. Deformation of the object. / — the length of the object, y — the
bend in the point of the deforming force F action, y; - the band in
distance x; from the fixed end

The bend determination needs a high accuracy, therefore
the holography method is suitable. This method can determine
the bend with accuracy equal to one half of the wavelength.
The bend y is determined from the number n+1 of the interfer-
ence dark fringes, that rise after two exposures and develop-
ing of the holographic plate on the picture (hologram) of the
object, by the formula

2yz(2n+1)% &
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If we substitute it into equation (/), we obtain the
Young's elasticity modulus

4F] 3)

T3JQnt

2. Conditions of the experiment realization

We used described process of the two-exposure holo-
graphic interferometry. The round cross-section optical fibre
was our researched object.

The choice of the deforming force value must be so that
the dark fringes are well sumable, see Fig. 3.

Fig. 3. Digital picture of the hologram with the well sumable in-
terference fringes

If we substitute the area momentum J of inertia for the
round cross-section with the optical fibre diameter d

g 4
64
into equation (3), we obtain
_ 256F7 )
3nd* (2n+1)A

where A = 632.8 nm for used laser.

The values of the quantities we need for using formula
(5) we obtain as follows. We read the force F' straight from
the forcemeter scale. The accuracy depends upon the kind of
the forcemeter. We measure the length / of the optical fibre
after it is fixed. We use the slide rule with error 0.05 mm, but
because of uncertainties that rise by fixing of the object and
by determination of the force action point, we choose the
accuracy 1 mm. We measure the optical fibre diameter d by
means of micrometer.

We read the number of the dark fringes from hologram,
see Fig. 3. It is problem to read the position of the dark fringe
middle, therefore we choose accuracy of the dark fringes
number 1, 0.5 or 0.25. It is depends upon specific situation.
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3. The regression analysis using

One of the sources of errors is determining the position
of the dark fringes middle near the point of force action.
There are cases we don’t observe the fringes near the point of
force action, see Fig. 4.

Fig. 4. Digital picture of the hologram with the bad sumable inter-
ference fringes near the point of force action

Both of the disadvantages we may eliminate by the re-
gression analysis using. From the theory for the girder with
deforming force in one point” yelds, that we can use equation

F Fl
—X +—x
6EJ 2FJ

for computing the band y, in distance x; from the fixed end.
We may write simply equation

3

y:

(©)

y =ax® +bx’

Fl
h bstitute @ = ——— =—
where we substitute CEJ 2ET
Because we don’t know the value of the Young's elastic-

ity modulus, we cannot determine constants a, b directly.

We determined constants a, b by means of the least
squares method for the seven pairs with regression function
(6). Each pair contains the measured value of the dark fringe
middle position x and the measured value of the bend y for
this middle. The dependence the bend of fibre upon the posi-
tion x, see Fig. 5, we saved into PC memory.

4. The measured and calculated values
We measured the values x; by means of suitable software

in the digital picture, see Fig. 4. We determined the values y;
by means of formula (2). There are the values in the Tab. 1.

Table I

1 1 2 3 4 5 6 7
Xi, tm 0 35804 7221.1 9869.0 12005.3 13299.0 15706.0
Vi, um 0 0.158 0.475 0.791 1.110 1.420 1.700

s110
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We determined the values of constants

a=-3.4429048-10"" um™>, b =1.2226397-10° um™".
The dependence the bend y of the optical fibre upon the posi-
tion x is on Fig. 5.

2.5
y Regression curve
[}1 m] ] Measured values
1.5 o/
Ve
1 //
0.5 //
_/
0 T T T T
0 5000 10000 15000 20000

— s [um]

Fig. 5. Dependence the bend of the fibre upon the position — re-
gression curve

For the known value for the distance between the fixed
end and the force action point x =20400 um we obtain
y=2.1562269 pm. This value we can substitute into equation

_ 64FI°

3nd*y
that we obtained by substituting formula (4) into (/). We used
values F'=19.13 uN, /=204 mm and d=0.507 mm. The

calculated value of the Young's elasticity modulus for the
optical fibre is £ = 7.7086629-10° Pa.

5. Conclusion

The described method enables the complex view on the
deformation field distribution in the researched object without
the damage of the object.

LMV 2007
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We expect the increase of the accuracy by the regression
analysis using.

It is positive we can obtain the result from the holo-
grams, that don’t contain the interference fringes along the
whole length of the picture.

Generally we can say the method is rather sensitive and
it is suitable for researching of the larger cross-section objects
from the metal and ceramic materials.

The Young's elasticity modulus of the measured optical
fibre is at about 25-times lesser than the Young's elasticity
modulus of steel (E =20-10'"Pa).
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J. Krajéovi¢ and I JancuSka (Faculty of Materials
Science and Technology STU, Institute of Materials, Depart-
ment of Physics, Trnava, Slovakia): Determination of the
Optical Fibre Deformation by the Interferogram Analysis

There used the optical methods for the determination of
the several solid states materials mechanical parameters. For
example, we may to determine the Young's elasticity modulus
by means of laser, by the two-exposure holographic interfer-
ometry method. We obtained the interferogram by means this
method that contained a system of the light and dark interfer-
ence fringes. Then we determined the deformation of the re-
searched material by means of the regression analysis. We
used the regression analysis for the determination of the bend
in the point of the force action. Our researched material was
an optical fibre of the cylinder shape.

This paper contains the describing of the used method,
the measured values and the calculated values of the optical
fibre Young's elasticity modulus.
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1. Introduction

Amorphous hydrogenated carbon (a-C:H) coatings, in-
cluding diamond-like coatings (DLC), which are rich in sp’
content, exhibit very high hardness, low friction and other
properties, which make them attractive for hard protective and
wear resistant films, coatings on magnetic storage devices,
micro-electromechanical systems and others'. The amor-
phous carbon films can be deposited by variety of methods
including ion-beam deposition, sputtering technique, plasma
enhanced chemical vapor deposition (PECVD), pulsed laser
deposition and the magnetron sputtering. Magnetron sputter-
ing is possibly the most common and in that case, Ar' ion
bombardment of a carbon target is used and a bias voltage is
applied to the substrate. However, one of the problems of
such coatings is a poor adhesion of the sputtered carbon films
due to high intrinsic compressive stresses. Several approaches
have been developed to reduce the stresses: post-deposition
annealing, formation of the multilayer films consisting of
sequential rich in sp” and sp® content layers™*. Metal doped
carbon coatings are also an interesting group which can be
tailored into nanocomposite structure with special properties.
Although DLC and various metal-doped DLC nanocomposite
coatings have been extensively studied, W-doped diamond-
like carbon films have received comparatively little attention.
WC exhibits relatively high hardness and its combination with
the properties of amorphous carbon in the nanocomposite
structure results in a coating with low friction coefficient and
good wear resistance’. However, similarly as pure DLC, W
based-carbon coatings some drawbacks, including a poor
adhesion with common substrate materials®, low fracture
toughness (35 J m 2, ref.”) and the effect of hydrogen in the
structure on the friction behavior of sp” rich coating. There are
only a few studies on carbon based coatings without the influ-
ence of hydrogen. Some aspects of the tribological behavior
of such non-hydrogenated metal containing DLC coating
studied here by Camino®, Yang”'’, Zeng'' and Konca'2. The
hardness values ranging from 1600 HV to 3300 HV were
obtained despite relatively high sp” content by increasing bias
voltage from 20 V to 90 V (ref.”) due to nanocomposite struc-
ture'’. Thus, the purpose of the work is to investigate the
process of the deposition conditions on the formation and
nanohardness of non-hydrogenated WC/C coatings.

2. Experimental procedure

The studied WC/C films were deposited on the polished
high speed steel (HSS) and Si (100) substrates us-
ing combined PVD-PECVD techniques. The substrates were
cleaned by the Ar ions prior to the deposition. In some cases,
a Ti sublayer was deposited using an electron gun. Then, the
vapors of the W and C from a precursor were introduced into
the main chamber, they were ionized and accelerated toward
the substrate with the negative bias. The main deposition pa-
rameters were total gas pressure in the chamber, bias voltage
applied to the substrate and current density at the substrate
surface. Four series of coatings were prepared varying these
parameters to optimize the conditions. Thin Ti interlayer has
been deposited on the substrate in at the beginning in several
cases to achieve better adhesion with the substrate. Later, Ti
layer was excluded and the WC/C film was deposited directly
on the substrate. Phase composition was investigated using
X-ray diffraction. Film thickness was measured and the sur-
face morphology and structure were studied in SEM on the
broken cross sections. The elastic properties of the films were
conducted using a nano-indenter UMIS 2000. The hardness
and the reduced elastic modulus of the films were measured
with a Berkovich tip, which was forced into the coating using
a coil and magnet assembly. The maximum load was up to
I mN or 5mN in 20 steps followed by a 5sec dwell and
unloading in 10 steps. Nanohardness was determined from the
penetration depth at the maximum load and the reduced elas-
tic modulus from the unloading part of the curve according
the method of Oliver and Pharr. At least 15 indentations were
performed automatically for each coating and the average
values were calculated.

3. Results and discussion

The variation in the deposition conditions and the coat-
ing thicknesses are summarized in Tab. I. At the beginning
(sample designated as #13), Ar carrier gas was used which
resulted in the total pressure up to 4 Pa. Ti sublayer was also
deposited in this case. However, the coating delaminated from
the substrate in small chips, which covered significant parts of
the substrate. The repetition without Ti sublayer and without
Ar revealed slightly better adhesion. Thus, subsequent coat-

Table I

Deposition condition for the studied WC/C coatings

Sample Total Bias  Beam current  Thickness

pressure [Pa] [kV] [mA cm™] [nm]

#13, Ar 4 3.8 1 300
#20 1 5 1 200
#24 2 5 0.8 700
#21 0.8 4.5 1.2 200
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ings were produced without Ar and Ti at under total pressure
in the range from 0.8-2 Pa. Bias voltage was in the range
from 3.8 up to 5 kV and the beam current varied from 0.8 up
to 1.2 mA cm™.

The reduction of the pressure and bias increase (#20) did
not solve the delamination problem, therefore we varied the
beam current and the thickness (i.e. longer deposition time) of
the coating. Though not fully optimized, the best results from
the viewpoint of coating stability were obtained in the case of
sample #21 under the lowest total pressure and highest beam
current. X-ray diffraction indicated the presence of broad
diffuse peaks and indentified WC which suggests that the
produced coatings are nanocomposites. The morphology of
this coating #21 is illustrated in Fig. 1. In contrast to all other
coatings it is very smooth and almost featureless. Preliminary
AFM study showed surface relief of less than 10 nm on Si
wafer and up to 25 nm on the polished steel substrate. The
cross section at the broken edge of the coating in Fig. 1 shows
globular features with the size of 10-20 nm, which also sup-
ports the presence of nanocomposite structure. However,
more detail TEM study is necessary to reveal the structure of
the coating unambiguously.

Nanohardness tests were initially performed with the
maximum load of 1 mN to be within the limit 10% of the film
thickness and to avoid substrate effects. However, the scatter
among the obtained values exceeded 100% and it was reduced
to acceptable level only when the load was increased to 5 mN.
Typical penetration depth under those conditions was around
120 nm, which means that the obtained values are lower than
they should be because of the influence of softer substrate.
Fig. 2 shows several loading-unloading curves obtained on a
coating #21. The scatter of the curves, though still significant,
is acceptable. The absence of pop-ins indicates sufficient
adhesion. The results of the measurements are summarized in
Tab. 1L

The average nanohardness of the studied coatings is
within the range from 20 GPa to 24 GPa and the reduced elas-
tic modulus in the range from 265 GPa up to 320 GPa with
significant scatter (up to 50% in some cases).

150KV X100,000 100nm WD 13.1mm

UMV SAV SEl

Fig. 1. The morphology and the cross section of the WC/C coating
on steel substrate (sample #21) by SEM
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Table I
Summary of the nanoindentation tests

Sample Hardness [GPa] Elastic modulus [GPa]
(min. — max.) (min. — max.)
#13 24.1+9.5 323+ 96
(16.9-45.8) (203-489)
#20 21.5+£3.1 318+24
(18.0-25.7) (297-355)
#24 19.9 £2.1 265+ 12
(17.7-22.9) (251-277)
#21 20.1+11.9 266 + 128
(7.1-38.9) (106-350)
5 T T T T T T i
HSS 070921
0.8 Pa/ 4.5 k / 1.2 mA/cm’
4L i
Z 3} i
S
® 2t |
o
|
1k N
0 n T 1 1
0,00 0,02 0,04 006 0,08 0,10 0,12
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Fig. 2. Indentation curves in sample #21

Such a large scatter of the data seems to be the result of
the compressive stresses developed during deposition in the
layers and level of their relaxation.

The obtained hardness corresponds to the values for
many other coatings and the true hardness of the studied coat-
ing can be increase when measured at smaller penetration
depth and without the compressive stresses. The presence of
such stresses is a principal problem for the nanoindentation
measurements because the level of these stresses can be in the
range from 1 GPa to 6 GPa (ref.**), which is in the same order
of magnitude as the measured values. Obviously, additional
investigations are the unbiased values of nanohardness from
the studied coatings and to reduce the compressive stresses.

4. Conclusions

Current study on the nanohardness of WC/C coatings
prepared by a PECVD method emphasizes the problems with
delamination and nanohardness measurements resulting from
the presence of large compressive stresses developed during
deposition. These stresses can be slightly reduced via modifi-
cation of the deposition conditions, especially total pressure
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and current density. Nearly optimized conditions for WC/C
coating preparation were obtained and provided nanocompo-
site microstructure with the nanohardness of around 20 GPa
and reduced elastic modulus of 266 GPa. However, additional
TEM investigations are necessary to confirm the presence of
nanoparticles in the coatings and further work on the reduc-
tion of the compressive stresses and improvement of coating
adhesion.
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F. Lofaj*, M. Ferdinandy®, and A. Juhasz® (“ Institute
of Materials Research of SAS, Kosice, Slovakia; b Eétvis
Lorand Tudomdany Egyetem, Budapest, Hungary): Nanohard-
ness of WC/C Coating as a Function of Preparation Con-
ditions

A set of thin WC/C coatings had been prepared by the
PECVD technique from W and C precursors under different
conditions on high speed steel and Si wafer substrates. The
nanohardness and indentation modulus and microstructure of
these films prepared were investigated in order to establish
the correlations between the preparation conditions and me-
chanical properties. The main problem identified after deposi-
tion were high compressive stresses causing film delamina-
tion. The modification of the total pressure with slightly in-
creased bias and beam current density resulted in the reduc-
tion of delamination. Very large variations in the indentation
hardness and indentation modulus were also attributed to the
presence of high local compressive stresses. The average
hardness of the coating prepared under optimized condition
was around 20 GPa and indentation modulus around 265 GPa.
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DETERMINATION OF PARAMETERS OF VISCOELASTIC MATERIALS
BY INSTRUMENTED INDENTATION
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University of Pardubice, Jan Perner Transport Faculty,
Studentska 95 532 10 Pardubice, Czech Republic

jaroslav.mencik@upce.cz The contact area is calculated from contact depth A,

which is obtained from the total indenter displacement #,
indenter load P and contact stiffness S = dP/dh at the begin-

ning of unloading (Fig. 1), usually by the formula proposed
Keywords: viscoelastic material, instrumented indentation, by Oliver and Pharr':

rheological models

ho=h-cf 2
‘ s

1. Introduction where ¢ is a constant (¢ =~ 0.75). The stiffness S is determined

Instrumented indentation, called also nanoindentation if from the regression function, mostly of power-law type,

very low loads are used, provides information about mechani- P=c(h—he)" 3)
cal properties from indenter load and depth measured during fitted to the upper part of unloading curve; ¢, m and h, are
loading and unloading (Fig. 1). Today, these methods are well regression constants (/s corresponds to the residual depth of
established for elastic-plastic materials like metals or ceram- imprint after unloading). For Berkovich indenter (a three-
ics. They can also be used for characterisation of polymeric sided pyramid often used in nanoindentation), the contact area
and other materials whose response to load depends also on is approximately A = 24.5 h.*; more accurate results A(h,) are
time. However, specific features of their behaviour must be obtained by indenter tip calibration.
taken into account in the test preparation and data processing. Equation (2) has proved good for elastic materials, where
The pertinent methods are still under development. This paper the ratio of the depth of permanent imprint after unloading,
gives a brief review of basic formulae for instrumented inden- hees, and the total depth under load, 4, is less than 0.7. For
tation into elastic-plastic materials, then it explains the load more ductile materials, with A.s/k > 0.7, however, Equation
response of viscoelastic materials and presents the pertinent (2) gives lower values /4. than actual. For these cases, Bec et
formulae, with emphasis on indentation testing. Also, a practi- al.? have recommended the relationship
cal test procedure is described.

he =12 (h - Pj @

C 5
S
P
a discussion to both approaches can be found in paper’.
In addition to hardness, also the elastic modulus can be
calculated from the contact stiffness and contact area:
g - JES )
r ZB \/Z
0 E. is the reduced modulus, related with the elastic modulus £

and Poisson ratio v of the specimen (no subscript) a indenter
(subscript 1) as

Fig. 1. Load-depth curves of an indentation test — a schematic. P — ) 6
indenter load, h — displacement (penetration), h, — contact depth 1 I-v 1- \A (©)

B is a correction for the indenter tip shape (for Berkovich

2. Basic formulae for indentation testing indenter, p ~ 1.05)

of elastic-plastic materials
In instrumented indentation, hardness H is defined as the

mean contact pressure, and calculated by dividing the indenter
load P by the projected contact area A4:

s115
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3. Theoretical background for testing
of viscoelastic materials P

The response of some materials, such as polymers, is
more complex, as it depends not only on the load magnitude,
but also on its duration and time course. The indenter contin-
ues penetrating into the specimen even under constant load
(part D of the curve in Fig. 2). Such materials are called vis-
coelastic or viscoelastic-plastic. In this case, hardness (/) is
no more a constant, but decreases with the time under load,
H=H().

5000 140
5000 {  PMMA : - 120
CSMmode, 75 Hz | 100
£ 4000 4 3 =
= 'y 80 E
3000 g :

%L —— Displacement ] L k0 g
[} 4 e )
2000 L g
1000 4 L 20
0 : ps : : 0

0 100 200 time (s) 300

Fig. 2. Time course of a nanoindentation test into PMMA [4]; L —
loading, D — dwell under constant load, U — unloading

Moreover, due to delayed deforming, also the unloading
part of the P—h curve is sometimes distorted (Fig. 3); it is
more convex than in elastic materials, sometimes with a bulge
or even a “nose” at the beginning of unloading. The determi-
nation of contact stiffness by a conventional manner from the
slope of the unloading curve thus could lead to an error in the
determination of contact stiffness S, and thus to an error in the
contact depth and area, as well as in the elastic modulus and
hardness. If the time-dependent effects are not negligible,
a special approach is needed. This paper will deal with proce-
dures for viscoelastic materials and monotonic loading and
unloading. The determination of viscoelastic properties under
harmonic loading can be found in Men¢ik et al.. The charac-
terisation of viscoelastic-plastic properties, typical by the
occurrence of time-independent permanent deformations, will
be the topic of another paper.

The delayed deforming in indentation tests can be ac-
counted for in various ways. In order to avoid the distorsion
of unloading curve (Fig.3), it is recommended to insert
a dwell (with constant load) between the loading and unload-
ing period. According to Chudoba and Richter’, the influence
of delayed deforming on the unloading curve may be ne-
glected if the creep velocity has decreased so that the penetra-
tion depth at the end of dwell grows not faster than 1% per
minute. Some disadvantage of this approach is that the in-
denter depth at the beginning of unloading (after the dwell) is
larger than at the end of loading, and this results in larger
contact area and lower apparent hardness.

Therefore, some authors recommend to use relatively
fast loading followed immediately by fast unloading, and to
calculate the contact depth and elastic modulus using the ef-

sl16

Fig. 3. Load-depth diagram for elastic and viscoelastic (v.- el.)
material; note the differences between unloading curves

fective contact stiffness S, defined by the following expres-
sion proposed by Ngan and Tang®:
hy

i

u

)

+

r_ b
s S,

Sapp 1s the apparent stiffness, obtained by the common
Oliver and Pharr procedure' from the unloading curve, /4 is

the indenter velocity at the end of dwell, and P, is the load
decrease rate at the beginning of unloading (Fig. 3); the units
are N/m, m/s and N/s, respectively.

However, the results can also be influenced by viscoelas-
tic deforming during the load increase phase. Moreover, it is
generally insufficient to characterise materials that flow per-
manently under load, only by means of a single value of hard-
ness or elastic modulus. The time-dependent properties must
be described in a more appropriate way. Usually, rheological
models consisting of springs and dashpots are used, such as
the Kelvin or Maxwell model and their combinations (Fig. 4).
The parameters in these models, suitable as material charac-
teristics, can be obtained by fitting the time course of penetra-
tion depth by a suitable creep function, depending on the ma-
terial, indenter shape and loading history.

The commonly used formulae are based on the approach
proposed by Lee and Radok’, which uses the elastic solution,
but replaces the elastic constants by a viscoelastic hereditary
integral operator; cf. Johnson® or Oyen’.

Cl’ El

\VAVam

CO) EO

71, T

Fig. 4. Standard Linear Solid
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The relationship between indenter load and depth of
penetration into an elastic or viscoelastic material under
monotonic loading can be expressed generally as

STh@®] = Ky (P, J, 1) ¥
where f is some function of the indenter shape and penetra-
tion, K is a constant characterising the indenter geometry, and
y(P, J, t) is a function depending on the load magnitude and
history, on material parameters, and on time. For spherical
indenter (subscript s),

fo=h" 5 Ks=3/(8Vr) 9)
r is the indenter tip radius. For pointed indenters (conical,
Berkovich or Vickers, subscript c),

fe=h?; Kc = n/(4tana) (10)
o is the semiangle of indenter tip or of equivalent cone (for

Berkovich and Vickers indenter, o 70.4°). The function y
for penetration of a rigid indenter into ideally elastic materials

(11)

G is the shear modulus and v is Poisson ratio. The general
formula for linearly-viscoelastic materials (and a rigid in-
denter) is

‘ (12)
w(t) = [ J(t—u)[dP |du]du

where J(¢) is the so-called creep compliance function, depend-
ing on the material model used, ¢ is time, and « is a dummy
variable for integration. For constant load after step change
from 0 to P, the function v is simply the product of load and
creep compliance function J(¢),

v () =PI (13)
However, step load is impossible to realise; there is always
some period of load increase. For ramp loading with constant
load rate, R = dP/dt = const, it holds

‘ 14
y(t)=R j J(t—u)du 9

The penetration under constant load P following the ramp
load lasting #z can be described by the function

()= RfJ (t—u)du 15
0

where # is the duration of load increase. Formula (/5), valid
for ¢ > tr, was obtained as the sum of two loads growing with
the constant rate R: the first load starts at 1=0, while the
other, acting in the opposite direction, starts at time #z. Thus,
for ¢ > tg, the load is constant, P = Rtg.

The application of the above formulae can be illustrated
on a relatively universal model, consisting of a spring con-
nected in series with a Kelvin-Voigt unit, which is a spring in
parallel with a dashpot. For this model, called Standard Linear
Solid (Fig. 4), the creep compliance function is

J@) = Cy + C [l —exp(—t/t))] (16)
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where Cy and C; are compliance constants, and 7, is so-called
retardation time. This is a time constant of the system, related
to the compliance C; of the spring and viscosity m; of the
dashpot in the Kelvin-Voigt body as t; =n;C;. A more com-
plex response can be approximated using more Kelvin-Voigt
units in series,

Jt) = Co + TG [1—exp(~1/7)] (17)
(G=1,2,... n). The instantaneous compliances C; (and Cy) are
related to the shear moduli G; and Poisson ratios v; by

G= (1 -v)/G; (18)

The springs can also be characterised by means of tensile
moduli E, related to the shear moduli as

Ej = 2(1+v) G; (19)
However, only G, and E;, correspond to the actual
(instantaneous) elastic modulus of the material. The other
constants C;, C,... just characterise delayed deforming. The
“moduli” Gy, G;... or E;, E;... do not represent additional
stiffnesses, but reciprocals of additional, time- dependent
compliances.

Indentation creep under constant load P following ramp
loading (with constant load rate) lasting g = P/R, can be de-
scribed by the function derived by Oyen’:

y (@) = P{CotCi[l-piexp(-t/u)l}
or, for a generalised standard linear solid (15),
y () = P{Co+XC[l-pjexp(-1t/1)]}
21)
In expressions (20) and (21), p; is so-called ramp correction
factor, calculated as’

A = (5/tr) [exp(tr /5) - 1] (22)

Note that the formulae (20) and (21), valid for ¢ > tg,
differ from those for step loading, based on Egs. (/6) and
(17), only by the factors p; at the exponential terms. For fast
loading, with the load increase very short compared to the
retardation time, #r « Tj, the ramp correction factor is close to
1; it attains 1.025 for g /t;=0.05 and 1.05 for #z/t;= 0.1, and
grows rapidly for higher ratios g /7;.

REMARK. Creep compliance function (/7) can also be
written in another form®:

(20)

J(t) = Co' — Z Cjexp(—t /1)) (23)
where
Cy = Co+2 G (24)

C," expresses the asymptotic compliance, corresponding to
very long loading (¢ — ), in contrast to Cy, which character-
ises the instantaneous compliance, i.e. the immediate reaction
to sudden loading. [The form (23) is usual in computer pro-
grams for the finite element analysis of viscoelastic response.]
Similarly, Eq. (27) can be written as follows

v (@) = PG — 2Cipjexp(-1/1))] (25)

In the limit case with j = 1, formulae (23) and (25) reduce to
equations (/6) and (20) for Standard Linear Solid.
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4. Practical part

A suitable procedure for the determination of material
parameters is as follows. The indenter is loaded quickly (with
the constant load rate R) to the nominal load P, then kept
under this load for a relatively long time, and unloaded
quickly. From the unloading curve, the contact stiffness can
be determined, either directly as S= dP/dr if the indenter ve-
locity at the end of dwell was negligible, or using correction
(7). The contact area A, necessary for the determination of
instantaneous elastic modulus £, from the unloading curve via
Eqgs. (5) and (6), is calculated from the contact depth /4, deter-
mined by Eq. (2) from the depth / at the beginning of unload-
ing.

The dwell under constant load is used for the determina-
tion of constants in rheological (spring and dashpot) models.
Depending on the model, the function y (f), defined by
Eq. (20) or (21), is inserted into (8), together with the function
fand constant K, chosen from Eq. (9) or (/0) with respect to
the indenter shape. This function f[A(#)] is then used to fit the
measured A(¢) data.

The constants Cy, Cj, t1, p1, etc. can be obtained by
minimising the sum of squared differences between the meas-
ured and calculated 4(f) values. A suitable tool for this pur-
pose is Solver, available in some universal computer pro-
grams, such as Excel. However, the actual procedure must be
modified for the following reason. The constants Cj appear in
Egs. (20), (21) and (25) only together with the constant p; (as
product Cjp;), or together with the constant Cy (as Cy’, cf.
Eq. (24)). Thus, the regression fitting of experimental data can
yield the correct values of Cjpj and Cj’, while the individual
values of constants Cj can be wrong. The constants Cj, how-
ever, are the genuine material parameters, independent of the
loading history, and must be determined accurately. Their
correct values can be obtained using a simple three-step data
processing, based on the verified fact that the retardation
times t; can be determined correctly for any mathematical
form of the model (25).

In the first step of the procedure, the A(¢) data obtained
by indentation during the constant-load part of the test are
fitted by the function (25), with all constants Cy’, Cy, Ty, p1,
etc. considered as “free”. In this way, the retardation times T;
are obtained. Then, the ramp correction factors p; are calcu-
lated from Eq. (22) for these times 7; and the duration #z of the
load increase. These values p; are then inserted as fixed con-
stants into Eq. (25) or (21), and the curve fitting, now search-
ing for the remaining constants Cy, Cj, T;, etc. is done again.
Computer modelling has shown that this procedure yields
correct results.

REMARK. Due to viscoelastic deformations, the in-
denter depth at the end of dwell is larger than at the end of
load increase, so that also the contact area is larger. This can
influence the calculated value of the constant C,. For this
reason (and for a check), it is recommended to determine this
constant (and elastic modulus Ej) using also a separate test
with fast loading followed immediately by unloading.

From the compliances C,, Cj, etc., it is also possible to
calculate the values of Gy, Gy, etc. for the (chosen) value of
Poisson ratio v. In an ideal case, the instantaneous shear
modulus G is related to the (instantaneous) tensile modulus
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E, from the unloading curve as Gy = Ey/[2(1+V)]. If the calcu-
lated parameters do not fulfil this condition, it is an indication
that a correction is necessary, e.g. for the delayed deforming
during the load increase period.

When looking for a suitable model, one should be aware
that very complex models, with more than about 67 regres-
sion constants, can sometimes cause problems in the search
for their accurate values, and a compromise between the
model complexity, accuracy and “robustness” may be neces-
sary. A similarly good fit is sometimes obtained for various
arrangements of springs and dashpots. The model complexity
should also respect the amount of experimental data available,
especially regarding the test duration. If the measurement
lasts only several tens of seconds, it is impossible to obtain
accurate information about the behaviour under a load lasting
several hours or more.

Finally, it should by reminded that Eqgs. (16), (17), (20)
and (27) are only valid for reversible viscoelastic deforma-
tions, which occur under a spherical indenter (sometimes even
under pointed indenter'®) if sufficiently low load is used. For
higher loads, also plastic deformations appear. The characteri-
sation of viscoelastic-plastic materials with permanent defor-
mations exceeds the scope of this paper and will be the topic
of another work'".

5. Summary

Mechanical properties of viscoelastic materials with
time-dependent response can be determined by instrumented
indentation, which continuously measures indenter load and
displacement. The paper has explained the principle of the
method as used for elastic-plastic materials, gave the basic
formulae for expressing the load response of visco-elastic
materials by means of spring-and-dashpot models, and de-
scribed a procedure for the indentation testing and the deter-
mination of material parameters.

This work was supgorted by the grant Agency of Czech Re-
public, project GACR No. 103/05/2066.

REFERENCES

1. Oliver W. C., Pharr G. M.: J. Mater. Res. 7, 1564 (1992).
2. Bec S., Tonck A., Georges J.-M., Georges E., Loubet J.
L.: Philos. Mag., A 74, 1061 (1996).

Fujisawa N., Swain M. V.: J. Mater. Res. 21, 708 (2006).
Mencik J., Rauchs G., Bardon J., Riche A.: J. Mater. Res.
20, 2660 (2005).

Chudoba T., Richter F.: Surf. Coat. Technol. /48, 191
(2001).

Ngan A. H. W., Tang B.: J. Mater. Res. 17, 2604 (2002).
Lee E. H., Radok J. R. M.: J. Appl. Mechanics 27, 438
(1960).

Johnson K. L.: Contact Mechanics. Cambridge Univer-
sity Press, Cambridge 1985.

Oyen M. L.: Philosophical Magazine 86, 5625 (2006).
Lu H., Wang B., Ma J., Huang G., Viswanathan H.: Me-
chanics of Time Dependent Materials 7, 189 (2003).
Mencik J., He L. H., Swain M. V.: J. Mech. Behav. Bio-
med. 2, 318 (2008).

9.
10.

11.



Chem. Listy 105, s115-s119 (2011) LMV 2007 Regular Lectures

J. Men¢ik (University of Pardubice, Jan Perner Trans-
port Faculty, Pardubice, Czech Republic): Determination of
Parameters of Viscoelastic Materials by Instrumented
Indentation

Deformation of viscoelastic materials depends on the
load magnitude and history. Hardness is not constant, but
decreases with the time under load. Universal description of
the response is possible by means of rheological models con-
sisting of springs and dashpots. The constants in these models
can be obtained from the time course of penetration of an
indenter loaded by constant force. In real tests it is also neces-
sary to respect the period of the load increase to the nominal
value, and to make a correction of the contact stiffness and
area, determined from the unloading curve. The paper ex-
plains the principles of instrumented indentation, brings the
formulae for indenter penetration into viscoelastic material
under increasing and constant load, and describes a practical
procedure for measurement and data processing.
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1. Introduction

Cement is the widespread building material whose im-
pact to the environment is enormous. Therefore, investigation
of its behavior and proper numerical modelling on all scales is
desirable. The overall behavior of any material is directly
dependent on the microstructure and its individual phase
properties. Modern constitutive models for composite materi-
als try to respect this fact and link the overall material re-
sponse with its micro-level. The development of various ex-
perimental techniques in the past decades made possible to
access mechanical properties of various materials at submi-
cron length scales. Nanoindentation plays an important role
among them. This technique is based on the direct measure-
ment of the load-displacement relationship. The depth of
penetration starts from the level of nanometers. Although,
nanoindentation was originally developed and used mainly for
studying homogeneous materials like metals, coatings, films,
glass, and crystal materials, the evolution of this method al-
lows us to use it also for materials like concrete and other
cementitious composites. The major studies can be found"**.
However, the interpretation of measured data is more compli-
cated due to the large heterogeneity of cementitious compos-
ites. We will focus on cement paste (which is the base mate-
rial of all cementitious composites) in the following.

2. Testing strategies

In contrast to usual indentation on metals, for example,
cement paste is much more complex and also time-dependent
material. From the microstructural point of view, cement
paste is a heterogeneous material with several material
phases. The most important are the hydrated phases (C-S-H
gels that exist in two morphologies- high and low density?,
Portlandite, Ettringite and other minor phases), anhydrous
phases (rest of clinker minerals) and porosity. Cementitious
materials exhibit also significant creep that can affect evalua-
tion of their elastic properties using standard procedures. This
difficulty can be overcome by using long dwelling periods at
the peak load. The material properties in this study are as-
sessed for hydrated phases which occupy majority of the
specimen volume.
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There are basically three testing strategies to assess mi-
cromechanical properties of individual phases in a heteroge-
neous material:

A. Producing of large number (grid) of indents that are larger
than the characteristic phase dimension with subsequent
statistical evaluation of overall material properties of all
affected phases that were indented (phase compound).
Statistical indentation in which indents are produced over
a large area but the dimension of a single indent is smaller
than the characteristic dimension of individual phase.
Subsequent deconvolution techniques can be employed
for assessment of the individual phase properties®*.
Pointed indentation to a specific material phase with in-
dent dimension smaller then the characteristic dimension
of the tested phase. In this case, intrinsic properties of the
phase (including intrinsic phase porosity) are obtained.

In this study, all three aforementioned approaches have been
used and elastic properties evaluated by Oliver and Pharr
method® compared.

3. Test samples

Alite (tricalcium silicate) paste samples were prepared.
Water to cement ratio was 0.4. Samples were cured in water
in 20 °C for 5 month. High degree of hydration can be sup-
posed for such matured sample. Than the sample was
dried and polished to achieve flat surface with the rough-
ness 10-20 nm (RMS measured by AFM over 30x30 pum
area).

4. Results

For the first approach (A), a large grid of 100 indents
was produced over the hydrated phases of cement paste. In-
dents lying in anhydrous phases were identified in ESEM and
excluded from the study. The final depth of indents was
around 700 nm (Fig. 1a) which yielded in the surface dimen-
sion around 4 pm. Such indents’ dimension affects usually
more than one material phase and thus causes a physical ho-
mogenization (averaging) of properties. Overall modulus of
elasticity for all the affected phases (mainly C-S-H gels and
Portlandite) was measured to be 23.3 + 3.1 GPa.

For the second approach (B), 400 small indents (around
200 nm in depth, Fig. la) were produced with mutual dis-
tances 5 um in between. The total area covered by indentation
was 100x100 pum. The dimensions of indents was chosen to
be below the characteristic phase dimension and therefore
measurement provided information on (7) heterogeneity of the
material properties and (i) characteristic (intrinsic) material
properties over the studied area. Results of indentation moduli
are presented in the form of histogram in Fig. 1b. Several
peaks defining mean values of indentation modulus for dis-
tinct phases can be found in this histogram from which it
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could be possible to deconvolute it**. Comparison of the mor-
phology taken in ESEM and the map of moduli is shown in
Fig. 2. Very good correlation of the data was achieved. Areas
of hard clinkers and their surroundings created by HD C-S-H
can be easily recognized.

For the third approach (C), small indents similar to those
used in (B) were pointed into one specific cement phase that
is usually referred as high-density C-S-H gel’. This phase
appears specifically around anhydrate clinker grains and it can
be recognized in optics or in ESEM like a 5-10 pm rim
around (Fig. 3). This pointed indentation resulted in much
narrower histogram (Fig. 1b) of indentation moduli. Such
a fact proves the existence of a homogeneous-like material
phase within the tested length scale. The indentation modulus
of this phase was 38.6 = 2.6 GPa.

5. Summary

It was proved that nanoindentation can be used for as-
sessment of intrinsic phases’ properties of cement paste. The
direct way of pointed indentation is possible only in some
cases provided the phase can be easily distinguished in the
microstructure. This was achieved for high-density C-S-H gel
for which the elastic indentation modulus was assessed. If the

14
——Large indent to hydrated compound (a1)

——Small indent pointed to HD C-S-H (a2)

12

Load [mN]
N E [o)] fo-] E;

400 600 800
Depth [nm]

200 1000

0.7

—e—All phases (b1)
—HD C-5-H (b2) ]

0.6¢

G 05}

L]
=

B 03

0.4

Eo02}
[*]
=

01}

40 60
Indentation Modulus

Fig. 1. (a) Load-depth curve for large indent (al: P,,,=10 mN)
covering all hydrated phases of the cement paste and small indent
(a2: Ppmay=2 mN) with the size below the characteristic phase size.
(b) Histogram of indentation moduli in GPa. (b1) Measurement
over 100x100 pm area, (b2) pointed indentation to HD C-S-H
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Fig. 2. Map of the indentation modulus placed over the ESEM
image of the same area of cement paste

direct measurement is not possible, statistical grid indentation
can be used and individual phase properties can be deconvo-
luted from histogram plotted for all phases. Peaks in the histo-
gram can be attributed to mean properties of individual mate-
rial phases. For comparison, overall properties of the phase
compound can be measured using grids with large indents.

Det WD Exp
30.0 kv 50 5054« SE 9.3 1

AccV  Spot Magn F——— 5mm

8 Pa ALIT_04_#16_02

Fig. 3. ESEM image of pointed indentation around clinker grain
to HD C-S-H (indents are circled)

Support of the Czech Grant Agency (No. 103/06/1856) and
Ministry of Education of the Czech Republic
(MSM 6840770003) are gratefully acknowledged.

REFERENCES

1. Constantinides G., Ulm F. J., Van Vliet K.: Mater. Struc-
tures 36, 191 (2003).
Constantinides G., Ulm F. J.: Cem. Concr. Res. 34, 67
(2004).
Constantinides G., Ulm F. J.: J. Mech. Phys. Solids 55,
64 (2007).
Constantinides G., Chandran K. S. R., Ulm F. J., Van
Vliet K. J.: Mater. Sci. Eng., A 430, 189 (2006).
5. Oliver W. C., Pharr G. M.: J. Mater. Res. 7, 1564 (1992).
Velez K., et al.: Cem. Concr. Res. 37, 555 (2001).

2.



Chem. Listy 105, s120-s122 (2011) LMV 2007 Regular Lectures

J. Némecek (Faculty of Civil Engineering, Czech Tech-
nical University in Prague, Czech Republic): Local Micro-
mechanical Properties of Cement Pastes

This paper focuses on experimental investigations of
cement paste and its local elastic properties. The paper shows
the complexity of cement microstructure and concerns on
different approaches used for investigation of such heteroge-
neous material in submicron length scale. Three approaches
are tested and results from nanoindentation and also ESEM
are compared. Intrinsic material properties are assessed for
high density C-S-H phase. Grid indentation with small indents
is used for evaluation of properties for this and other phases.
Overall elastic properties are measured for the whole hydrated
compound using grid indentation with large indents.
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1. Introduction

Hardened cement paste is a heterogeneous material.
Several phases can be distinguished at its microlevel. Namely,
we can find products of hydration (C-S-H gels, Portlandite
and others), unhydrated clinkers and pores. All of them occur
at micron and submicron length scale.

Generally, we can distinguish between two types of de-
formations — reversible (e.g. elastic deformation or tempera-
ture change) and irreversible (cracking, chemical shrinkage,
other inelastic deformations). All these deformations can be
observed and also measured at macrolevel but for all phases’
compound. Slightly different situation is at microscale where
some deformations, for example cracking, can be easily de-
tected (e.g. by ESEM). Also different material phases can
behave very differently. For instance, viscous deformation
can be attributed almost purely to hydrated phases (mainly
C-S-H gels) while clinkers are mostly elastoplastic. Avoiding
some discontinuities (cracking) we can split microlevel defor-
mations to elastic part that is fully reversible, plastic part that
is irreversible and causes permanent deformation in time and
viscous deformation that is time dependent. The question is
how to separate them from microscopic measurements.

Overall microlevel deformations can be successfully
measured by nanoindenter at its tip up to full load removal
whereas deformations after unloading can be scanned with
atomic force microscope (AFM) or other type of scanning
probe microscope (SPM). Nanoindentation is the only experi-
mental technique that enables direct measurement of me-
chanical response of individual material phases at submicron
scale even for such heterogeneous system like cement paste'.
In this process a very small tip is brought to the sample sur-
face producing an imprint. Load versus depth of penetration
diagram (Fig. 1) is measured through the whole loading, hold-
ing and unloading process. Loading and holding parts of the
diagram contain elastic, plastic and viscous deformations
whereas the unloading part is usually supposed to be elastic
and elastic constants are extracted from this part using semi-
analytical elastic solutions®.

On the other hand, SPM provides exact three-
dimensional morphological information of the material sur-
face, (i.e. after indentation, possible fracture surfaces, cracks,
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etc.) and can be used to construct delayed recovery of the
deformation.

Separation of individual types of the deformation is
a difficult task even at microlevel due to complicated stress
states under indenter probe during loading. However one can
utilize simplified stress state after full unloading. At this
stage, the delayed deformation recovery (caused mainly by
viscoelastic effects) takes place.

2. Test samples and measurements

Cement paste sample was prepared for this study from
ordinary Portland cement CEM I—-42.5 with water/cement
ratio 0.4. The sample was cured in water for 34 days. Before
nanoindentation the sample surface was polished to achieve
a flat surface with maximum roughness 10-20 nm. For the
sake of comparison, additional measurements were performed
on fused silica copper and polyethylene samples.

3. Methods

Nanoindentation was used for performing a single im-
print and the final penetration depth (at load release) was
taken as a base (time 0) for subsequent considerations. SPM
called ‘in-situ imaging’ was used for surface scanning after
the load removal (Fig. 2). ‘In-situ imaging ‘is a patented tech-
nology of Hysitron® that uses the same tip (Berkowich in our
case) for indentation as well as for surface scanning. Indents
were scanned several tens of minutes after the load removal.
The evolution of maximum depth was monitored and evalu-
ated in time. Results were normalized with respect to the base
depth (at time 0) for comparison purposes. Also final penetra-
tion depth was kept similar for all materials (close to 100 nm)
for comparisons except for polyethylene (around 500 nm)
where a smaller penetration depth was difficult to achieve.

4. Results

Measurements proved the existence of the delayed re-
covery of the deformation on all samples. As expected, the
smallest recovery (almost negligible) was observed on fused
silica (Fig. 3). Cement sample evolved strongly in time and
the deformation had descending (approximately logarithmic)
trend. Similar behavior was found on copper, although the
descent was less rapid and deformations stabilized relatively
soon (Fig. 3). This could be attributed to the smaller viscous
deformation of copper compared to cement paste. It can be
supposed that the deformation approaches to the final plastic
deformation that is irreversible and that was accumulated in
the sample during the whole loading process. Polyethylene
was found to have the largest delayed deformation recovery.
It might be caused (i) by the viscous nature of the polyethyl-
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Fig. 1. Load vs. depth diagram from nanoindentation on cement
paste, fused silica, copper and polyethylene

ene itself and (if) by the higher force (and corresponding
stress) used for its loading.

5. Summary

The delayed recovery of the deformation after load re-
moval was studied on four materials. It appears that fused
silica shows a very little change in deformation and can be
considered as almost non-viscous material. In contrast, ce-
ment and copper exhibit viscous behavior. For copper, the

a

Image Scan Size: 3.000 um

Image Scan Size: 3.000 um

Fig. 2. SPM image of the imprint in time=146s (a) and in
time = 4772 s after load removal (b) measured on cement sample
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Fig. 3. Comparison of the delayed deformation recovery for fused
silica, copper, cement paste and polyethylene after load removal

recovery was smaller and is in the order of minutes to an hour
for the given load level. However, for cement sample the
evolution of the deformation does not approach to the final
value at this time period. This finding points out the higher
viscosity of this material. Polyethylene sample was also stud-
ied and its behaviour was found to have similar trend like for
cement paste but the deformations were more pronounced.

This study is a first step to the further research on cement
samples that will lead towards separation of the viscous and
plastic deformations and extraction of relevant parameters of
constitutive models.

Support of the Czech Grant Agency (No. 103/06/1856) and
Ministry of Education of the Czech Republic (MSM
6840770003) are gratefully acknowledged.
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In this study, the delayed recovery of the deformation
after unloading of indented cement paste was investigated.
Comparison with different types of materials (fused silica,
copper and polyethylene) was also performed. The aim of the
work was to determine how the material deforms after the
load release as a stepping stone for separation of viscous and
plastic parts of the deformation. Such knowledge is very im-
portant for further modeling of nanoindentation and for ac-
cessing of inelastic material properties at cement microlevel.



Chem. Listy 705, s125-s128 (2011)

LMV 2007

Regular Lectures

WOOD SURFACE MODIFICATION BY DIELECTRIC BARRIER DISCHARGES

AT ATMOSPHERIC PRESSURE

JOZEF RAHEL**, PAVEL STAHEL",
and MARIA ODRASKOVA®*

“ Univerzita Komenského, Mlynskad dolina F2, 842 48 Brati-
slava, Slovak Republic, ”Masarykova Univerzita, Kotlarska 2,
611 37 Brno, Czech Republic

rahel@gimmel.ip.fmph.uniba.sk

Keywords: dielectric barrier discharges, wood, activation,
deposition, surface energy

1. Introduction

Like other biological materials, wood is susceptible to
environmental degradation'. Interaction of wood with water
can lead to dimensional instability and accelerated bio as well
as weathering degradation. Because of this, the surface of
wood has to be protected to prolong its durability. Majority of
paint and wood adhesives are water—based. Water wetting is
an important parameter for bond formation. In general wood
exhibited a good wettability by water, nevertheless some
woods of high lignin content (like oak) are hard to wet.
A chemical treatment of the wood surface that promotes bet-
ter wettability or provides new bonding sites, should improve
adhesive bond performance. The same effect can be achieved
using the plasma treatment. Majority of tests have been per-
formed at low pressure, however these processes are very cost
consuming?®. This constraint can be overcome by the treatment
of plasma generated at atmospheric pressure’, which effect on
improving the wetting and adhesion properties of various
polymer materials have been extensively studied for last
10 years. The surface activation was carried out using copla-
nar barrier discharge’ in the ambient air to obtain wettable
surface suitable for easy painting. Our results in activating the
hydrophobic oak surface will be presented in this paper.

By choosing a suitable composition of discharge gas, the
hydrophobic surface properties of wood can be obtained too”.
In presented study, plasma assisted deposition of hydrophobic
coatings was performed directly on the surface of poplar ve-
neer by surface barrier discharges at atmospheric pressure
from the mixture of nitrogen containing HMDSO vapors. We
will present these results as well.

2. Experimental

For hydrophobization study the samples of poplar veneer
with dimension 700 x 130 x 0.5 mm were used. The sample
surface was sanded by sandpaper of 150-grit.

Plasma activation study (creating a hydrophilic surface)
was performed on oak heartwood samples with the dimen-
sions of 50 x 15 x 5 mm. The oak was chosen because of its
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known low surface energy (36.1 mJm™) resulting in poor
water wettability.

The deposition of thin hydrophobic layer was carried out
by surface barrier discharge (SBD) at atmospheric pressure®.
The surface discharge was created on the surface of the mica
dielectric plate, fully covered with metal electrode on one
side. The opposite side of the mica plate was in contact with
metal electrode consisting of 11 connected rotating rods of
9 mm. The rods were 10 cm long. The whole arrangement
was placed in deposition chamber. The SBD electrodes were
energized by 5kHz sinusoidal high voltage generator
LIFETECH VF 700. The poplar veneer strip was drawn with
controlled speed through the chamber between the metal elec-
trodes and the dielectric mica plate. The discharge appeared
along the substrate surface in the decreasing initial electric
field from the side of the rod metal electrodes. The surface
power density was kept at 1.1 W em™ in all cases. Configura-
tion of the reactor is shown in Fig. 1.

The layers were deposited from mixture of nitrogen with
different amount of hexamethyldisiloxane (HMDSO) vapors.
The flow rate of nitrogen was kept at 6 I min™' in this study
and the HMDSO flow rate varied between 0.06 and 0.4 g min™'
in order to optimize the coating properties. Plasma activation
of wooden samples was done by the coplanar surface barrier

Wood veneer Rotating electrodes  Plasma

aene

Metal electrode

Dielectric barrier

Fig. 1. Scheme of deposition reactor based on Surface Barrier
Discharge

Plasma CSBD electrode
1

Wood sample

HY
Generator

230
o

Fig. 2. Scheme of the reactor based on Coplanar Surface Barrier
Discharge
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discharge’. The coplanar surface barrier discharge electrodes
consisting of 15 pairs of silver strip electrode embedded
0.5 mm below the surface of 96 % Al,O; ceramics were ener-
gized by 14 kHz sinusoidal voltage, supplied by HV generator
LIFETECH VF 700. The mutual distance of the 200 mm long
and 2 mm wide silver strip electrodes was 1 mm. The elec-
trode system was mounted inside the closed reactor chamber
equipped with a moving sample holder (Fig. 2).

The surface of oak samples was sanded by sandpaper of
150-grit before the surface energy measurement and by 100-
grit before the water uptake time measurement. Wood sam-
ples were mounted to the moving sample holder and con-
veyed to the intimate contact with the plasma generated above
the ceramics surface. Plasma activation was done in ambient
air with an average plasma power density 2.2 W cm™ and
exposure time of 5 s. The wood moisture content was within
the range of 7-8 % in all cases.

The surface properties of plasma treated and untreated
wooden samples were investigated by means of the sessile
drop technique wusing the Surface Energy Evalua-
tion System (SEE System, http://www.seesystems.wz.cz). The
contact angles were measured directly from the images of the
solid/liquid meniscus of a liquid drop set on a solid surface
taken with CCD camera. The value of wood total surface free
energy v, and its disperse v." and polar y components was
calculated by means of Owens-Wendt method® expressed as:

(1+cos®)y, =24/y1vs +/V0VE

were O is the contact angle of the test liquid with the sample,
vy is total surface energy of the test liquid, v * is dispersion
component and y;” is polar component of the testing liquid. y
&" and vs® are dispersive and polar components of the surface
energy of the tested sample. In the case of characterization of
hydrophobic coatings deposited in SBD the contact angle was
measured with following testing liquids: water, glycerol, eth-
ylene glycol, formamide, diiodomethane, a-bromonaphtalene.
In the case of characterization of plasma activated samples the
contact angle was measured with water, diiodomethane and
a-bromonaphtalene. Water is a representative of polar liquid,
diiodomethane and a-bromonaphtalene are non-polar testing
liquids. Two combinations of water + dilodomethane and
water +o-bromonaphtalene were used as a test liquid pairs for
evaluation of surface free energy of activated samples using
Owens-Wendt method.

The water uptake time was measured as the time from
the impact of the droplet to its complete penetration into the
wood surface (no optical reflection can be seen). For this test
one half of each wooden sample surface was activated by
plasma while the second half was left untreated. The water
droplet of 50 ul was put on the plasma activated part of sam-
ple and second one on untreated part of oak surface. Accord-
ing to the method described’ the uptake time was evaluated
for 15 oak samples.

3. Results

Highly hydrophobic thin layers were deposited on the
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Fig. 3. Water droplet on the surface untreated poplar veneer

poplar veneer surface in order to protect it against water pene-
tration. Organosilicon monomer (HMDSO) mixed with nitro-
gen was used as a working gas during the plasma deposition
to create protective hydrophobic layer. Water droplet on un-
treated poplar veneer surface is shown in Fig. 3. After the
plasma deposition the contact angle increased from 63° to
120° which proves the hydrophobic nature of deposited layer
(see Fig. 4). The concentration of monomer and also deposi-
tion time were varied to obtain optimal deposition conditions
and also surface properties. Fig. 5 shows the total surface free
energy as a function flow rate of HMDSO. Total surface free
energy exponentially decreases with increasing monomer
flow rate. The most hydrophobic layer were deposited when
the deposition time was 120 s. Fig. 6 shows the total surface
energy and its polar and dispersion part as a function flow rate
of HMDSO. In this case the deposition time was 42 s. The
dispersion component quickly decreases with the increasing
flow rates HMDSO, however polar part remains almost con-
stant. Similar behavior was obtained also for samples with
different deposition times.

The results of plasma activated oak surfaces are summa-
rized in Tab. 1. The value of total free surface energy in-
creased from 40 to 74 mJ m™2, mainly due to the rise of its
polar component. The results of water uptake time measure-
ment are shown in Tab. II.

The uptake time reduced from 675.8 to 61.5 s after the
plasma treatment, the mean relative reduction of uptake time
was 88 £ 7 %. Our result is in the same order of magnitude as
those declared’. Fig. 7 shows a plane view of the treated (left
sample) and untreated (right sample) oak samples 10 s after
the dropping of water droplet on sample surface. Water wets

g po—
‘.“3! el

Fig. 4. Water droplet on the poplar veneer after coating
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Fig. 6. Total surface free energy y'* and its dispersive yd and polar
y® parts a function of HMDSO flow rate. Flow rate of nitrogen
6 1 min~" was kept constant in all cases

Fig. 7. Plane view on plasma treated (left) and untreated (right)
oak samples 10 s after placing 50 pl water droplet on the surface

oak in radial section

Untreated Treated oak (1-Ta /Tp)100 %
oak Ty [s] Ta[s] [%]
1 317 56 82
2 1850 90 95
3 606 45 93
4 231 42 82
5 949 75 92
6 379 61 84
7 1072 90 92
8 1190 41 97
9 154 45 70
10 1421 61 96
11 1078 84 92
12 333 54 84
13 463 68 85
14 443 47 89
15 501 65 87
Mean 732.6 61.5 88+ 7
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preferentially in direction of the surface capillaries.

Comparing the energy consumption’, system based on
volume barrier discharge needs 0.1 kWh m™2, however system
based on DCSBD, needed only about 0.03 kWh m~2 of wood
surface. The system based on DCSBD offers a considerably
better efficiency. Moreover the plasma treatment in DCSBD
is completely independent on the thickness and electrical
conductivity of the treated wood material.

Highly hydrophobic plasma polymer coatings were de-
posited on the wood substrate in surface barrier discharge
from the mixture of HMDSO monomer with nitrogen. The
total surface free energy of sample decreased from 37 mJ m™
before coating wood to about 12—17 mJ m™ (after the plasma
deposition).

The plasma activation of wooden surfaces in diffuse
surface barrier discharge was tested. The total surface energy
increased from 40 to 74 mJ m™ after plasma treatment.
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The plasma activation of wood in DCSBD promotes
a better adhesion and efficiency then competitive systems.

This research has been supported by Ministry of Education,
Youths and Sports of the Czech Republic under project
MSM0021622411 and by Academy of Science of the Czech
Republic by KAN101630651.
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J.Réhel*,  P.Stahel’, and M. Odraskova®
(“ Univerzita Komenského, Bratislava, Slovak Republic;
b Masarykova Univerzita, Brno, Czech Republic): Wood Sur-
face Modification by Dielectric Barrier Discharges at At-
mospheric Pressure

The effect of plasma treatment at atmospheric pressure
on surface properties of wooden samples is investigated in
this work. Plasma activation of wooden surface was studied in
diffuse coplanar surface barrier discharge created in air to
obtain wettable surface. Plasma deposition of hydrophobic
coatings directly on the surface of wooden materials using
surface barrier discharge created in pure nitrogen with small
admixture of hexamethyldisiloxane was investigated too.
Surface properties of plasma treated wooden samples were
studied using the sessile droplet technique to identify surface
free energy of treated and untreated samples.
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1. Introduction

The plasma technologies became very promising tech-
nique for surface engineering of solids. The wide spread low-
pressure plasma applications'™ have to use expensive vacuum
systems. That approach requires batch processing and inhibits
the application of low-pressure plasma in larger industrial
scale for treatment of low-cost materials, where in-line treat-
ment of materials is necessary.

Several advantages of the surface modification of low-
cost materials provide atmospheric-pressure plasma process-
ing. The most significant advantages are: the expensive vac-
uum system is not necessary, processing times are reduced,
and the scalability of plasma applications towards large-
surface processing is simpler than in low-pressure plasma
applications.

Recently, mainly atmospheric-pressure corona discharge
or volume barrier discharge (VBD) devices are used for sur-
face treatment of polymeric materials. In the case of VBD the
requested plasma conditions are achieved only in small-
volume plasma channels — streamers — developing perpen-
dicularly to the surface of material. In that case the plasma is
in a very limited contact with the surface resulting in low
processing speeds, typically in the order of 1 m min™'. More-
over, the localized arcing may result in the formation of pin-
holes in the material being treated. The using of atmospheric-
pressure glow discharge (APGD) can surpass these disadvan-
tages, however APGD is very sensitive to gas purity and opti-
mization of electrode arrangement. These facts limit the appli-
cability of APGD®.

In this work the surface barrier discharge operated at
atmospheric pressure was used for deposition of thin protec-
tive hydrophobic films on paper substrates.

This work has to demonstrate good protective properties
of the films deposited by means of this technique. Variation
of colorimetric parameters of paper substrates such as white-
ness or yellowness caused by plasma deposition and the evo-
lution of these parameters under intensive UV irradiation is
shown too.
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2. Experimental

The fluorinated (Teflon-like) materials are widely used
for their low surface energy and low wettability. As precursor
for thin film deposition the octafluorcyclobutane C4Fg was
used. The CF, (ref.’) or fluortrimethylsilane® are reported in
the literature as precursors too. The surface barrier discharge
at atmospheric pressure was used for the deposition process.
The discharge was ignited on the surface of the insulating
mica plate, which was fully covered with metal electrode
from one side, while the opposite side of the plate was cov-
ered with moving paper sample pressed to mica with rod elec-
trode. The rod electrode consists of nine 100 mm long rotat-
ing rods, connected together with 9 mm spacing’. Between
each two rods of the electrode two gas inlets were placed. The
whole arrangement was placed into deposition chamber. The
paper strips were carried through the discharge chamber with
controlled speed. The surface power density was set within
the range 0 to 1.0 W cm™. In this study the deposition time
90 s was kept constant as well as the concentration of C,4Fg in
nitrogen, i.e. 0.5 slpm of C4Fs in 10 slpm of pure nitrogen. As
a substrate the filter paper was used. The discharge was stud-
ied by means of the optical emission spectroscopy. The dis-
charge spectra were recorded using the Jobin-Yvon TRIAX
550 monochromator, equipped with the liquid nitrogen cooled
CCD detector. The total surface free energy of samples y™°"
and its components Y=V, v*® y*, v7 were investigated by
means of the sessile drop technique using the Surface Energy
Evaluation System (http://www.advex-instruments.cz/). The
contact angles were measured directly from the CCD camera
images of the solid/liquid meniscus of a sessile drop set on
a solid surface. The samples surface free energy and its com-
ponents were calculated according to Lifshitz-Van der Waals/
acid base approach reported in'®. UV irradiation degradation
tests were performed in device equipped by high-pressure Hg
lamp with 40 mW cm ™. The temperature of samples during
degradation tests was kept constant (40 °C). The wetting
properties were studied by means of industrial grade perme-
ability tests consistent with the  ISO 9073-8:1995 standard.
Chemical composition of deposited films was investigated by
means of infrared spectroscopy.

3. Results

In the past we have reported on the formation of hydro-
phobic protective films on paper surfaces to make it resistant
against water penetration'’.

A typical spectrum of the discharge created in mixture of
nitrogen and C4Fs is shown in Fig. 1.

The spectrum is plotted in the range 300-500 nm, be-
cause above 500 nm only the second spectral order was regis-
tered. The spectra consist of the molecular bands of second
positive system of nitrogen (C *IT,— B 3I'Ig). In case of octa-
fluorbutane admixture intensive bands of CN violet system
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Fig. 1. Emission spectrum of the surface discharge created in

nitrogen with admixture of C,Fy

(IT — %) at 388 nm and 422 nm were observed. The vibra-
tional temperature was calculated from the bands of second
positive system of nitrogen (Av =—-2, heads 0-2, 1-3 and 2—4).
The vibrational temperature varied only slightly with dis-
charge power density variation and its estimated value was at
about 2100 K in all cases. Fig. 2 shows dependencies of the
whiteness W and yellowness Ye of samples in their as-
deposited state as a function of the discharge power density.

Solid lines are used as a guide of eyes. Yellowness of the
sample increases and whiteness decreases with increasing
discharge power density. Sample colour slightly changes,
however changes are caused no only by creation of film on
the surface but also by thermal and UV degradation of sub-
strate during the deposition process. The electrodes were
heated by the discharge and were not cooled with any external
cooling system. The electrode temperature was different for
different power densities — at higher power density the tem-
perature of electrode was higher.

90

80
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60

AN
AN}

W,Ye

0.2 0.3 0.4 0.5 0.6 0.7

Power density (W/cmz)

Fig. 2. Dependence of the whiteness W and yellowness Ye of as
deposited samples on the power density. Solid lines represent
exponential decrease fit
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Fig. 3. Dependence of total surface energy y"°"

nents 'yLW, yAB

and its compo-
, 1",y plotted as a function of power density

In Fig. 3 the dependence of total surface energy y"°" and
its components y*V, v*5, y*, v~ is plotted as a function of
power density. Samples deposited at higher power density
then 0.35 W cm™ show similar surface hydrophobic proper-
ties, however samples deposited at lower power density ex-
hibit high surface energy.

In these cases surface properties are more in virtue of
plasma treatment than deposition of teflon-like surface layer.

The untreated sample is shown as reference and it is
rather different then samples after thin film deposition i.e.
surface of the untreated sample and sample deposited at the
lowest power density is polar, however surface of coated sam-
ple is non-polar.

In Fig. 4 the variation of colorimetric parameters under
UV irradiation is shown. For degradation test we used high
pressure Hg lamp with 40 mW cm ™. Whiteness of uncoated
samples strongly decreases with increasing UV irradiation
time. Samples coated with Teflon-like film exhibit signifi-
cantly lower degradation than uncoated sample. Samples de-
posited at lower power densities exhibit less protective prop-
erties than samples deposited at higher power densities. Yel-
lowness Ye shows also similar behavior.

4. Conclusion

Thin films of highly hydrophobic properties were pre-
pared by means of atmospheric-pressure surface barrier dis-
charge deposition technique. The films were prepared using
different power densities from the mixture of octafluorcy-
clobutane — C4Fg with nitrogen.

The colorimetric parameters as whiteness and yellow-
ness of samples in their as-deposited and UV irradiated states
were studied. The coated samples exhibited considerably
higher UV irradiation resistance than the uncoated ones. It is
possible to use similar type of films as hydrophobic, transpar-
ent and highly effective UV irradiation protective coating on
different kind of solids.
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Fig. 4. Aging effect of samples under UV irradiation. Samples
were deposited at different discharge power densities
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P. Stahel, V.Bursikova, J.Cech, Z.Navratil, and
P. Kloc (Masarykova Univerzita, Brno, Czech Republic):
Deposition and Characterization of Thin Hydrophobic
Layers Using Atmospheric-Pressure Surface Barrier Dis-
charge

The modern technologies often require modification of
solid material surfaces with keeping desired bulk properties.
To control the surface properties of solids the atmospheric-
pressure plasma can be very useful. In this work the thin hy-
drophobic protective films were deposited on the paper sur-
face using atmospheric-pressure surface barrier discharge.
Films were deposited from the mixture of the nitrogen with
C4Fs. The plasma properties were investigated by means of
optical emission spectroscopy. The properties of samples
were investigated by means of colorimetric measurements
such as whiteness, yellowness or brightness tests. The surface
energy of the thin films was investigated by means of contact
angle measurements. The sample properties were measured in
as-deposited state and in UV-exposed state.
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1. Introduction

Studies of discharges in the anodic vapors are founded
on the discovery of new types of discharge, which can be
produced in vacuum conditions in the vapors of any materials.
Thermionic Vacuum Arc (TVA) can generate intense plasma
in the vapors of the evaporating anode material'. Even intense
plasma of the refractory materials is obtained easily. Due to
their high melting points, instead of crucible, as anode are
used rods of refractory materials. Few other technologies can
compete with TVA thin film deposition of materials like C,
W, Mo, Nb, Ta, Re, etc.>. Peculiar to the Thermionic Vac-
uum Arc (TVA) is the fact that it is generating its own neutral
atoms in a continuous manner maintaining an equivalent pres-
sure in which a low voltage arc type discharge takes place.

One of the most convenient fields of application of TVA
thin film deposition technique is the nanostructured carbon
thin films synthesis. In fact, due to the high variety of the
obtained structures of the carbon (not mentioning the huge
number of applications) we are encountering a new field of
science.

The extension of Thermionic Vacuum Arc technology to
coatings using gases or evaporable liquids instead of solid
materials is of great interest, the number of materials used for
TVA deposition could dramatically increased.

2. Experimental systems

The Thermionic Vacuum Arc (TVA) is a heated cathode
vacuum arc discharge in the vapors of the anode material in
high vacuum conditions. The electrons, emitted from a heated
tungsten cathode, are accelerated towards the anode, by a d.c.
high voltage applied across the electrodes. This type of arc
offers the unique opportunity to generate energetic ions, with
a controlled value of the directed energy, which are bombard-
ing the condensing thin film on the substrate. The ions are just
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those of the depositing atoms on substrate®’. In this way the
substrate bombarding ions are generated just from the atoms
of the depositing material, no any other gas being present in
the vacuum chamber during the process.

The experimental arrangement used for Thermionic Vac-
uum Arc (TVA) electrodes configuration is shown in Fig. 1.
There is no cooling system for either the anode or the cathode,
because it is important to avoid as much as possible any cool-
ing of the electrodes, in order to minimize the energy loss in
the deposition process.

This discharge can be established in vacuum between
a heated cathode and a anode mounted at a small distance in
front of cathode. For convenient applied d.c. voltage across
the cathode and anode, a melted spot appears on the anode
surface and a continuous evaporation of the anode material
from this melted spot is established due to the accelerated
electrons emitted from the cathode and incident on anode.
Consequently, in vacuum, a steady state density of the metal
vapors appears in the interelectrodic gap. The value of the
equivalent pressure of the metal vapors depends mainly on the
power of the accelerated electron beam from the cathode.

Subsirate

Material to be i
evaporated

High
voltage

Tungsten ——

L

T
Chamnber deposition wall «—— Ceramic

Fig. 1. Thermionic Vacuum Arc experimental set-up

At further increase of the applied high voltage, suddenly
a bright discharge appears in the interelectrodic space in the
vapors of the anode material, with a simultaneous decrease of
the voltage drop over the electrodes and with a significant
increase of the current. Since the cathode of TVA is at earth
potential and vacuum vessel also, it results that the plasma has
a potential accelerating ions towards against the vacuum ves-
sel wall. This potential is roughly equal with the cathode po-
tential fall (see Fig. 2).
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In these circumstances, besides the evaporated neutral
atoms, on the sample are also incident energetic ions. So, the
thin film is growing under the bombardment of ions of the
material to be deposited. This is a major advantage in obtain-
ing high purity thin films because the discharge is ignited in
vacuum and the film is bombarded during its growing with
own atoms which are ionized®.

TVA technology offers following advantages for thin
layer depositions: high rate of evaporation up to 100 nm s™';
no buffer gas is necessary; very low thermal energy transfer;
deposited thin film layers are smooth, compact and of very
fine structures; very stable discharge conditions; no cathode
impurities can be found in deposited thin films; low mechani-
cal stress of the deposited layer and very good adherence.

The second new type of discharge Gaseous
Thermionic Vacuum Arc (G-TVA) consists from a heated
thermionic cathode (as in the case of TVA) while the anode is
a disk type sintered powder piece tightly bounded to
a stainless steel tubing connected adequately to the gas supply
bottle (Fig. 3). The anode consists from a stainless-steel piece
with a diameter of 16-25 mm, provided with a tubing neces-
sary to connect this anode to an out vacuum chamber gas
sources. Inside of the hole of the stainless steel piece is
mounted a disk of sintered metal powder with an average size
of 100 um.

The most important part of the experimental arrangement
is the gas inlet, which is provided with a special sieve capable
of limiting and simultaneously spreading spatially the flow of
gas. Thus, a high pressure gradient is obtained between the
end of the gas inlet and the chamber walls.

A peculiarity of the G-TVA discharge is the critical
value of the interelectrodic distance. Indeed, for small dis-
tance, a cold cathode discharge can ignite. For distances
higher than this critical distance we will have a real G-TVA
discharge because only if the cathode is heated the discharge
can ignite. In this case, the G-TVA discharge is sustained by
the thermo-electron emission current from the cathode. The
Gas-TVA is the only deposition method using precursor mate-
rial in the gas state that forms localized plasma in vacuum.
This is a very important feature of the technique, as the sub-
strate material can be placed away from the plasma, thus
avoiding overheating.
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Fig. 3. Schematically configuration of the electrodes in the case of
G-TVA

3. Results on mechanical properties

The mechanical properties of carbon thin film were stud-
ied using two different types of indentation methods: the
depth sensing indentation test (DSI) based on analysis of the
loading/unloading hysteresis (Fischerscope H100 equipped
with a Vickers four-sided diamond pyramid) and the continu-
ous stiffness measurement (CSM) method (NanoIlndenter XP
Berkovich with three-sided diamond pyramid). The continu-
ous stiffness measurement system applies a load to the in-
denter tip to force the tip into the surface while simultane-
ously superimposing an oscillating force with the force ampli-
tude generally several orders of magnitude smaller than the
nominal load. Material properties are determined continu-
ously as the indenter moves into the surface, eliminating the
need for unloading cycles.

The studied carbon films were deposited on silicon or
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Fig. 4. The dependence of the hardness of 75 nm thin polymer-like
carbon film on silicon substrate prepared using G-TVA method
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Fig. 5. The dependence of the elastic modulus of 75 nm thin poly-
merlike carbon film on silicon substrate prepared using G-TVA
method

glass substrates. The indentation tests were made at several
different depths from near surface through film-substrate
interface up to bulk of the substrate. This enabled us to obtain
information about the indentation response of the whole film-
substrate in a wide range of testing conditions. An example of
the indentation response of soft polymer-like carbon film
deposited on silicon substrate using the G-TVA method is
shown in Figs. 4 and 5. The results were obtained by the con-
tinuous stiffness measurement (CSM). At least 20 tests were
made at different places on the samples. The reproducibility
of the obtained material parameters evidenced the good ho-
mogeneity of the prepared films. However, the film thickness
was in the range from 70 to 80 nm as it can be seen from the
abrupt change on hardness curves. In case of a soft film on
relatively hard substrate, the measured hardness is not signifi-
cantly influenced by the substrate hardness up to 50 % of the
film thickness. In case of the elastic modulus this value is
lower, it is approximately 20 %.

The described methods enable to prepare carbon films
with wide range of mechanical properties. The second exam-
ple shows results obtained on hard carbon film deposited by
the TVA method. The loading-unloading curves obtained on

Load [mN]

10l T T

Depth [um]

Fig. 6. Loading-unloading dependences obtained at maximum
load of 10 mN on DLC film prepared using TVA method
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Fig. 7. Differential hardness depenodences on the indentation
depth obtained on DLC film prepared using TVA method

hard diamond-like film using the depth sensing indentation
technique are shown in Fig. 6. The loading-unloading curves
were well reproducible proving the surface homogeneity of
the films.

We studied also the dependence of the differential hard-
ness on the indentation depth The differential hardness Hy;r is
given by the relation

oL oL

dif:a:ka(hz) (1)

where L is the applied load, A4 is the contact area between the
indenter and the film material, k is geometric constant and 4 is
the indentation depth. Hgir represents the ratio of the small
load increase and the corresponding change in contact area (in
case of Vickers indenter it is given simply by the product of
geometric constant k and the square of the given indentation
depth /). This value is very sensitive to any changes in the
tested material.

The differential hardness dependence (Fig. 7) showed us,
that the hard DLC films contain two parts with slightly differ-
ent properties. The abrupt jumps on the differential curves are
related to the boundary between these two parts created by
change in conditions during the deposition.

4. Conclusions

DLC films were successfully prepared by the new
method (G-TVA) using CH, as precursor. The technique is
based on the ignition of cathodic arc plasma in the vapors of
the material of interest, similar to the Thermionic Vacuum
Arc (TVA) method. The results confirm our initial hypothesis
that G-TVA might be a useful tool for high quality thin film
depositions.

The G-TVA extends the applicability of the classical
TVA technique to the deposition of thin films from gas pre-
cursors.

It was demonstrated the capability of the Gas-TVA tech-
nique to produce adherent, hydrogenated DLC films of rela-
tively high sp® content.
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The G-TVA deposition technique has opened up a new
area of research for the synthesis of new materials. Further
work on plasma diagnosis and also on surface characterization
of the films obtained using this technique is envisaged.
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Thin Films Deposited by TVA and G-TVA Methods

The Thermionic Vacuum Arc (TVA) plasma is
a powerful technique able to growth thin films using solids as
precursor in vacuum conditions. A large range of materials,
even refractory metals were successfully deposited using this
technique. In this paper an extension of TVA method from
gases (G-TVA) for DLC synthesis is reported. The novelty
consists in using a flow of methane, instead of the carbon rod
used as anode in the classic TVA method. This expands enor-
mously the applicability of the TVA technique for the synthe-
sis of thin films from solids to gas precursors. The mechanical
properties of the films deposited were investigated. The de-
scribed methods enable to prepare carbon films with wide
range of mechanical properties from polymer-like carbon up
to hard diamond-like carbon.
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1. Introduction

Galvannealed IF-HS steel sheets are presently the subject
of interest in automotive as well as steel industry for higher
corrosion resistance, and considerably higher strength with
excellent formability'. These coatings may contain one or
more of four possible iron-zinc phases of low thickness®. The
mechanical properties of these phases haven’t been in detail
investigated. Thus the depth sensing indentation is a suitable
method for measurements of mechanical properties of these
phases.

2. Experimental details

IF steel (galvanized) was used for the experiment. One
sample was prepared from this galvanized steel and next the
steel was additionally annealed in the furnace at 450 and
500 °C at 10 and 60 s holding times, respectively. The steel
thickness was 0,85 mm and average thickness of the zinc
layer was 13,5 um. We marked these samples as R456 and
R501. Then cross-sectional samples were prepared via classi-
cal metallographic method. All samples were investigated via
scanning electron microscopy (SEM) and energy dispersive
X-ray microanalysis (EDX) to determine the composition of
individual intermetallics’.

Nano Indenter XP with Berkovich indenter was used for
the hardness and indentation modulus measurement. Load
control mode was chosen and the load of 10 mN was used.
Firstly the galvanized sample was measured and the mechani-
cal properties of both, steel substrate and zinc layer were
evaluated. Then two galvannealed samples were measured.
Twenty indentations in each intermetallic phase were per-
formed on the samples. In the case of thin I" layer the load of
5 mN was used because of achieving the appropriate results
from smaller indents.

3. Results and discussion

Firstly the mechanical properties namely the hardness
and indentation modulus of galvanized steel were measured.
Twenty indentations in both, steel and zinc layer (n-phase)
have been performed. The load of 10 mN was used. The
measured values of the indentation hardness H;r and the elas-
tic modulus E;r are in the Tab. 1.

Then two galvannealed samples were measured using
load control mode. Approximately twenty indentations into
each intermetallic layer were performed using the load of
10 mN.

Table I
Hardness and modulus values of galvanized steel and zinc
layer

R — zakl Average hardness Average modulus
[GPa] [GPa]

Steel substrate 2,13 200

Zinc layer 0,72 102

s136

Fig. 1. Steel with visible zinc layer - illustration of marking of
measured intermetallic layers

We named the intermetallic phases using the numbers
instead of Greek alphabet, Fe — steel substrate, 1 —I" layer, 2 —
I'+6 layer, 3 — § layer see Fig. 1 and Table II. There is a great
difference between hardness of intermetallic layers of galvan-
nealed steel when compare with zinc layer of galvanized steel.
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Table II
Hardness and modulus values of individual intermetallic phases for each measured sample
R - zakl R 456 R 501
steel zinc steel 1 2 3 steel 1 2 3
layer

Hir [GPa] 2,13 0,72 2,44 1,36 4,58 3,33 2,39 1,11 5,12 4,46
Eir [GPa] 199,8 102,1 204,3 129,3 159,0 116,9 2152 106,3 138,4 120,9

250

modulus [GPa]

6 7 8 9 10

number of measurement

Fig. 2. Elastic modulus measured by Nano Indenter XP — sample
R456

Table III

o o o~

Hardness [GPa]
I

steel

o =~ N @

9 10

6 7 8 1
number of measurement

Fig. 3. Hardness measured by Nano Indenter XP — sample R501

The averages values of indentation hardness, comparison of literature® and measured values

HV Hjp-calculated Eir - measured Hjt- measured
450°C/60s  500°C/10s  450°C/60s 500 °C/10s
n 52 0,56 n 102 0,72
39 0,42
71 0,77
¢ 208 2,25 ¢
117 1,26
177 1,91
31 358 3,87 ) 117 121 3,33 4,46
273 2,95
30 270 2,92 5+T'1 159 138 4,58 5,12
Tl 505 5,46 r 129 106 1,36 1,11
r 326 3,52
Fe 104 1,12 Fe 204 215 2,44 2,39

The average values of the indentation hardness and elas-
tic modulus are in the Tab. II. The same measurement was
performed for the second sample. The hardness and indenta-
tion modulus of the phases have the same trend as that for the
first sample.

As you can see in Fig. 1, the indents in I" layer are so
expansive that they interfere into the base material but also
into the I'+6 phase. The thickness of I layer is varying from
500 to 2200 nm for used temperatures of annealing and hold-
ing times moreover this layer is not continuous and there are
some discontinuities™*.

Thus the load of 5 mN was used for reaching the appro-
priate properties of this thin layer. According to literature data
the hardness of the I" layer is much greater than the hardness
of the others intermetallic layers. In our experiment the values
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for the I layer are the lowest ones. But as can be seen in the
Fig. 2 the values for the modulus of each layer are typical for
Fe-Zn. More experiments with lower loads are needed for
achieving the appropriate values of the mechanical properties
of the I layer. It is evident that the hardness of intermetallic
layers decreases with the decrease of the content of the Fe in
the layer, except of the I" layer.

When the load of 10 mN was used for the measurements
of the thin I layer, the hardness values reach the steel hard-
ness values. Bigger part of each indent interferes into the base
material and only little area reach the layer. Also the values of
the modulus are typical for the steel. But in the case of 5 mN
load, the hardness and modulus values are as low as for the
first sample, see Tab. II.
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Fig. 4. Indentation hardness and indentation modulus values in
dependence of the weight percentage of the iron in zinc layers,
sample 456

When compare to the literature value for Vickers meas-
urements using 250 mN load and conversed into H;r values
and Hjr values from our indentation measurements there are
not great differences, see Tab. II1.

In the Fig. 4 it can be seen that the course of indentation
hardness and indentation modulus are not in accordance with
the course of the weight percentage of the iron in the inter-
metallic layers. Such as the I" layer possesses the highest per-
centage of the iron, low values of the hardness and modulus
are measured in our experiment.

4. Conclusions

Depth sensing indentation is a suitable method for the
detail experimental identification of local mechanical proper-
ties of intermetallic layers in zinc coating on galvannealed
steel sheet.

LMV 2007

s138

Regular Lectures

There are not great differences in the Vickers microhard-
ness values conversed into the indentation hardness and meas-
ured values of Ht using depth sensing indentation method.

The annealing has the meaningful influence on the me-
chanical properties of the zinc layer which is transformed into
the intermetallic layers. The formation of intermetallic layer
causes the increase in hardness and elastic modulus.

The change in the used annealing temperatures and hold-
ing times does not have great influence on the mechanical
properties of Intermetallic layers. Values for both samples are
quite similar.

The weight percentage of the iron in the intermetallic
layers is not in accordance with the indentation hardness and
indentation modulus of these layers.

This work was supported by the SK-CZ project SK-132/CZ-
109 and partly by the project MSMT CR: MSM4977751303.
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Czech Republic): Nanoindentation Measurements of the
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The paper deals with indentation measurements of hard-
ness of the intermetallic phases in the galvanneal coatings.
Galvannealed IF-HS steel sheets are presently the subject of
interest in automotive as well as steel industry for higher cor-
rosion resistance, and considerably higher strength with excel-
lent formability. These coatings may contain one or more of
four possible iron-zinc phases of low thickness. The mechani-
cal properties of these phases haven’t been in detail investi-
gated. Thus the depth sensing indentation is a suitable method
for measurements of mechanical properties of these phases.
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Uvod

Pouziti materiald na bazi makromolekularnich latek na
mechanicky, tepelné, chemicky a elektricky naméhané strojni
a elektrotechnické vyrobky vyzaduje dobrou znalost jejich
strukturniho uspofadani, mechanickych, chemickych a jinych
vlastnosti a zpracovatelskych procesu.

Polymery se svymi vlastnostmi vyrazné odlisuji od ma-
terialti kovovych; pficinou je jejich rozdilna strukturni stavba,
proto je dulezité hodnotit jejich strukturu i vlastnosti nejen
v makroskopickém méfitku, ale i na submikronové Grovni. To
je nezbytné predev§im pifi vyvoji a hodnoceni novych typt
materiald, zejména ve formé povlaku.

Rizeni struktury v submikronovém méfitku umoZiuje
pfipravovat nanokompozitni materialy s fizenymi vlastnosti,
coz je umoznéno Sirokym vybérem organickych monomert,
kovovych alkoxidl a rozpoustédel. Z ekologického hlediska
je dualezité, ze rozpoustédlem miize byt voda nebo jeji smés
s alkoholy.

Organicko-anorganické (O-A) materidly nabizeji velké
mnozstvi potencialnich nebo jiz technologicky zvladnutych
aplikaci: pouzivaji se jako optické natéry, biomaterialy, mem-
brany, jako ochranné povlaky proti poskrabani, korozi, oxida-
ci, apod.

Praktické aplikace O-A povlakti vyzaduji znalost hlav-
nich materidlovych charakteristik, pfedev§im mechanickych
vlastnosti (pevnost, houzevnatost, mikrotvrdost, apod.). O-A
materialy jsou systémy znacné slozité, je tedy nutna multidis-
ciplinarni charakterizace, u povlakli zvlasté se zfetelem na
povrchové vlastnosti. Mechanické vlastnosti povlakti odrazeji
celou fadu faktorl ovliviujicich kone¢ny stav celého systému.

Pro urceni tvrdosti a modulu pruznosti samotného povla-
ku, bez vlivu substratu, je nutno pouzit instrumentovanou
zkousku tvrdosti pii malych zatiZzenich. V tomto piispévku je
hodnocen vliv druhu a mnozstvi plniva (ptirodni, nemodifiko-
vany montmorillonit a koloidni oxid kfemicity).

Hodnocené povlaky byly pfipravované s cilem vytvorit
anti-odrazové, anti-reflexni nebo anti-statické vrstvy odolné
proti vlivim okolniho prostfedi (vlhkost, plisobeni ¢astic ...).

s140

Experimentalni material

Nové typy O-A povlaki jsou vyvijeny v UMCH.
Hodnocené povlaky byly pfipraveny z organokiemicitého
prekurzoru [3-(glycidyloxy) propyl] methyldiethoxysilanu
(GMDES) a oligomerniho triaminu s koncovymi primarnimi
aminoskupinami (Jeffamine T403) a pfidanim siliky nebo
montmorillonitu  Na'. Nanokompozitni povlaky byly
vytvafeny dvéma nezavislymi reakénimi mechanismy:
anorganické struktury vznikaly tzv. sol-gel procesem
zahrnujicim dva nésledné procesy: (kyselou) hydrolyzu
alkoxyskupin  a (bazickou) polykondenzaci prekurzoru
GMDES.

Organickd polymerni sit' byla vytvarena adi¢nimi
reakcemi glycidylovych skupin GMDES s aminoskupinami
prislusného Jeffaminu T403. Reak¢ni prostfedi tvofila smés
voda—propan-2-ol (7:3 — hmotnostn¢), HCl slouzila jako
katalyzator hydrolyzy sol-gel procesu, Jeffamine nejdiive
pusobil jako katalyzator polykondenzace sol-gel procesu pii
laboratorni teploté, poté — za zvySené teploty — jako reakéni
slozka pfi tvorbé organické polymerni sité. Vznikly
transparentni, ve vét§iné piipadi bezbarvé nebo slabé
nazloutlé produkty ve formé volnych natérovych filmd nebo
povlaku na skle. Tloustka se pohybovala okolo 100 um.

Anorganicka sitova vystavba (sol-gel proces):

* *

| |
*—S$i—OR + HO = ~—Si—OH ROH

*

+

kde R je alkyl, ROH je hydroxyl skupina nebo alkyl, * je bud’
(aktivni) alkoxylova nebo hydroxylova skupina nebo n&jaka
jina skupina v procesu nete¢na.

Organicka sit'ova vystavba:

Q H
+/\ |
. FEHTAANAANA . SHEGORAAANA
A NH >
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Hodnocené vzorky:
0-4 O-A matrice Vysledky méieni
(GMDES a T403)
N O-A matrice se silikou 20 hm.% Na obr. 1. a obr. 2. jsou hloubkové pribehy indenta¢ni
(GMDES, T403 2 Si0,) . N tvrdosti a indenta¢éniho modulu pruznosti vzorki O-4, Sa M.
M O-A matrice s montmorillonitem Cloisite Na Priibéhy tvrdosti a modulu pruznosti s hloubkou nejprve
1 hm.% (GMDES, T403 a MMT Na) klesaji od povrchu. Tento pokles v malych hloubkich je
§1-§8  O-A matrice se silikou 0-40 hm.% pozorovatelny ve viech polymernich systémech’ a mize byt

(GMDES, T403 a SiO,)

Experimentilni metody

V UMCH je proces vzniku a struktura piipravenych
povlakd hodnocena vyuzitim spektroskopie NMR (nuklearni
magnetickd  rezonance)'”.  Struktura hybridnich O-A
nanokompozitnich povlaki byla studovana pomoci metod
SAXS a WAXS (malouhlového a Sirokothlového rozptylu
paprskit X)'™. Morfologie povrchii natérovych filmi byla
sledovana pomoci AFM (mikroskopie atomovych sil) za
pouziti kontaktniho i bezkontaktniho rezimu'”. Teplotni
zavislosti obou slozek komplexniho smykového modulu byly
hodnoceny metodou dynamické mechanické termalni
analyzy®. Byly testovany pevnostni charakteristiky vzorki ve
formé volnych natérovych filmt: ze zavislosti napéti —
deformace byly uréeny taZnost, pevnost a houzevnatost'’.
Dalsim ze zplsobl hodnoceni kvalitativnich vlastnosti
povlakl je ,scratch test”, ktery byl provadén pomoci AFM
s piitlaénou silou ¥fadové 100 nN (cit.”).

Indentacni experimenty byly uskute¢nény pouzitim
piistroje MTS Nanolndenter XP s pouzitim metody CSM
(kontinualni meéfeni tuhosti). Tato metoda je zalozend na
principu superpozice velmi malé sinusoidni sily s linedrné
rostouci zatéznou silou. Odezva indentoru pii dané frekvenci
a fazovém posunu mezi silou a posunutim indentoru je
méfend prubézné jako funkce hloubky vtisku. Vyhodnoceni
odezvy vede k urleni kontaktni tuhosti S v zavislosti na
hloubce vtisku. Mechanické vlastnosti pak mohou byt ureny
ze vztahu:

S=2pE, |2
T

kde A. je projekéni kontaktni plocha mezi indentorem
a vzorkem pfi maximalni sile, B je konstanta zavisla na druhu
indentoru a E, je redukovany modul pruznosti:
1/E.=(1=vy0)/En+ (1 =02)/E; 2)

kde E; (1140 GPa) a v; (0,07) jsou elastické vlastnosti
indentoru, E, a v, jsou elastické vlastnosti zkoumaného
vzorku. V préaci byla pfedpokladédna hodnota Poissonova ¢isla
pro hodnoceny material 0,35. Modul pruznosti vzorku je pak
vypoéten ze vztahii (I a 2)°. Tvrdost H jako podil zatézné sily
P a kontaktni plochy 4.:

H=P/A.=cP/h? 3)
kde ¢ je geometrickd konstanta a A, je kontaktni hloubka
vtisku pfi maximalnim zatizeni. Parametry méfeni: amplituda
S5nm, oscilacni frekvence 75 Hz, zména hloubky vlivem
teploty <0,05 nm s™', maximalni hloubka vtisku 2,5 um.

)
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zpisoben velikostnim efektem, resp. vlivem zaobleni
indentoru a zptsobem kalibrace®. Pii homogenni tloustce
vrstvy 100 um maximalni hloubka vtisku (2,5 pm) dosahuje
2,5% tloustky vrstvy. Ovlivnéni naméfenych hodnot
substratem v okoli lokadlntho minima kfivek je tedy
minimalni.

Povlak S se silikou mél stejnou nanotvrdost jako povlak
O-4 bez plniva, ale doslo k poklesu indenta¢niho modulu
pruznosti. Povlak M s ptidavkem montmorillonitu mél stejny
indentatni modul jako povlak bez plniva, ale vyssi
nanotvrdost.

V ¢&lancich'®!! byla hodnocena drsnost povrchu téchto
vzorkl a byly provedeny tribologické zkousky metodou ,,pin-
on-disc”. Bylo zji§téno, ze povlaky se silikou maji mnohem
niz§i miru opotfebeni nez povlaky s montmorillonitem,
piestoze mély mensi tvrdost. Proto byly dale hodnoceny

0,05

Indentaéni tvrdost [GPa]

500

1000

Hloubka vtisku [nm]

1500

Obr. 1. Prubéh indentaéni tvrdosti v zavislosti na hloubce pronik-
nuti indentoru vzorkia 0-4, S, M

Indentaéni modul [GPa]

1000 1500 2000 2500

Hloubka vtisku [nm]

Obr. 2. Pribéh indentacniho modulu pruZnosti v zavislosti na
hloubce proniknuti indentoru vzorka 0-4, S, M
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Obr. 3. Priabéh indentaéni tvrdosti v zavislosti na hloubce vtisku
vzorki S1 az S6

povlaky s riiznym mnozstvim tohoto plniva.

Na obr. 3. je hloubkovy pribéh indentacni tvrdosti vzor-
ka S7 az S6. Tvrdost s hloubkou nejprve klesa. Hodnoty cha-
rakterizujici povlak byly uréeny zlokalnich maxim kiivek
a jsou uvedeny v tab. I. Vyraznéjsi vliv ma obsah aditiva nad
20 %.

Tabulka I
Hodnoty indentacni tvrdosti a indenta¢niho modulu pruznosti
povlaki s riznym obsahem SiO,

LMV 2008

Vzorek Obsah H[T E]T
plniva [%] [MPa] [MPa]
S1 0 5,48 + 0,47 483 £ 61
S2 0,5 4,66 +0,43 457 £ 49
S3 5 4,64 +0,27 438 £22
S4 10 5,69 £0,28 737 £23
S5 20 8,70 £ 1,15 1034 £ 92
S6 30 10,74 £ 1,72 966 £ 119
S8 40 100,23 + 16,81 3890 + 422
0,2 1 l J 1
S8
= 015 ]
S
[
:‘_f 0,1 1
s s

+ t
1000 1500

Hloubka vtisku [nm]

Obr. 4. Pribéh indentaéni tvrdosti v zavislosti na hloubce vtisku
vzorki S1 az S8
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Na obr. 4. je hloubkovy pribéh indentacni tvrdosti vzor-
kd S7 az S8. Obsah aditiva 40 % ma zna¢ny vliv na hodnotu
tvrdosti. OvSem velky rozptyl naméfenych hodnot svédci
o velké nehomogenité povlaku.

Zavér

Tato prace obsahuje vysledky nanoindentacnich analyz
hybridnich O-A nanokompozitnich povlakii bez plniva
a s pridanim montmorillonitu a koloidniho oxidu kiemiéitého.
Pridani 0,5 % oxidu kiemicitého zlepsilo odolnost povlakl
proti opotiebeni, pfestoze se nezvysila tvrdost. Proto byly
hodnoceny vzorky s vy$$im obsahem tohoto aditiva. Vysled-
ky dopliiuji poznatky ziskané jingmi metodami'”’ a pfispéji
tak k optimalizaci vytvafeni téchto povlakti vzhledem
k aplikacim vyZzadujicim zvySenou odolnost proti opotiebeni.
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0. Blihova" and M. Spirkova® (“NTC ZCU Plzeii,
YUMCH 4V CR Praha, Czech Republic): Local Mechanical
Properties of Organic-Inorganic Nanocomposite Coatings

The paper deals with the determination of local me-
chanical properties of hybrid organic-inorganic epoxy-based
coatings. Examined specimens were prepared from function-
alized organosilicon precursors, oligomeric di- or triamines
and colloidal silica particles. The mechanical properties were
studied by nanoindentation technique. Tests were performed
to study influence of additives on indentation hardness and
indentation modul.
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1. Introduction

This paper is a continuation of the article
,Determination of parameters of viscoelastic materials by
instrumented indentation!. That article has explained the
principles of instrumented indentation and brought basic for-
mulae for indentation testing of elastic-plastic materials (with
instantaneous response to load), as well as for the description
of load response of viscoelastic materials, where the deforma-
tions depend not only on the load magnitude, but also on its
duration. In Practical part, recommendations were given for
the preparation of indentation tests into viscoelastic materials
and for the evaluation of results. The article was limited to
reversible deformations, which disappear fully during some
time after unloading. Often, however, also irreversible defor-
mations occur, e.g. under concentrated load or in materials
whose response has viscous character. In this paper, the for-
mulae for indentation response will be extended to irreversi-
ble deformations. Advice will be given for tests arrangement
and data evaluation, and the proposed procedure will be illus-
trated on a practical example.

2. Theoretical part

Viscoelastic materials are typical by deformations de-
pending not only on the load magnitude, but also on its dura-
tion and time course. As shown in', the relationship between
indenter load P and depth / of its penetration into a specimen
from such material under monotonic loading can generally be
expressed as

STh@] = Ky (P, J, 1) 1)
where f is some function of the indenter shape and penetra-
tion, K is a constant characterizing the indenter geometry, and
y(P, J, t) is a function depending on the load magnitude and
history, on material parameters, and on time; J is so-called
creep compliance function. For pointed indenters (conical,
Vickers or Berkovich)

f=h2; K = 1/ (4 tana) 2)

o is the semi-angle of indenter tip or of equivalent cone (for
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Berkovich and Vickers indenter, o = 70.4°). The load re-
sponse of viscoelastic materials is usually described by mod-
els assembled from springs and dashpots. Rheological pa-
rameters for a viscoelastic model-body consisting of a spring
in series with several Kelvin-Voigt units (a spring in parallel
with a dashpot), can be obtained relatively easily from the
time course of indenter penetration under constant load. For
this case'?,

v (@) = P{Co+XG[l-pjexp(-1/t)]} 3)
C, represent the instantaneous compliance, while the con-
stants Cj,...Cj pertain to the individual Kelvin-Voigt bodies,
and, together with the retardation times t; characterize the
time-dependent processes. p; is so-called ramp correction

factor, which takes into account the fact that the load increase
was not infinitely short, but lasted fz. According to Oyen?,

pi = (T /1) [exp(tr /1j) — 1] #)

The irreversible deformations can be time-independent
or time-dependent. The time-independent (plastic) behaviour
can be modelled by a plastic element (a slider) in the
rheological model, and the time-dependent irreversible defor-
mations can be described by a dashpot arranged in series with
other elements. The plastic element is characterised by hard-
ness Hy (or yield strength Y), which is — together with the
Young modulus E, for instantaneous elastic response — con-
tained in the constant Cyp. Time-dependent irreversible defor-
mation is characterised by a dashpot of viscosity n,, with the
creep compliance function

J(t) = et )

where the viscous compliance ¢, is related to the dynamic
viscosity as ¢, = 1/n,.

Co, E() Y, Ho v, Cy C1, T1 C2, T2
W13 LWJ—m

Fig. 1. Viscoelastic-plastic model “spring + plastic element +
dashpot + 2 Kelvin-Voigt bodies”

The response function for a universal viscoelastic-plastic
body, consisting of a spring, a dashpot and several Kelvin-
Voigt units in series (Fig. 1), loaded by a constant force P, is

(©)

the term fr/2 expresses the fact that the irreversible viscous
deformations during the load increase from 0 to P are smaller
than they would be if the full force P acted for the time R
(they correspond to the average force P/2).

v (@) = P{Co+c(t—1r/2) + X [1 - pjexp(— 1 /5)]}
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3. Procedure for the determination
of viscoelastic-plastic properties

Parameters, characterizing viscoelastic properties, can
be estimated from a simple five-step procedure (Fig. 2). In the
first step (I, duration #), the indenter is quickly loaded to the
nominal load P. Then, a long dwell under this load follows
(step II), then rapid unloading to a very low load P, (step III),
followed by a long time under this load (IV), and unloading to
zero (V). The response during dwell II provides the base for
the determination of viscoelastic parameters, while the back-
creep in the low-load dwell IV serves for the verification of
the duration of reversible viscoelastic processes and of the
necessary number of Kelvin-Voigt elements (determined in
step II). The parameters of instantancous elastic and plastic
deforming are best obtained from a separate load-unload test.

The loading in step I should be as quick as possible in
order to reduce the time-dependent processes during this pe-
riod. A constant load rate (dP/dh = const) is recommended
here, because the ramp correction factor p, Eq. (4), corre-
sponds to this case. However, if the duration of load increase
is short, the viscoelastic deformations during this time are
small, and the details of the load increase P(f) are not very
important. The dwell II under constant load should be suffi-
ciently long so that all reversible viscoelastic processes have
died away and their duration can be assessed. The unloading
IIT should be fast and the constant load P, in the following
period IV should be very low, only such that the indenter
remains in contact with the specimen and can serve as a sen-
sor to measure the deformation recovery (back-creep). The
period IV should last about the same time as period II.

The processing of measured A(r) data starts with the
determination of constants in the creep compliance function
from the dwell II. The practical procedure will be illustrated
on a test with a pointed indenter and response function (6).
Inserting this function together with equation (2) into Eq. (/)
gives

(1) = PK{Co+ ¢y (1= te/2) + ZGi [1 = pyexp(~ 1 /p)]}  (7)

where P is the nominal load and K = ©/(4 tana), with the in-
denter tip semiangle a.

The constants Cy, ¢y, C, T1, p1, etc. can be obtained by
minimizing the sum of the squared differences between the
measured and calculated 4*(f) values. However, the actual
procedure must be modified. In equation (7), several terms
appear that do not depend on time: Cy, c,fx/2 and C;. Regres-
sion analysis cannot determine them individually, but only as
a whole; otherwise incorrect values could be obtained. More-

Fig. 2. Five-step loading-unloading scheme for obtaining the vis-
coelastic-plastic parameters; P — indenter load, t — time
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over, the terms Cjp; also occur here, as well as the ramp cor-
rection factors pj, which depend on the retardation times t;
that are also unknown. From a curve-fitting point of view,
equation (7) corresponds to the expression

() = PK[B+ct—2 Djexp(—t /)] ()
where
B:CO—CvtR/Z J”Zq, DJ:qu,]:1,2,3 (9)

The determination of material parameters proceeds in three
steps:

Step 1. Calculation of regression constants B, ¢, and Dj, as
well as the retardation times t; by fitting the K(¢) data from
period II by the regression function (8).

Step 2. Calculation of the ramp correction factors p; from Eq.
(4) for the known duration # of load increase and the retarda-
tion times t;. Then, the constants C; are found as C; = Dy/p;.
Step 3. Determination of Cy from Eq. (9) as

Co =B + ¢,tx /12 -2C; (10)

Similar procedures can be used for other models and indent-
ers. It is recommended to try and evaluate several models;
analysis of the back-creep during the low-load dwell (step IV)
can be helpful here.

The above data-processing has separated the time-
dependent deformations from the instantaneous ones, charac-
terized by the compliance C,. Now it is necessary to decom-
pose Cj into the reversible elastic component and irreversible
plastic component. These components may be characterized
by instantaneous elastic modulus E, and hardness H,, which
are determined in a similar way like in elastic-plastic materi-
als, i.e. from the loading and unloading curves, as described
in'. If the unloading in step III is sufficiently quick, the “fast”
contact stiffness S could be obtained. However, this stiffness
corresponds to the larger depth at the end of dwell, and the
pertinent hardness will be lower than the “instantaneous” one.
Therefore, it is better to determine S, Ey and H, in a separate
test, with fast loading followed immediately by fast unload-
ing.

4. Experimental part

The above method was used for the determination of
viscoelastic-plastic parameters of tooth enamel®. A human
tooth was embedded into epoxy resin and cut and polished
with a diamond paste. The tests were done with a UMIS-2000
nanoindenter and a diamond Berkovich indenter. The experi-
ments were divided into two groups; one served for obtaining
viscoelastic parameters from the creep data, and the other was
for the determination of the instantaneous elastic modulus and
hardness.

In the first group, six tests were made using the five-step
loading scheme (Fig.2). The indenter was loaded to the
nominal load P = 250 mN, which was then held constant for
975-1145 s. Then it was unloaded to P, =5 mN, kept con-
stant 938—1110 s and then unloaded to zero. The load increase
(step 1) and decrease (step III) lasted about 20 s each. The
characteristic depths varied between 1.83-1.96 um under
nominal load 250 mN, and between 1.40-1.33 um after
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unloading to 5 mN; the details are given in.
The load-displacement curve during dwell II was ap-
proximated by four models:

Spring + one Kelvin-Voigt body,

Spring + two Kelvin-Voigt bodies,

Spring + dashpot + one Kelvin-Voigt body,
Spring + dashpot + two Kelvin-Voigt bodies.

Model d), depicted in Fig. 1, was described by the equa-
tion (7) or (8) with j =2, while the model ¢) was only with
j=1, and the models a) and b) were without the dashpot (cy).
The constants B, ¢y, Dy, D5, 71 and 1, were found by minimiz-
ing the sum of the squared differences between the squares of
the measured and calculated depth, E[hmz(tj) - hf(tj)]2 = min.
The solver in Microsoft Excel was used for the minimization.
Then, the ramp correction factors p;, p, and the constants Cy,
Cy, C, were found. For better judgement of individual ap-
proximations, the relative differences between measured and
calculated values, Areij = [Am(t) — he(tj)]/hm(tj), were also cal-
culated and plotted.

The best approximation was obtained by the model (d)
“spring + dashpot + 2 Kelvin-Voigt bodies” (Fig. 3). A very
good fit was also obtained by the model (b) “S + 2 KV”. The
model (¢) “S + D + KV” was worse, and the model (a) “S +
KV” has not corresponded to the measured curve. The back-
creep after unloading has confirmed suitability of the model
(d) and the retardation times, which were approximately
T ~20s,1,~200s.

1,96 0,2
1,94 {h (pm)

1,92 1 L 0,1
1,90 1

1,88 | 00
os | avel (%) !
1,82 ‘ ‘ ‘ ‘ 0,2

0 200 400 600 800 g 1200

Fig. 3. Indenter penetration into tooth enamel under constant
load during dwell II’. Measured values are plotted together with
those calculated for model “S + D + 2 KV”; the differences can be
seen only in the diagram of relative residuals A;. h — depth, t — time

Elastic modulus £ and hardness H, determined in six
separate load-unload tests using the formulae numbered (7)—
(4) in', were in the range: 96-102 GPa for E, and 4.0-4.6 GPa
for H. All measurements are described in paper’, which also
contains all important values.

Hardness and elastic modulus characterize the instant-
aneous response. As such, they are related to the compliance
C,. Hainsworth et al.* and Malzbender et al.> have derived the
following relationships for the loading curve under a pointed
indenter:

P=ki’; k=E ((D E/H +\1/,/H/E)‘2 (1)
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with constants @ =0.202 and ¥ = 0.638. The combination
with the instantaneous part of Eq. (7), #* = PKC,, gives:

1

E

I

_4tana

(12)

¢, o yE, 71 +wJHTE, )

T

where E. is the reduced modulus, related to the elastic
modulus of the specimen (£) and the indenter (£;) as 1/E, =
(1 =vY/E + (1 = v/E;; v is Poisson’s ratio. The value of C,
for the tooth enamel, calculated from the measured values H
and E (resp. E,), differed from the instantaneous compliance
C,, obtained by fitting the creep data via Eq. (12), by less than
4% (ref.®). This demonstrates the possibility of using the
formula (/2) for verification of parameters in viscoelastic-
plastic models.

5. Conclusions

Mechanical properties can be determined by instru-
mented indentation, where the indenter load and displacement
are measured continuously during loading and unloading. The
load response of viscoelastic-plastic materials can be de-
scribed by means of rheologic models, consisting of springs
and dashpots. In this paper, following the first part', formulae
were given for the description of indentation response of these
materials. Also a five-step test procedure, combined with
a fast load-unload test, was proposed for experimental deter-
mination of viscoelastic-plastic parameters. The use of the
method has been illustrated on indentation testing of human-
tooth enamel.

The work was supported by the Grant Agency of Czech Re-
public, project No. GACR 103/08/1340.
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The load response of viscoelastic-plastic materials can
be described by rheologic models, consisting of springs and
dashpots. This paper, which follows the first part, published in
Chemické listy earlier', gives formulae for description of
indentation response of these materials. Also a five-step test
procedure, combined with a fast load-unload test, was pro-
posed for experimental determination of viscoelastic-plastic
parameters by instrumented indentation. The use of this
method has been illustrated on testing of human-tooth enamel.
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1. Introduction

Micromechanical analysis of any material involves sev-
eral subsequent steps that cannot be omitted. The first one
includes microstructural observations and determination of
phases. This step can be performed with the aid of many ex-
perimental techniques. Among others, the most common tech-
nique is electron microscopy (ESEM) and atomic force mi-
croscopy (AFM). These techniques allow qualitative as well
as quantitative investigation of individual material phases at
small volumes near or at the sample surface. As
a complementary computational technique, image analysis
can give valuable results for the phase distribution based on
the separation of pixel colors.

The second step is the measurement of intrinsic proper-
ties of individual material phases. These measurements can be
provided exclusively by nanoindentation which is a technique
that can directly access mechanical properties at small dimen-
sions starting from several tens of nanometers (depending on
the sample and the probe).

The third step involves up-scaling of the properties to the
higher level (mesolevel)®. Several analytical or numerical ho-
mogenization techniques can be employed to reach this goal.

2. Heterogeneity of structural materials

We can find several types of heterogeneity at microscale
of structural materials. The first type of heterogeneity comes
from mixing of components that do not chemically react in
the matrix like sand, fibers, and other additives. Such hetero-
geneity is usually known in advance and is given by the mix-
ing proportions. The second type of heterogeneity comes from
chemical reactions that are evolving after the mixing of com-
ponents. As a result of these reactions, new phases are pro-
duced and it is hard to rigorously define their volumes and
distribution. Formation of the new phases includes fully re-
acted matrix, unreacted grains of the raw material and interfa-
cial zones with different chemical and also mechanical prop-
erties'?. Structural materials based on cement or waste materi-
als (like fly-ash, furnace slag, etc.) usually include both types
of the heterogeneity.
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3. Test samples

As an example of structural materials, two types of sam-
ples were selected: cement paste (CP) and alkali-activated fly-
ash (AAFA). Cement paste (as the main component of cemen-
titious composites) is formed by mixing the cement powder
(granulated clinker minerals) with water. Subsequent chemi-
cal reaction (hydration) follows to form new products. The
main components that can also be distinguished in ESEM are
hydrated products containing mainly calcium-silica hydrates
(C-S-H gels) and calcium hydroxide CaOH, (CH, Portland-
ite), unreacted clinker grains and capillary pores (see Fig. 1).
Samples used in this study were created from Portland cement
CEM-I 42,5R, locality Mokra, mixed with water in water-
cement ratio = 0.5 by weight and cured in water for approxi-
mately 1 year.

The second samples were produced from granulated
fly-ash (coal power-plant, M¢lnik) activated by addition of
6—10 % of Na,O and cured 4—16 hours at 60-90 °C. After the
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Figure 1. ESEM image of hydrated cement paste. Dark areas =
pores; dark grey = C-S-H gels; light grey = Portlandite; light areas =
unreacted clinkers
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Figure 2. ESEM image of AAFA. Light and light grey areas = unre-
acted or partly reacted fly-ash grains; dark grey areas = polymer zone;
dark areas = pores
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activation, polymerization takes place to form 2-3 dimen-
sional Si-O-Al-O chains as follow

M, [-(Si-0), - Al-0] .wH,0

The microstructure of resulting AAFA is shown in Fig. 2.

4. Nanoindentation

In order to identify intrinsic material properties of the
test samples, nanoindentation was employed. Two nanoin-
denters were used. Namely, Hysitron Tribolab was used for
small indents (up to 10 mN) due to its high resolution and
possibility of surface scanning and CSM Nanohardness tester
was used for standard indentation with larger forces (up to
500 mN).

Since we are dealing with heterogeneous microstructure,
interpretation of the results is more complicated than for a
single phase material. We have to employ also special testing
strategies to be able to correctly interpret experimental results.
There are basically three strategies that can be used:

—  Producing of large number of indents that are larger than
the characteristic phase dimension with subsequent statis-
tical evaluation of overall material properties of all af-
fected phases that were indented (phase compound).

— Grid indentation in which indents are produced over
a large area but the dimension of a single indent is smaller
than the characteristic dimension of individual phase. Sub-
sequent deconvolution techniques can be employed for
assessment of the individual phase properties®*.

— Pointed indentation to a specific material phase with
indent dimension smaller then the characteristic dimen-
sion of the tested phase. In this case, intrinsic properties
of the phase (including intrinsic phase porosity) are ob-
tained.

All three strategies were applied for the studied case and re-

sults compared.

The above mentioned deconvolution includes identifica-
tion of the number of material phases () in the material. This
number is usually known in advance from separate analysis
(like EDX). Therefore, we are in fact looking for a finite num-
ber of n peaks in the histogram of mechanical properties from
the whole set which serves like an overall probability func-
tion. We can deconvolute n probability functions from the
overall one by defining » separate intervals with the individ-
ual probability function related to a single material phase.
These functions are usually constructed using normal (Gauss)
distribution®,

5. Results on cement paste

A large grid of 100 indents was produced over the arbi-
trarily selected region of the cement paste. Relatively large
indents possibly affecting more than one material phase were
prescribed (maximum force 10 mN). The final depth of in-
dents was around 700 nm (Fig. 3) which yielded in the surface
dimension around 4 um. Such indents’ dimension causes
physical homogenization (averaging) of properties in this
volume. Since the majority of indents were performed in the
hydrated products and indentation to clinkers was rare, in-
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dents lying in unhydrous phases were not considered for fur-
ther evaluation. Thus, results are valid and identified for the
hydrated phase compound. Overall modulus of elasticity for
all the affected phases (mainly C-S-H gels and Portlandite)
was measured to be 23.269+3.093 GPa. Properties of clinker
minexrals are usually measured separately in its pure unreacted
state”.

Although the results indicate small deviations, they must
be considered as mean values of the whole compound. Identi-
fication of individual phases is not possible in this case.

Substantially larger number of indents is necessary to
cover heterogeneity of the sample when using small indents.
400 indents in four series were prescribed to the maximum
load of 2 mN (Fig. 4). On the other hand, we were able to
identify individual material phases from histogram plotted for

12
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E 8
§ .
-
2
0 - . . . :
0 250 500 750 1000
Depth [nm]

Figure 3. Large indent (10 mN) into hydrated compound of ce-
ment paste
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Figure 4. Small indent (2 mN) in cement paste
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Figure 5. Histogram of reduced moduli in cement paste
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Figure 6. Deconvolution of individual phases in cement paste

reduced modulus’, for example (Fig. 5). Several identifiable
peaks can be found in this histogram that can be attributed to
individual phases.

We decided to apply deconvolution into 5 phases in
Fig. 5. These phases were following: low stiffness phases
(LS); low density C-S-H gels (LD-CSH); high density C-S-H
gels (HD-CSH); Portlandite (CH) and the rest (rest). Experi-
mental histogram of all phases as well as individual phase
distributions are depicted in Fig. 6. Mean values and standard
deviations of normal distributions for individual phases can be
found in Tab. .

Pointed indentation to a specific phase is in general pos-
sible based on the assumption that the phase can be distin-
guished in optical microscope or in a scanner prior to indenta-
tion. In case of cement paste, such a phase can be a clinker or
high density C-S-H gel that is formed mainly as a rim around
the clinker grain. Other phases cannot be found in such a way.
Therefore, we tried to identify directly HD C-S-H by pointed
indentation. Small deviations were found which shows on
indentation to a homogeneous-like phase. The results of re-
duced moduli were 38.6+2.57 GPa. This value corresponds
fairly well with results obtained by deconvolution from histo-
gram (Tab. I).

Table I
Results from deconvolution and image analysis of cement
paste

LMV 2008

Invited Lectures

6. Results on alkali-activated fly-ash

Similar approach was used also for the investigation of
AAFA samples. First, a matrix of 100 large indents to 100
mN was prescribed. Second, matrices with 100 indents up to 2
mN were tested on four arbitrary places (i.e. 400 indents all
together). The difference of the histogram of reduced moduli
is depicted in Fig. 7. It can be seen that the distribution of
large indents is much narrower and some of the peaks are
missing. It clearly shows physical homogenization produced
already during the indentation. Obtained results are moreless
mean values of the polymer and fly-ash compound. On the
other hand, histogram of small indents is wider and contains
results from several individual phases.

We decided to apply deconvolution into 5 phases in
Fig. 7. These phases were following: low stiffness phases
(LS); polymeric phases (GP); partly polymerized zones
(partGP); partly activated fly-ash (partFA); and the rest,
mainly nonreacted fly-ash (rest). Experimental histogram of
all phases as well as individual phase distributions are de-
picted in Fig. 8. Mean values and standard deviations of nor-
mal distributions for individual phases can be found in
Tab. IL.

Pointed indentation was not possible in case of AAFA
because we were not able to distinguish a specific phase prior
to indentation.

LS LD-CSH HD-CSH CH Rest
Mean E,, 745 20.16 3359 4074 5575
GPa

s.d. 0.85 3.90 2.47 0.92 14.62
5% 1 64 24 3 8
% 7.9+6 82+5.3 4.6+2.8 5.5+2.4

E, stands fro reduced modulus; f; stands for volume fraction
received from deconvolution; £ stands for volume fraction
received from image analysis

0.4 -
E 0.35 1 5 small indents,
9 03 " 2mN
3 ! - = = =large indents
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Figure 7. Histogram of reduced moduli in AAFA
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Figure 8. Deconvolution of individual phases in AAFA
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7. Validation of results using image analysis

In order to validate our results from deconvolution, we
employed also image analysis. Our aim was to separate mate-
rial phases from ESEM images based on the pixel color. Mul-
tiple back-scattered electron images were taken in ESEM and
thresholded (20 images for CP and 4 images for AAFA). Re-
sults of thresholding is summarized in Tabs I and II. It can be
concluded that good correlation in terms of similar volume
fractions was obtained for cement paste samples but for the
low stiffness phase. However, results from image analysis
include (i) pores that cannot be mechanically determined and
(if) deviation of the value indicate large scatter in the set of 20
images. That means that irregular pore structure cannot be
sufficiently determined by means of mechanical testing. For
the AAFA samples, the correlation is good for the main
phases (GP, partGP) but again LS phase is not in good agree-
ment with results from image analysis in which a pore struc-
ture is determined rather than the solid phase. It also seems
that image analysis overestimates fly-ash phases (partFA and
rest). This can be attributed to not sufficiently high number of
images (only four were analyzed).

Table 11
Results from deconvolution and image analysis of AAFA

LMV 2008

LS GP part GP  part FA Rest
Mean E,, 7.15 15.53 33.50 51.49 70.85
GPa
s.d. 0.65 3.01 6.18 2.76 10.29
f,% 1 32 51 7 9
% 4.2+1.5 23742 45.3+4 26.8+2

E, stands fro reduced modulus; f; stands for volume fraction
received from deconvolution; ﬁ’ stands for volume fraction
received from image analysis

8. Conclusions

Micromechanical analysis using different testing strate-
gies was demonstrated on two examples- cement paste and
alkali activated fly-ash. For both cases, grid indentation using
large indents give mean values with small deviations of
a material compound. Mechanical properties are homogenized
by the indenter from several phases. In case of using small
indents, intrinsic phase properties are obtained in the form of
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property histogram. Subsequently, individual phase properties
can be deconvoluted from this histogram.

Pointed indentation to a specific material phase is the
best solution but it can be performed only if the following
conditions are satisfied: the phase is easily identifiable in
optical microscope or it can be morphologically determined
before indentation (e.g. by surface scanning). Otherwise, in-
dents cannot be pointed to this phase even if the indent‘s size
is smaller than the measured volume.

Support of the Czech Grant Agency (No. 103/06/1856) and
Ministry of Education of the Czech Republic (MSM
6840770003) are gratefully acknowledged.
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J. Némecek and K. Forstova (Czech Technical Univer-
sity, Civil Engineering Faculty, Prague, Czech Republic):
Micromechanical Analysis of Heterogeneous Structural
Materials

This contribution is dedicated to the methodology used
in the micromechanical analysis of heterogeneous materials. It
is applied to two cases of structural materials: cement paste
and alkali activated fly-ash. The paper contains several ap-
proaches how to test and evaluate data from nanoindentation.
It is shown that different size of indents must be followed by
different interpretation of results. In case of using small size
indents it is possible to derive individual material phase prop-
erties by means of deconvolution from property histogram.
Indentation to a specific phase can be used only in limited
number of cases provided this phase can be determined opti-
cally or by scanning before the test. Nanoindentation results
were also compared with similar results obtained from image
analysis.



Chem. Listy 105, s150—s154 (2011)

LMV 2008

Regular Lectures

HODNOTENIE INDENTACNYCH A DEFORMACNYCH CHARAKTERISTIK

LASEROVYCH ZVAROV

LUBOMIR AMBRISKO?, TOMAS
KANDRA" a LADISLAV PESEK®

“ Technicka univerzita v Kosiciach, Hutnicka fakulta, Katedra
nauky o materialoch, Park Komenského 11, 043 85 Kosice,
bKOVOHUTY, a.s., Ulica 29. augusta 586, 053 42 Krompa-
chy, Slovensko

lubomir.ambrisko@tuke.sk, ladislav.pesek@tuke.sk

KTIacové slova: inStrumentovana tvrdost’, videoextenzometria,
laserové zvary

1. Uvod

Metdoda DSI (Depth Sensing Indentation), inStrumento-
vana tvrdost, je zaloZzena na principe priebezného monitoro-
vania sily a hibky vpichu. Indentor je zatazovany silou, ktora
sa zvySuje od nuly az po zvolenu maximalnu hodnotu Fy,x. Po
dosiahnuti maximalnej sily nastava faza vydrze (moze, ale
nemusi byt) a nasledovné odl'ahcenie. Vysledkom skusky je
indentaéna krivka ako zavislost zatazujuca sila F — hibka
vpichu h (obr. 1). Z nej sa da urcit tvrdost’ a d’al§ie mechanic-
ké vlastnosti'.

Pocitac

]

vydr:

zataZenie

N

Zdroj
svetla

ocn

kamera

odlahcenie

h

Obr. 1. Indentatns krivka ~ Obr. 2. Princip videoextenzometrie’

Videoextenzometria je bezkontaktna metdda, ktorej prin-
cipom je snimanie obrazu pomocou CCD (Charge-Coupled
Device) snimaca z povrchu skuSobného telesa (obr. 2). Teleso
je osvetlené nebodovym zdrojom svetla. V snimanej oblasti
st vhodne nanesené kontrastné body (Cierne body na svetlom
povrchu vytvaraju pozadovany kontrast). Kontinudlnym sni-
manim v ¢ase a zaznamenavanim suradnic tazisk tychto bo-
dov pomocou prislusného softvéru je mozné vyhodnocovat
deformécie medzi jednotlivymi bodmi’.

Cielom tohto prispevku je stanovit indentacné
a deformacné charakteristiky laserovych zvarov a vztahy
medzi nimi.

2. Material a metodika prace
Pre experimenty boli pouzit¢é zvary odobraté

z hlbokot'aznych laserovo zvaranych pristrihov na mieru pro-
dukcie firmy Arcelor. Hriibky a mechanické vlastnosti zaklad-

nych materialov su uvedené v tab. I a ich chemické zlozenie
je uvedené v tab. 1.

Tabul'ka I
Mechanickeé vlastnosti pouzitych oceli

Akost’ Hrubka R. R, A
[mm] [MPa] [MPa] [%]
XSG 1,95 182 299 45,2
HR 45 1,80 382 493 24,7
Tabulka II
Chemické zlozenie pouzitych oceli
Chemické zlozenie [%]
XSG C S N, Mn P Si
0,0013 0,0105 0,0017 0,082 0,011 0,006
Al Ni Sn Nb \'% Ti
0,055 0,013 0,003 0,001 0,002 0,040
HR 45 C S N, Mn P Si
0,1562 0,004 0,003 0,654 0,013 0,010
Al Ni Sn Nb \ Ti
0,035 0,015 0,005 0,001 0,002 0,001
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Obr. 3. Makrostruktiira zvarového spoja

Makrostruktira zvarového spoja je zobrazena na obr. 3.
Priemerna $irka TOO na strane ZM XSG je 0,43 mm, na stra-
ne ZM HR 45 je 0,41 mm. Mikrostruktira jednotlivych oblas-
ti je na obr. 4 a) — g).

Indentacné charakteristiky laserovych zvarov boli stano-
vené metddou DSI, uréili sme: indenta¢nt tvrdost’ (H,r), Mar-
tensovu tvrdost’ (HM), deformaénti indenta¢nti energiu celko-
va (W), deformaénti indentacni energiu elasticki (W)
a deformac¢ni indentacnu energiu plastickii (Wp). Indentacie
na vybruse v rovine kolmej k osi zvaru boli realizované na
zariadeni Shimadzu DUH 202 Vickersovym indentorom pri
zatazeni 490 mN (50 g), do jednotlivych oblasti zvarového
spoja azakladnych materidlov, v linii rovnobeznej
s povrchom plechu. V kazdej oblasti boli urobené 3 vpichy.
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Deformacné charakteristiky: prieéna deforméacia &
(kolmo ku smeru zataovania) a pozdizna deformacia gy
(v smere zatazovania) pozdizne zvarenych zékladnych mate-
ridlov XSG a HR 45 boli stanovené videoextenzometrickou
metodou. Skusobné telesa na staticka skasku tahom boli vy-
robené tak, Zze zvar bol rovnobezny s osou telesa, v tomto
smere boli telesa zatazené pri statickej skiske v tahu. Pred
samotnym nanaSanim kontrastnych bodov, bol na povrch
vzoriek naneseny tenky plasticky film bielej farby, ktory sluzi
na zvySenie kontrastu medzi pozadim a kontrastnymi bodmi
(obr. 5). Minimalna vzdialenost’ medzi stredmi bodov bola
0,6 mm a vel’kost’ bodov 0,44 mm.

a

Obr. 4. Mikrostruktiira zvarového spoja (poradie XSG-ZVAR-
HR 45); a) Zakladny material XSG tvoreny feritickou nerovnomer-
nou Struktirou s vyraznou textirou po tvarneni za studena (¢ZMl1-
XSG, oznacenie podla legendy obr.8a9). b) Oblast’ zhrubnutia
feritického zrna. Nerovnomerna $truktira (mZhrubnuté zrno). c¢) Pre-
chod polygonalneho feritu do oblasti tvorenej acikularnym feritom
(ATOOL). d) Prechod z oblasti natavenia tvorenej acikularnym feri-
tom (XZK) do oblasti tepelne ovplyvnenej na strane materialu HR 45,
kde vidiet' bainiticka Struktaru. e) Detail, bainiticka Struktara —
tepelne ovplyvnend oblast’ materidlu HR 45 (*TOO2 — 1.cast). f)
Oblast’ prehriatia materialu HR 45 do intervalu teplot A; — A;, kde
vplyvom nasledného rychleho ochladenia nastalo rovnomerné vyluce-
nie perlitu vo forme chumacov na hraniciach feritickych zin (+TOO2
— 2.¢ast’). g) Jemnozrnna rovnomerna feriticko-perliticka Strukttra
zakladného materialu HR 45 (-ZM2-HR 45)

Deformacné charakteristiky boli stanovené na dvoch
skasobnych telesach: na medzi pevnosti a pre okamih tesne
pred roztrhnutim (perforacia), ktoré sa liSili poctom nanese-
nych bodov (PZZ-1- 256 bodov, PZZ-2 — 324 bodov). Pre
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Obr. 5. Konfiguracie nanesenych kontrastnych bodov; a) PZZ-1,
b) PZZ-2

¢ Princip A
* Princip B
® Princip C

Obr. 6. Principy VDTK

hodnotenie nameranych vysledkov bol vyvinuty program
VDTK, ktory bol vyuzity pre off-line hodnotenie deformac-
nych charakteristik. Program VDTK poskytuje moz-
nost’ vyberu z troch spdsobov vypoctu deformécii (obr. 6, A —
useky, B —elementy, C — posunutia). Deformacia na zaklade
sposobu A (v &ase t, v smere Y) sa pocita ako relativne predi-
zenie usekov ohrani¢enych kontrastnymi bodmi (plné body na
obr. 6). Vysledkom je hodnota deformacie, ktora sa priradzuje
zelenym bodom (prazdne body). Rovnako plati aj pre smer X.
V pripade spdsobu B sa hodnota deformacie, vypocitana ako
priemernd hodnota deformacii rovnobeznych susednych Gse-
kov, priradi stredu celého elementu (Cerveny krizik). Sposob
C poskytuje moznost’ vypoctu deformacie priamo pre kon-
trastné body zhodndt ich posunuti u,, uy. Pre nekone¢ne
maly prirastok deformacie plati:

_ 0(du,)

de,
o

_0(du,)

de
ox Y

3. Vysledky experimentov

V jednotlivych oblastiach zvarového spoja bola vyhod-
notena velkost Martensovej tvrdosti (HM), indentaéna tvr-
dost’ (Hyr) a pomer energii spotrebovanej na elasticki defor-
maciu a celkovej spotrebovanej energie (W./W); akumulova-
na elasticka energia méze byt vyznamnou pri inicicii a Sireni
trhlin. Priebehy jednotlivych veli¢in v zavislosti od polohy
voci osi zvaru su zobrazené na obr. 7. Maximalna hodnota
tvrdosti bola namerana v TOO na strane materialu HR 45
(obr. 8). Ide o oblast, kde vplyvom zvaracieho cyklu doslo
k ohrevu materialu HR 45 nad teplotu Ac; a pri naslednom
chladnuti sa v §truktire vylucil bainit (obr. 4e). Zaujimavos-
tou je, ze minimalne hodnoty tvrdosti neboli namerané
v oblasti zhrubnutia feritického zrna, ale v zakladnom mate-
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ridli XSG. Medzi hodnotami Martensovej a indentacnej tvr-
dosti bola zistena linearna zavislost™.

Pri obidvoch skugobnych telesach s pozdiznym zvarom
nastala iniciacia lomu na strane materialu HR 45, kde bola
namerana aj maximalna pozdizna deformécia &,. V ¢ase per-
foracie bola maximalna deforméacia na strane materialu HR 45
priblizne dvakrat véc¢sia ako na strane materidlu XSG. Maxi-
malna priecna deformacia g bola namerana v oblasti zhrubnu-
tia feritického zrna. Priebeh deformécie cez oblast’ maximal-
nej nameranej deformécie (po Sirke skuSaného telesa), v za-
vislosti od vzdialenosti k osi zvaru je znazorneny na obr. 9.
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4500 A s; 4 0.16
4000 - :lu + 014
e ] at B o
S 2500 | A WO ': =88 % to1 &
T 2000 1 0 C To08 2
I AAM e
1500 { 8g® - 1008
1000 - :::/I T 0.04
500 1 AWelw| | 0.02
0 : : : 0
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vzdialenost’ k osi zvaru [mm]

Obr. 7. Hyp, HM a W/W v zavislosti od vzdialenosti k osi zvaru
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Deformacie & ae, sme stanovili na medzi pevnosti
a v okamihu tesne pred vznikom trhliny (perforaciou plechu).
Na obr. 10 a 11 su zobrazené zavislosti tvrdosti Hjr od defor-
macie pre jednotlivé skuSobné telesa. Priemerné hodnoty
deformacie boli priradené jednotlivym oblastiam zvarového
spoja na zaklade ich vzdialenosti od osi zvaru. Dosiahnut
rovnaku hodnotu deformdcie pri maximalnej sile na dvoch
telesach je obtazné, pretoze tahovy diagram je na Fp.y plo-
chy. Hodnoty deformacii u PZZ-1 st preto iné nez u PZZ-2
a zavislosti g a g, pre jednotlivé telesd v obr. 10 su rozdielne.
Stav tesne pred perforaciou je definovatelny jednoznacnejsie
a pre obe telesa tiez I'ahSie porovnatelny, preto vysledky te-
lies PZZ-1 a PZZ-2 lepsie suhlasia (obr. 11).

Vztah medzi Hir alokdlnou deformaciou mé linearny
charakter pre jednotlivé skupiny bodov, obr. 10 a 11.

V roznych miestach prie¢neho prierezu skuSobného
telesa je rozna Struktura a teda aj rozna tvrdost’ a rézna schop-
nost’ sa deformovat’, susedné prierezy su vSak rovnaké. Defor-
macia priecna g, pritom nie je po priereze vo svojom rozvoji
obmedzovana, pretoze dva susedné prierezy maju, prechadza-
juc cez ich #irku, rovnaku §truktiru. Deformaciu pozdiznu &,
v danom mieste ovplyviiuje ale ind deformécia v susednom
mieste toho istého prierezu.

Na medzi pevnosti je méksi material schopny sa viac
rovnomerne deformovat’ v prienom smere (vicSie hodnoty
&). Pre pozdiznu deforméciu gy plati opacne: tvrdsi material
sa deformoval viac nez material maksi.

PoruSenie (perforacia) nastdva na strane materidlu
HR 45 (vid maximum na krivke ,,deformacie Y na obr. 9).
V tom okamihu ostatné Casti namahaného prierezu (r6zne
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S 2500
. 2000 - ° m o o
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Obr. 8. Zavislost’ podielu elastickej indenta¢nej energie Wo/W od
Hir
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Obr. 9. Priebeh deformacie (princip C) a Hyy po Sirke telesa PZZ-
Iperf
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Obr. 10. Zavislost” Hy;rod deformacie (princip C) na medzi pev-
nosti

4500
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Obr. 11. Zavislost’ Hyr od deformécie (princip C) pred perforaciou
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Obr. 12. Mapy rozloZenia priecnej deformacie (princip C) pre
PZZ-1; a) g, [%] na Ry, b) & [%] pred perforaciou

Obr. 13. Mapy rozloZenia pozdiznej deformacie (princip C) pre
PZZ-1; a) g, [%] na Ry, b) & [%] pred perforaciou

Casti zvarového spoja) majil nevycerpanu zasobu svojej plasti-
city, a preto je ich prislusna deformacia mensia, nez by im
prisluchalo v okamihu porusenia.
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Tesne pred porusenim (perforaciou) je prie¢na deforma-
cia g cca 20 % pre vsetky, rozne tvrdé, oblasti zvarového
spoja. Pre pozdiznu deforméciu gy plati podobne ako na medzi
pevnosti: tvrds$i material sa deformoval viac nez material
maksi.

Na obr. 12 a 13 st znazornené mapy pozdiznej a pried-
nej deformécie telesa PZZ-1. Rozlozenie pozdiznych defor-
macii na medzi pevnosti je homogénne, hodnoty prie¢nych
deformacii lepsie vizualizuju polohu zvaru. Stupnica na pravej
strane jednotlivych map nie je rovnaka pre vSetky obrazky.

Na PZZ-1 pred perforaciou boli vyhodnotené deformac-
né charakteristiky tromi sposobmi. Tab. III uvadza porovna-
nie maximalnych hodnét deformacii. Pre porovnanie bolo
vybraté miesto vyskytu maximalnej deformacie. Hodnoty &,
pre spdsoby A a B sa liSia 0 5 %, pre B a C 0 4 % a pre sposo-
by vyhodnocovania C a A sa lifia o0 1,3 %. Hodnoty &, pre
sposoby A a B sa lisia o 1,3 %, pre Ba C o 11 % a pre spdso-
by vyhodnocovania C a A sa liSia 0 12 %.

Tabulka III
Porovnanie spdsobov vypoctu deformacii

Sposob & [%] gy [%]
Useky (A) 29.4 155
Elementy (B) 27,9 153
Posunutia (C) 29,0 137
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4. Zaver

Zvar je vzdy potencidlne najslabsim miestom konstruk-
cie, preto poznat’ lokalne vlastnosti jeho jednotlivych oblasti
je dolezité. Maximalne tvrdosti Hir a HM boli namerané
v tepelne ovplyvnenej oblasti na strane materialu HR 45. Mi-
nimalna H;r bola namerana v zakladnom materiali XSG. Po-
diel W./W spociatku linedrne rastie s Hir a dosahuje maxi-
malne hodnoty pre oblast Hyr =4000-4500 MPa. Dalgim
zvySovanim Hyr podiel W/W nerastie.

Najvicsia priecna deformacia tesne pred porusenim bola
namerana v oblasti zhrubnutia feritického zrna (28 %). Poru-
Senie sa iniciovalo na strane materialu HR 45, kde bola name-
ran aj maximalna pozdizna deformacia (137 %).

Rozvoj deformdcie €, v urCitej oblasti zvarového spoja
je ovplyviiovany rozvojom deformicie v susednom mieste
daného prierezu, ktoré ma int Struktiru a iné vlastnosti. Na
medzi pevnosti ako aj pred perfordciou rastica pozdizna de-
formécia &, mé za nasledok nérast tvrdosti Hyr. Rozvoj defor-
macie & po prie¢nom priereze skiisobného telesa nie je obme-
dzeny susednym prierezom a preto maksi material je schopny
sa viac deformovat’. Oblasti zvaru s réznou tvrdostou H;r sa
v prie¢nom smere v okamihu lomu deformuju (g,) rovnako.

Prispevok vznikol pri rieseni projektu VEGA No. 1/4149/07
a APVV - 0326 - 07.

Autori prispevku dakuju firme Noble International Senica
s.r.0., ktord poskytla experimentdlny material.
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L. Ambrisko?, T. Kandra®, and L. PeSek® (“ Technical
university of Kosice, Faculty of metallurgy, Department of
material science, b kovoHUT Y, a.s., Krompachy, Slovakia):
Evaluation of Indentation and Deformation Characteris-
tics of Laser Welds

Two progressive methods were used for evaluation of
indentation and deformation characteristics of laser welds.
Depth sensing indentation techniques (DSI) is used for deter-
mination of local mechanical properties of laser welds. Me-
chanical properties such as indentation hardness (H;r), Mar-
tens hardness (HM), total indentation energy (W), elastic
indentation energy (W) and plastic indentation energy (Wp)
for each individual regions of the weld had been established.
Videoextensometry was used to determine longitudinal and
transversal components of the normal strain. Relations be-
tween indentation and deformation characteristics had been
established.
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SIMULACIE ECAP PROCESU ZLIATINY EN AW 2014 POMOCOU MKP
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1. Uvod

Equal Channel Angular Pressing (ECAP) — pretlacova-
nie cez kanal rovnakého prierezu je pomerne jednoduchd SPD
(Severe Plastic Deformation) metéda na ziskavanie UFG
(Ultra Fine Grain) $truktury na arovni 70-500 nm (cit."). Této
metoda, ktord v roku 1977 vynasiel Segal’, je schématicky
zobrazena na obr. 1. Princip tejto spracovatel'skej metody
spociva v pretlacovani vzorky cez Specidlnu matricu, ktord
obsahuje dva navzdjom sa kriziace kanaly (vertikdlny a hori-
zontalny) rovnakého prierezu. ECAP matrica je definovana:
priemerom, uhlom ® — uhol medzi kanalmi, ktory sa najcas-
tejSie pohybuje od 90° do 120° a uhlom y — uhol na vonkaj-
Som rohu matrice. Efektivna deformacia po N prechodoch sa
pocita podl'a vztahu (/):

2N

Exn =?.cot [ )

kde N je pocet pretlaceni, ¢ uhol medzi kanalmi.

V stcasnej dobe, vd’aka rychlo rozvijajicej sa vypocto-
vej technike sa vo velkej miere pouzivaju softvérové produk-
ty pre analyzu tvarniacich procesov. Tie nam poskytuju lokal-
ne detailné informacie o priebehu plastickej deformacie
v materiali, tykajuce sa distribicie deformacie, rychlosti de-
formdcie, napdti, ako aj informacie o vonkajSom zatazeni
tvarniacich nastrojov. Na matematické simulacie sa pouzivaju
rozne softvérové produkty, ako napr. Ansys, Forge, Marc,
SuperForm, SuperForge a Deform. Softvérovy produkt De-
form 2D a Deform 3D (cit.”), je zaloZeny na MKP (Metoda
Kone¢nych Prvkov). Deform 2D je vhodny na rieSenie osovo
symetrickych tloh v oblasti velkych objemovych plastickych
deformacii. Umoziiuje suhrn interakcii medzi deformaciou,
tepelnym spracovanim, transformaciami a difiziou. Vhodnym
nastrojom, ktory predstavuje velkua vyhodu oproti inym spo-
menutym simulaénym produktom, je automaticky generator
siete (AGS). Najdodlezitejsi vstupny udaj pre matematicka
simulaciu tvarneného materialu je napat'ovo-deformaéna kriv-
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Obr. 1. Geometria ECAP matrice s detailom na hustotu siete

ka (o-¢), od ktorého zavisi presnost’ vypoctu. Tento udaj je
mozné pouzit bud z programovej databazy, alebo
z experimentalne stanovenej krivky o-g. Experimentalne kriv-
ky o-¢ sa ziskavaju z laboratornych skuSok tvarnitelnosti:
tahom, krutom, resp. tlakom.

Predmetom prispevku je porovnanie vysledkov matema-
tickych simulécii ECAP procesu materidlu EN AW 2014,
ktorého krivky spevnenia boli do programu Deform 2D im-
plementované pomocou vyberu krivky o-¢ z programovej
databazy a experimentalne stanovenej zavislosti 6-¢.

2. Material a experimentilne metodiky

Pre experimentalne stadium bola pouzita hlinikova zlia-
tina EN AW 2014.

Boli pouzité nasledovné experimentalne metodiky:
experimentalna zavislost' o-¢ pre material EN AW 2014
bola ziskana po aplikacii nasledovného tepelne-
deformaéného cyklu:

— valcovanie vstupného materialu za tepla na laborator-

nej valcovacej stolici DUO 210 pri teplote 460 °C,

— tepelné spracovanie: rozpustacie Zihanie pri teplote
520 °C s casom vydrze 2,5 h, s naslednym kalenim
do vody.

Staticka skuska v tahu bola realizovana na zariadeni FP 100/1
pri rychlosti zatazenia v = 0,15 mm min~', o zodpovedd
rychlosti deformacie € = 2,5-10s™!, v salade s STN 420310
(STN EN 10002-1).

matematické simulacie v SW produkte DEFORM 2D.

Geometria ECAP matrice pre simulaciu je zobrazena na
obr. 1. Pozostava z kruhového kanéla s priemerom ¢ = 10 mm,
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uhla medzi kandlmi ® =90°, vonkaj$im polomerom R =
5 mm a vnatornym polomerom » = 0 mm. Vzorka bola v tvare
tye s priemerom ¢ = 10 mm o dizke / = 60 mm. Dizka tfiia
bola [z, = 105 mm, ktory mal v procese pretlacovania kon-
stantni rychlost 1 mm s™'. Trecie podmienky medzi jednotli-
vymi objektmi  boli definované podla Coulomba,
s koeficientom trenia f = 0,12. Teplota pretlaovania bola 20 °C.
Oblasti rieSenia tUlohy ECAP =zariadenia (matrica, tif
a pretlacovana vzorka) boli popisané kone¢noprvkovou sietou
v tvare Stvoruholnikov. Hustota siete ur€uje presnost’ vypoctu
a ¢as vypoctu. Ak je objekt popisany vel'mi malym poctom
elementov, tak vypocet je z hl'adiska strojového Casu kratky,
ale presnost’ vypoctu je velmi mala. Naopak, ak je hustota
siete prili§ vysoka, strojovy as sa niekolkonasobne predizi,

Tabulka I
Materialové charakteristiky vzorky a nastrojov

LMV 2008

Vzorka Databaza  Experiment
Plastické udaje z o-¢ kriviek
Youngov modul, MPa 68900 70000
Elastické Poissonova konStanta 033 033
teplotna expanzia, K 2,2-107 2,2-107
tepelna vodivost’,
 kWm'K! 180,2 180,2
Tepelné tenelnd k "
epelna kapacita,
K ke K 2,433 2,433

Kritérium porusenia Cockcroft-Latham

410
340
©
o
=
270
b -
.9 /
-
(©
% /
= 200
130 e cxperimentaine u
stanovena krivka
e krivka ziskana zo
sofverovej databazy|
60 4 : 1
0 0,1 0,2 0,3

Deformacia & [-]

Obr. 2. o-¢ krivky spevnenia
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pri¢om presnost’ vypoctu je zbytoéne vysoka. Vzhl'adom na
geometriu a vel'kost jednotlivych objektov je potrebné zvolit’
optimalnu hustotu siete. Vzhl'adom na ¢as vypoctu a jeho
presnost autori*® odporugaji, Ze je postadujiice vzorku
s priemerom ¢ = 10 mm popisat’ priblizne 20 elementmi.
V simulovanom pripade bola vzorka s priemerom ¢ = 10 mm
a dizke I = 60 mm pokryta pomocou 3000 elementov, o pred-
stavuje 28 elementov na priemer vzorky, ako je to
v detailnom zabere vidiet na obr. 1. Na styénych plochach
bola siet’ zhustend, ¢o umoznilo lepSie popisat’ zloziti geo-
metriu napr. v oblasti polomerov.

Nastroje ECAP zariadenia, tj. matrica a tf boli
v matematickej simuldcii popisané ako elastické objekty,
ktorym bola priradena materidlova charakteristika nastrojovej
ocele. Materialova charakteristika nastrojovej ocele vysoko
prevySuje materialovl charakteristiku tvarneného materialu.
Vzorka bola popisana ako elasto-plasticky objekt, ktorého
materidlové charakteristiky si: Ry, = 157 MPa, krivka c-¢,
Youngov modul pruznosti a tepelné vlastnosti.

Vysledky matematickych simulacii ECAP procesu na
materiali EN AW 2014 boli porovndvané na zaklade dvoch
pristupov pre volbu krivky c-¢: krivka vybratd z programove;j
databazy podl'a normy EN a krivka dosadena z experimental-
nych skuSok. Priebeh obidvoch kriviek c-¢ je zobrazeny na
obr. 2, z ktorého vyplyva rozdiel v hodnotach napiti. V tab. I
st uvedené materidlové charakteristiky oboch vzoriek.

3. Analyza dosiahnutych vysledkov

RozloZenie intenzity plastickej deformacie po jednom
ECAP prechode pre obe sledované materialové charakteristi-
ky je zobrazené na obr. 3.

Na obr. 3 vidiet, ze intenzita plastickej deformacie je
nerovnomerne rozlozena po prienom priereze aj po dizke
vzorky. Po dizke vzorky je mozné intenzitu plastickej defor-
macie rozdelit’ do troch zakladnych oblasti: hlava — nerovno-

a)
1.32

pita telo hlava

0.879

550. vypoctovy krok
b)
||

pita telo hlava Gaisd

. 0.000

Obr. 3. Distribuicia a intenzita plastickej deformacie vo vzorke
pre: a) materidl definovany z databazy, b) materidl definovany na
ziklade experimentélne stanovenej krivky c-¢
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Obr. 4. Distribucia intenzity plastickej deformacie po priecnom
priereze vzorky v 550. vypoctovom kroku pre: a) material defino-
vany z databazy, b) material definovany na ziklade experimental-
ne stanovenej c-¢ krivky

mernost deformécie je spOsobena nerovnomernym tokom
materialu pri prechode z vertikalneho kanala do horizontalne-
ho, telo — ustaleny stav plastickej deformacie, péta — nerovno-
mernost deformdcie je spdsobend nelplnym pretlaenim
vzorky cez kanal. Nerovnomernost’ intenzity plastickej defor-
macie sa najviac koncentruje do spodnej Casti vzorky. Podob-
né vysledky boli dosiahnuté aj v inych pracach*”’. Materialo-
vé vlastnosti po ECAP spracovani sa vylucne robia len
z oblasti tela.

Na obr. 4 je zobrazena distribucia intenzity plastickej
deformacie po priecnom priereze vzorky v 550. vypoctovom
kroku (v ustalenom pasme plastickej deformacie) pre obidve
sledované materidlové charakteristiky.

Lokéalne zmeny v distribucii plastickej deformacie su

LMV 2008

s157

Regular Lectures

pozorované len v ovlasti dolného polomeru, kde v hibke
1 mm pod povrchom vzorky je rozdiel efektivnej deformacie
~ 0,1. To znamena, Ze vstupné udaje napédtovo-deformacénych
kriviek nemaji podstatny vplyv na distribuciu a intenzitu
plastickej deformacie po prie¢nom priereze.

Na obr. 5 je zobrazena distribucia intenzity rychlosti
plastickej deformacie pre obidve sledované materidlové cha-
rakteristiky. Rychlost’ deformacie vymedzuje oblast’ plastickej
deformécie resp. zoénu plastickej deforméacie (ZPD). Na
obr. 5 jednozna¢ne vidiet’, ze rychlost’ plastickej deformacie
je sustredena v izkom pasme — v zoéne plastickej deformacie
(ZPD). Délezitost ZPD z hl'adiska rozlozenia plastickej de-
formacie po celej vzorke potvrdili aj autori*®. Lokalne zmeny
z hladiska porovnania obidvoch sledovanych materialov st
evidentné aj v zavislosti na rychlosti deformacie. Rychlost’
deformadcie je rozdielna v kroku 550, kde v materiali z databa-
zy bolo dosiahnuté v oblasti vnutorného polomeru rychlosti
deformacie vyssej o 29 %, v porovnani s druhym pripadom.
Tento rozdiel uz nie je mozné zanedbat’.

Na obr. 6 je zachyteny vyvoj teploty v ECAP procese.
Z obr. 6 vyplyva narast teploty v priebehu procesu z pévodne;j
teploty okolia na 35,5 °C pre material definovany z databa-
zovych tdajov a na 46 °C pre material s experimentalne sta-
novenou materidlovou charakteristikou. Narast teploty stvisi

2.09

1.39

I 0.695
. 0.00000

1.48

0.984

. 0.492
. 0.000

Obr. 5. Distribuicia intenzity rychlosti plastickej deformacie po
priecnom priereze vzorky v 550. vypo¢tovom kroku: a) material
definovany z databazy, b) material definovany na ziklade experi-
mentilne stanovenej krivky o-¢
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Obr. 6. Vyvoj deformacného tepla a ohrev tvarniacich nastrojov
pre: a) material definovany z databazy, b) material definovany
na zaklade experimentalne stanovenej krivky c-¢

s premenou Casti prace plastickej deformacie na teplo. Roz-
diel teplot zavisi na krivkach spevnenia, reprezentuje nezane-
dbatelny vplyv, avSak teplota vzorky ani v jednom pripade
nedosiahla Groven nastupu uzdravovacich procesov skimané-
ho materialu. V simulacii sa uvazovalo aj s prestupom tepla,
¢im moézeme sledovat’ aj ohrev tvarniacich nastrojov, tak ako
to vidiet na uvedenom obrazku. Teplota tvarniaceho nastroja
by nemala presiahnut’ jeho popustaciu teplotu.

4. Zaver

Detailny rozbor vysledkov simulacie ECAP procesu

LMV 2008
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hlinikovej zliatiny EN AW 2014 pomocou simula¢ného prog-
ramu DEFORM 2D ukazal, ze z hl'adiska predikcie jednotli-
vych premennych pocas tvarnenia materialu bol v niektorych
pripadoch (intenzita rychlosti plastickej deformacie a teploty)
znaény rozdiel, ak bol material zadany zo softvérovej databa-
zy, alebo definovany na zaklade experimentalne stanovenej
krivky c-¢. Spdsobené zmeny sa mozu vysvetlit' lep§im po-
znanim materidlovych charakteristik zo skusky tahom, preto-
ze material v sebe nesie vSetky stopy predchadzajicich tech-
nologickych operacii a pouzitie idajov z programu DEFORM
2D nemusi v plnej miere zodpovedat’ experimentdlnemu ma-
terialu. Z tohto dovodu je nevyhnutné pri simulacii procesu
vychadzat’ z poznania materidlovych charakteristik, ktoré sa
ziskaju pomocou laboratoérnych skiisok.

Autori dakuju agenture APVV (Projekt APVV-20-027205) za
podporu.
LITERATURA

1. Kvackaj T., Zemko M., Kuskuli¢ T., Ko¢isko R., Bester-
ci M., Dobatkin S.V., Molnarova M.: High Temp. Mater.
Process. 26, 147 (2007).
Segal V. M., Reznikov V. 1., Drobyshevskiy A. E., Ko-
pylov V. L.: Russian Metal. 1, 99 (1981).
Kvackaj T.: Acta Metallurgica Slovaca 2, 160 (2002).
Kvackaj T., Zemko M., Kocisko R., Kuskuli¢ T., Pokor-
ny 1., Besterci M., Sulleiova K., Molnarova M., Kovaco-
va A.: Kovove Mater. 45, 249 (2007).
Kocisko R., Zemko M., Kuskuli¢ T., Kvackaj T., Kova-
cova A.: Acta Metallurgica Slovaca /3, 397 (2007).
Li S., Bourke M. A. M., Beyerlein 1. J., Alexander D. J.,
Clausen B.: Mater. Sci. Eng. 382 4, 217 (2004).
Leo P., Cerri E., De Marco P. P., Roven H. J.: J. Mater.
Proc. Techn. 182,207 (2007).

J. Bidulska®, R. Ko¢&isko®, T. Kvatkaj®, R. Bidulsky",
and M. Actis Grande® (“ Department of Metals Forming,
Faculty of Metallurgy, Technical University of Kosice,
Kosice, Slovakia b politecnico Torino, Alessandra Campus,
Alessandria, Italy): Simulations of ECAP Process of EN
AW 2014 Using FEM

The finite element method (FEM) is a proven and reli-
able technique for analyzing various forming processes, in-
cluding heat treament and ECAP. The plastic deformation
behaviour of the materials during the ECAP process with
a round die corner angle (90°) and a frictionless condition was
investigated using the commercial two-dimensional rigid-
plastic finite element code (DEFORM 2D). The main aim of
the present work were provided information concerning the
distribution of effective strains, strain rates, effective stresses
and temperatures in the EN AW 2014 material.
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1. Introduction

The current status of powder metallurgy marked de-
mands for either a reduction of costs or a sensible increase in
properties. This concept applies, especially in the automotive
sector, where the average weight of PM parts per car is now
nearly 10 kg and a growth of 37 % is assumed to be reached
in 10 years'. The increase of properties could affect the design
as well as the customer’s demands but can be obtained only
through new tendency and technological innovation and/or
through the application of either new or adapted solutions.

Modification of density and microstructure, via classical
route as pressing and sintering, can be successfully achieved
for the fatigue limits of powder metallurgy steels at about
300 MPa average®, this means that secondary operations are
generally necessary to reach the higher fatigue properties. If
compared to wrought steels’™, fatigue behavior of sintered
steels is more complicated and depends on some factors re-
lated to sintered microstructures, such as pore agglomerates’.
Fatigue properties of sintered steels depend on plasticity and
strength of microstructures, as well as porosity. The pores act
as crack initiators, the distribution of stress is inhomogeneous
across the cross section of the investigated material and re-
duces the effective load bearing area. Both the morphology
and distribution of pores have a significant effect on the me-
chanical behavior of powder metallurgy steels. Two types of
porosity are typically observed in sintered materials’®:; inter-
connected and isolated porosity. Interconnected porosity has
more pronounced effect on properties than isolated porosity.
Relationship to strength is expressed by ratio between fatigue
strength and tensile strength. Ratio between fatigue strength
and tensile strength, 6¢/Ry, is close to 0.38 (ref.g).

A suitable modification of functional surfaces may deter-
mine a sensible upgrade in the required properties of low
alloyed steel. Shot peening is an industrial process often used
to improve the component properties'®"®, especially fatigue
life and fatigue strength.

In powder metallurgy area, shot peening is a relatively
new technological solution for higher strength sintered mate-
rials, especially in fatigue performance. Nakazawa et al.'*
tested the sub gear (in order to replace forging by powder

metallurgy) through the addition of the shot peening opera-
tions; the bending fatigue strength (parts were tested using
test rig and motored engine test) was improved by 30 %. Ad-
ditional researchers evaluated results Ancorsteel 1000 B with
2 % copper and 0.9 % graphite and showed that by optimising
the controlled shot peening parameters, the endurance limit of
sintered steel powder metal alloys can be raised by 16 % and
22 % (ref.””). Automotive components such as gears, sprock-
ets and connecting rods are excellent candidates for powder
metallurgy and controlled shot peening.

The aim of this work is to determine the effect of local
hardening cause by surface modification on the fatigue failure
resistance. Fatigue strength was evaluated by Woéhler curves
for the plane bending fatigue tests on unnotched specimens of
as-sintered and shot peened alloys.

2. Material and experimental procedure

Commercially pre-alloyed water-atomised Hoganéds Fe-
(Cr, Mo) powder (Astaloy CrL, which contains 1.5 % Cr and
0.2 % Mo) was used as base material. The other commercial
raw materials were CR 12 graphite powder and HW wax
powder as lubricant. Graphite was added in mixture as 0.5 %
and 0.7 %. Final powder mixtures were homogenized in
a Turbula mixer. Two different specimen types, compacted at
600 MPa to a green density of ~7.0 gcm™, were prepared:
“dog-bone” tensile (ISO 2740) and fatigue (ISO 3928) speci-
mens. Formulation and processing parameters of the tested
alloys are presented in Table 1.

Sintering was carried out in laboratory tube furnace in an
atmosphere of pure gases 75 % N, + 25 % H,. The sintering
temperature was 1180 °C for 60 minutes. Heating and cooling
rates were 10 °C min~'. The surface modifications were car-
ried out on laboratory testing apparatus. Parameters of testing
apparatus were steel granulate S11 with diameter d, =
0.6 mm, angle between shot stream and peened surface 90°,
shot velocity v7g00 =71 ms™'. Specimens were tested in static
tensile test on aZWICK 1387 machine, extension
rate = 0.1 mm min~'. Fatigue tests were carried out in sym-
metric plane bending at R=-1, using SCHENCK PWON
testing apparatus. The maximum cycle number was 107,
Batches of 15 specimens were tested.

Table I

Formulation and processing parameters

Material State Sintering
[°C min™"]

Astaloy CrL + 0.5C as-sintered 1180/ 60

Astaloy CrL + 0.5C shot-peened 1180/ 60

Astaloy CrL + 0.7C as-sintered 1180/ 60

Astaloy CrL + 0.7C shot-peened 1180/ 60
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The profile surface roughness, Ra, was measured by
Hommel Tester T1000 profilometer.

Light and scanning microscopy were employed for mi-
crostructural evaluations. For optical microscopy, samples
were individually mounted, mechanically polished and finally
etched at room temperature using a Nital reagent. Scanning
microscopy was carried out using SEM JEOL 7000F.

3. Results and discussions
3.1. Surface roughness

The implementation of plastic deformation via shot
peening caused profile unevenness. The profile unevenness
was expressed by the arithmetical mean deviation of the pro-
file surface roughness; R,. The profile surface roughness is
the average arithmetical deflection of all unevenness from the
central line in the measured length'®'®. The average results
from 5 measurements of the profile surface roughness are
presented in Table II.

LMV 2008

Table IT

Average values of surface roughness

Material State R, [pm]
Astaloy CrL + 0.5C as-sintered 1.31£0.17
Astaloy CrL + 0.5C shot-peened 7.56+0.23
Astaloy CrL + 0.7C as-sintered 1.32+£0.19
Astaloy CrL +0.7C shot-peened 7.21+0.21

3.2. Properties and microstructures

Mechanical properties of prealloyed sintered Astaloy
CrL steels are presented in Fig. 1.

B Astaloy CrL+0.5C as sintered
@ Astaloy CrL+0.5C shot peened
[0 Astaloy CrL+0.7C as sintered

— 880, O Astaloy CrL+0.7C shot peened
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Fig. 1. Mechanical properties of investigated materials
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Fig. 3. S-N diagram for Astaloy CrL + 0.7 C steels

S-N curves of investigated materials are presented in Fig. 2
and 3.

Prealloyed Astaloy CrL with 0.7 % C is a material with
good combination of mechanical properties and fatigue
strength. The observed rankings in fatigue strength of the as-
sintered and shot peened states are readily explained by the
different microstructures due to different processing condi-
tions. Microstructure of Astaloy CrL with 0.5 % C consist of
mainly fine pearlite with areas of ferrite and bainite, Fig. 4.
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Fig. 4. The representative microstructure of Astaloy CrL + 0.5 C

Fig. 5. The representative microstructure of Astaloy CrL + 0.7 C

The microstructure of Astaloy CrL with 0.7 % C consist
of predominate upper bainite with small areas of pearlite,
Fig. 5.

3.3. Local hardening

The detailed research of local area showed that the ef-
fects of local hardening caused by surface modification via
shot peening exhibit higher hardness. Microhardness profiles,
Fig. 6, confirmed the important role of microstructure con-
stituents. The presence of bainite in specimens with higher
graphite contents exhibited higher value of microhardness
(the blank circle); on the other hand, the dominant presence of
fine pearlite determined lower microhardness in the range
HV 0.025 =200-250. The highest microhardness values lo-
cated at average value of 25 pm from outer surface. This cor-
responds to the details focused on local hardened area.
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Fig. 6. Microhardness profiles of shot peened specimens

The modification of functional surfaces of investigated
steels increased the mechanical and fatigue properties by
means of stronger segments on the surfaces of specimens due
to something close to a fully densified surface layer, as well
as by the elimination of the detrimental effect of pores near
the surface; the result was the decrease of crack propagation,
Fig. 7.

On the other hand, the creation of a rough surface
(represented by values of R,) and notch production increasing
strain localization caused the formation of local distribution
secondary cracks, thus decreasing the tensile strength. The
role of weak interfaces seems to be considered as a significant
factor. Mechanical properties are controlled by the mecha-
nisms of fracture in sintering necks. Characteristic for a duc-

Fig. 7. Detail of local hardened area
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tile fracture are the nucleation, coalescence and growth of
voids within the sintering necks. Such voids are often nucle-
ated at small brittle inclusions in the neck region. Shot peen-
ing has positive effect for fatigue endurance but it has also
been demonstrated than negative results may arise'*’. It is
therefore important, in the future, to evaluate the parameters
of shot peening.

4. Conclusion

The detailed research of local area has showed that the
effect of local hardening causes by shot peening exhibits non-
uniform distribution. The modification of functional surfaces
of investigated steels increased mechanical and fatigue prop-
erties by means of stronger segments on the surfaces of speci-
mens due to something close to a fully densified surface layer,
as well as by the elimination of the detrimental effect of pores
near the surface. The number and distribution of such inclu-
sions might control the final mechanical properties. Further
research in this area may lead eventually to the publication of
a design specification for sintered shot peened components.
Controlled shot peening seems to be most effective on higher
hardness and higher density powder metallurgy components.

R. Bidulsky thanks the Politecnico di Torino, the Regione
Piemonte, and the CRT Foundation for co-funding by the
fellowship.
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R. Bidulsky’, M. Actis Grande®, and M. Kabatova®
(“ Politecnico Torino, Alessandria Campus, Alessandria,
Italy, * IMR SAS, Kosice, Slovakia): Tmproved Fatigue Re-
sistance of Sintered Steels Via Local Hardening

The aim at the present paper was to find out how the
local hardening via surface modification and also microstruc-
tures affect the fatigue characteristics of the considered sin-
tered materials. Two different systems were prepared: as-
sintered and shot peened prealloyed sintered (Astaloy CrL
based) steels with addition of 0.5 and 0.7 % C. Fatigue tests
were carried out in symmetric plane bending at R=—-1. The
detailed research of local area showed local hardening caused
by surface modification via shot peening. Local hardening
exhibit positive effect on the fatigue failure resistance, due to
a surface something close to a fully densified surface layer
obtained by shot peening, as well as by the elimination of the
detrimental effect of pores near the surface.
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INVESTIGATION OF LOCAL MECHANICAL PROPERTIES OF ZIRCONIUM

ALLOYS USING NANOINDENTATION

OLGA BLAHOVA

New Technology Research Centre, University of West Bohe-
mia, Univerzitni 8, 306 14, Czech Republic
blahova@ntc.zcu.cz

Key words: Zr alloys, LOCA, Nanoindentation

1. Introduction

Zirconium alloys are used in nuclear industry, mainly
because of their low thermal neutron cross section, for their
good mechanical properties and corrosion resistance. These
alloys are widely used in production of nuclear fuel cladding
tubes serving as the first barrier between the fuel and the sur-
rounding environment. Zirconium shows high affinity to hy-
drogen, oxygen and nitrogen, forming stable hydrides, oxides,
nitrides and interstitial solid solutions. The presence of oxy-
gen and hydrogen has great influence on properties of the
microstructure. Oxygen stabilizes the o phase, enlarges the
o domain in the phase diagram and causes interstitial solid
solution forming. Hydrogen stabilizes the B phase, causes
higher solubility of oxygen in Zr at temperatures between
800-1200 °C, influences the redistribution of oxygen and
causes the decrease of a — 3 transformation temperature.

The problem of oxide peeling on pure Zr is solved by the
addition of suitable alloying elements Cr, Fe, Ni (stabilizing
the B phase), which do not dissolve in the zirconium matrix
and form small inclusions of intermetallic phases. Addition of
Sn (stabilizing the a phase) reduces the adverse effect of nitro-
gen. Zirconium alloys were developed in this way, having
coherent oxide layer, which do not have tendency to peel. In
order to improve mechanical and corrosion properties, other
alloy elements can also be added: Al (stabilizing the o phase),
Nb, Cu, V and Mo (stabilizing the  phase). High corrosion
resistance is attained by softening the structure with soft pre-
cipitates of B-Nb on grain boundaries and also in the matrix.

During the fuel cycle in water-cooled reactors, the outer
region of the cladding tube is in contact with the cooling me-
dium (water) with the temperature of 320 °C and pressure of
16 MPa. During the operation, oxidation of Zr occurs and
hydrogen is released (part of it is absorbed into the alloy). The
forming oxide creates a barrier between metal and water and
slows corrosion rate. Improvement in physical, mechanical,
technological and corrosion properties requires development
of new alloys offering longer fuel burn up cycle, a possibility
to use higher quality fuel and enhanced safety.

Loss of coolant accident (LOCA) can occur in water-
cooled reactors when, due to a broken pipe, water flows out.
The loss of moderator occurs within ten seconds or less and
the nuclear fission stops immediately. Temperature of the
cladding increases to approximately 1000 °C, which results in
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high temperature oxidation (HTO). The reaction between
steam and cladding surface occurs. The reactor emergency
system floods the reactor with water in short time and rapidly
cools down the cladding tubes.

During the heating period, the structure of the material
transforms: the a phase (hcp) changes to the high temperature
B phase (bcc). The maximum amount of oxygen, which can
be dissolved in the P phase, depends on temperature. The
exposure to high temperature atmosphere is accompanied by
oxygen and hydrogen uptake. Part of oxygen forms the oxide
layer during oxidation and the remaining part dissolves in the
metal. The amount of oxygen dissolved in the metal depends
on temperature: the higher the temperature, the higher the
amount of oxygen dissolved in the metal. Oxygen concentra-
tion gradient occurs with higher concentration levels under
sample surface.

Due to the rising oxygen content, the § phase transforms
back to hcp a-Zr(O), o phase stabilized by oxygen, even at
higher temperatures, which is not changed by further cooling.
During the cooling period, the remaining 3 phase transforms
to hep a phase (usually called prior B?) and B phase stabiliz-
ing elements (H, Fe and Cr) diffuse to the non-transformed
B phase. Thus the a phase lamellas are formed which are de-
pleted of these elements, despite the fact that the maximal
admissible concentration of oxygen in [ at higher tempera-
tures is exceeded'. Hydrogen causes the precipitation of hy-
drides during cooling. Faster cooling promotes the formation
of ZrH (y), while the slower one leads to formation of ZrH,.,.

The microstructure of the material after HTO and after
the cooling consists of the oxide layer ZrO,, oxygen stabilized
a-Zr(0) and o phase enriched with H, Fe and Cr which create
precipitates. The o-Zr(O) layer is very brittle and thus the
o phase is the only factor responsible for remaining ductility
and toughness of the material. The character of the a-Zr(O)
layer depends on the chemical composition of the alloy. Zr-
alloys containing Sn (o stabilizer) form uniform layers,
whereas in alloys containing Nb (J stabilizer), the layer is
non-uniform and acicular'” (see Fig. 1).

2. Experimental

The samples were small tubes with the length of 30 mm
and outer diameter of 9 mm and 0.6 mm wall thickness,
which are identical to actual cladding tubes. Chemical compo-
sition:  1.0-1.1% Nb, 3ppmH, 20ppmN, 100 ppmC,
840 ppm O. The course of LOCA was simulated in laboratory
conditions in UJP Praha’. Samples were heated at 950 °C,
1000 °C, 1050 °C, 1150 °C and 1200 °C in steam for different
time, see Tab. I. After the HTO stage and hardening in water
with ice, the tubes were cut to 3 mm-thick rings and then
embedded in resin or in conductive substance (for following
SEM analyses) and polished. Samples were examined by X-
Ray diffractometer equipped with high-temperature chamber’,
scanning electron microscope with EDAX* and by Nanoin-
denter XP.
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Table I

Experimental samples and measured mean values

Sample Hyr Err
temperature [°C] / time [GPa] [GPa]
[min]

950/0 2.88+0.27 111.1+£2.6
950/3 293+0.16 111.3+44
950/6 3.21+0.24 106.1 £3.0
950/9 3.40+0.20 1153 +3.7
950/ 15 3.19+0.17 105.5+2.7
1000/9 3.61+0.34 106.7+5.4
1000/ 15 3.69 +0.35 110.0£5.3
1050/0 3.32+0.25 107.7+4.5
1050/3 3.53+0.24 109.1 +£3.8
1050/ 6 3.63+0.23 110.3+£4.3
1050/9 3.95+0.24 113.5+3.9
1100/3 3.76 £ 0.28 108.9+2.9
1100/ 6 3.98 +£0.28 113.8+5.1
1100/9 4.11+0.24 1124+39
1100/ 15 3.82+0.21 108.7+3.3
1150/0 3.14+0.27 111.3+3.8
1150/3 398 +0.22 113.0£3.7
1150/9 4.62+0.24 118.8+4.2
1200/3 4.67+0.20 116.1+3.0
1200/ 6 4.61+£0.38 106.9+1.9
1200/9 5.44+0.33 116.4+3.6
1200/ 15 498 +£0.29 106.9 £ 3.0

The instrument enables to perform instrumented indenta-
tion where the displacement of indenter and load data are
recorded during the loading and unloading periods (F — A:
indentation curve). The indentation hardness Hjr and indenta-
tion modulus of elasticity Ej;r were measured by the IIT

(Instrumented Indentation Testing) method:

F,

Hy = Zax

P

where Fa is the maximum load; 4, is the projected contact
area of the indent.

__ =)
o=y’
E E,

T 1
where the indices i and s are related to properties of the inden-
tor or sample material (modulus of elasticity, Poisson ratio)
and E, is reduced modulus of elasticity:

28 w/A,,(hc)

where S denotes contact stiffness (the initial slope of the
unloading curve), B is correction constant for the indenter tip
shape (for Berkovich indenter: B = 1.034), 4, is the projec-
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tion of contact area and /. is contact depth:

P

max

h =h-¢

where ¢ is constant dependent on the indenter geometry®.

Nanoindentation measurements were performed with the
Berkovich indenter with the load of 8 mN. The indents were
made in three parallel rows with the starting point at the ox-
ide — metal interface and the distance of 5 pm between each
other. They were documented by using an optical microscope
or a SEM. The min — max intervals were recorded (Fig. 1),
with the assumption that they correspond with the o phase
properties, then mean values were calculated.

Calculated values of indentation hardness and modulus
of elasticity of the o (prior ) phase are shown in Tab. I. and
Fig. 2 and 3.

The indentation hardness generally increases with the
temperature of exposure. It depends on higher oxygen con-
tent’. The indentation modulus of elasticity is nearly constant:
1114 GPa + 4.2 GPa (standard deviation is approxi-
mately 4 % from mean value).

Ratio of measured values of indentation modulus
of elasticity Ejr and indentation hardness Hr (ref.7) is shown

a
+ Ierie
b 13 B serie 2
o serie 3
" ——min
w04 lm = LRk
o mg
L 3 average
() *an
= 3
I 54 +
E— ks R s N T e T L R AT 38
u] T T T T T
ul a0 100 150 200 250 300
position [um]
+ aete
250 = zefie2
c setie 3
200 -'_v ——min
= — max
g 180 - ‘..Crv._ - average]
oo Ay Sy A e T T T ]
w
209
1] T T T T T
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Fig. 1. a) Micrograph of sample with exposition temperature
1050 °C and time 9 min, b) measured value of indentation hard-
ness, ¢) measured value of indentation modulus of elasticity



Chem. Listy 105, s163—s166 (2011) LMV 2008 Regular Lectures
B B0
*1200°C : : P e120°C
= ooe | Sasiesl il Doansre
105G __ o : : i o
- iy : : : i
e : : 950°C = A0 fommemeee e S A A I
5 : : g : ¢ P 1000nG
O P A S i B5I°C
§ N H : - ¥l p %’ 5
+ Pl : 3 " :
: : 20 o R e frmmmnmeeee
I L IGELECE LT PEL T EPEREP LT PEPEEEPERO LS ;
2 T T 0 : : r
i 5 10 15 2 3 4 5 B
2 [min] Hir[GPa]

Fig. 2. Indentation hardness of samples with different exposition
temperature vs. exposition time

130
#1200°C
PRAEITE
w000
4 + 10500
B 2 EEREmasee o 1000°C
o] 950°C
5 . b
5 - ) :
110 Fmmmmmmemee A e A o g
[ ] [
100
0 [} 10 15
1 [min]

Fig. 3. Indentation modulus of elasticity of samples with different
exposition temperature vs. exposition time

a0
»1200°C
& 1150°C
m1100°C
F +1080°C
1000°C
— 950°C
=
& 30
e
& .
rs
* &
L ]
! » : L
20 i i
0 5 10 15
¢ [min]

Fig. 4. Ratio of measured values of indentation modulus
of elasticity Eyr and indentation hardness Hyr vs. exposition time

in Fig. 4. This ratio mostly decreases with the temperature of
exposure.

Samples were measured at UJP Praha by the pressure
testing method at 135 °C and ductility was determined”. Sam-
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Fig. 5. The ductility vs. indentation hardness of samples with
different exposition temperature

ples are brittle when their hardness is more than 4 GPa (see
Fig. 5).

3. Conclusion

This paper is based on long-time investigation and char-
acterization of mechanical and related properties of a new
ZrIND alloy. The samples were analysed using nanoindenta-
tion method.

The indentation hardness of the o (prior ) phase was
determined and it was found out that indentation hardness
increases with the temperature of exposure. On the contrary,
the indentation modulus of elasticity is nearly constant so that
ratio indentation hardness and indentation modulus decreases
with the temperature of exposure.

The indentation hardness correlates with ductility meas-
ured by the pressure testing method.

This work was supported by project MPO CR no. 24 —
1TP1/03 and project Kontakt — AIP no. MEB 080869.
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O. Blahova (New Technology Research Centre, Univer-
sity of West Bohemia, Plzeii): Investigation of Local Me-
chanical Properties of Zirconium Alloys Using Nanoinden-
tation

Samples from ZrINb alloy were tempered after various
temperatures and various times prior to hardening. This proc-
ess simulated the LOCA (Loss Of Coolant Accident) condi-
tions when, due to a broken pipe, water flows out. The loss of
moderator occurs and temperature of the cladding increases,
which results in high temperature oxidation. The emergency
system floods the reactor with water in short time and rapidly
cools down the cladding tubes.

This paper presents the evaluation of local mechanical
properties on samples after this simulation process. The in-
dentation hardness and indentation modulus of elasticity were
evaluated by nanoindentation method.
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MOZNOSTI VYUZITIA SYSTEMU NA ODBER MALYCH VZORIEK
Z PREVADZKOVANYCH ZARIADENI PRI HODNOTENI VLASTNOSTI

MATERIALOV
MARTIN BREZINA a LUDOVIT KUPCA

VUJE, a.s., Okruzna 5, 918 64 Trnava, Slovenska republika
brezina@vuje.sk, kupca@vuje.sk

KTlucové slova: odber vzoriek, malé vzorky, small punch test,
skusky mechanickych vlastnosti

1. Uvod

Prevadzkovatelia roznych zariadeni Casto riesia otazku
moznosti d’aliej prevadzky zariadenia, predizenia jeho plano-
vanej zivotnosti, pripadne aktudlnu potrebu analyzovat’ defek-
toskopické nalezy. Tieto otazky je mozné zodpovedne vyrie-
Sit' len odberom casti materidlu konstrukcie alebo daného
zariadenia a jeho detailnou analyzou.

Tradiény odber skuSobného materidlu u prevadzkova-
nych zariadeni predstavuje popri nutnych odstavkach aj ne-
vhodny zésah do celistvosti hodnotenej Casti, a to ¢i uz sa
jedna o odber strojnym obrabanim, teplotnym delenim alebo
aj inymi sposobmi. Tieto deStruktivne metody zvycajne vyza-
duji naslednti opravu odobratého miesta, vratane tepelné¢ho
spracovania a celého radu nede$truktivnych kontrol. Casto sa
pritom prave toto miesto mdze stat’ zdrojom problémov pri
d’alsej prevadzke.

V pripade, Zze je potrebné ziskat realne informacie
o stave daného zariadenia (napr. bude vypocétovo stanovené
vyCerpanie Zzivotnosti, resp. potreba analyzovat indikécie
alebo defekty) je mozné namiesto vyrezania a vymeny celého
komponentu odobrat’ z najkritickej$ich miest miniatirne vzor-
ky, ktoré nezmenia jej pevnost’ ani zivotnost, ale poskytni
dostatoéné mnozstvo informacii. Pomocou $pecialnych tech-
nik je mozné na takychto malych vzorkach vykonat’ prakticky
vSetky analyzy potrebné pre postidenie danej komponenty.
Tento sposob odberu malych vzoriek nazyvany tiez SSam
(Surface Sampling) nielenze negativne neovplyvni dané zaria-
denia, ale zvycajne tiez nevyzaduje ziadne dodato¢né operacie
(zvaranie, brusenie). Prikladom praktického vyuzitia takého
principu bol odber vzoriek z tlakovych nadob reaktorov JE V-1
v Jaslovskych Bohuniciach, realizovany firmou Rolls-Royce'.
V tomto pripade bolo pouzité jednoucelové zariadenie vyvi-
nuté iba pre dana potrebu.

Zariadenie SSam™-2  firmy Rolls-Royce, ktoré
v stcasnosti vlastni VUJE, a.s., je koncipované ako univerzal-
ny systém uréeny na odber vzoriek z réznych zariadeni bez
vyrazného poskodenia povrchu a bez nutnosti miesto odberu
opravovat’ alebo upravovat. V kombinacii s metédou Small
Punch Test, vyvinutej pre stanovovanie mechanickych vlast-
nosti na malych vzorkach, pontika §iroké moznosti ziskavania
informacii o stave a vlastnostiach materidlov zariadeni, a to aj
pocas ich prevadzky.

s167

2. Popis systému odberu vzoriek

Princip odberu vzorky zariadenim SSam™-2 je zalozeny
na rychlej rotacii rezného nastroja v tvaru dutej pologule oko-
lo osi sumernosti a jeho pomalého zastivania po kruhovej
drahe do rezaného materidlu. Os posunu nastroja je kolma na
os rotacie gule tak, ze rezny nastroj sleduje drahu hrany na-
stroja (vid’ obr. 1 a 2). Rezny nastroj je vyrobeny z ocele a ma
tvar dutej pologule o priemere o 50,8 mm a hribke steny 0,25
mm. Povrch nastroja je pokryty vrstvou kubického nitridu
boéru (CBN). Hribka vrstvicky CBN je 0,18 az 0,20 mm, ¢o
znaci, ze teoreticky je minimadlna Sirka rezu 0,61 az 0,65 mm.
V zavislosti na velkosti nepravidelnosti tvaru nastroja, je
skuto¢na Sirka rezu priblizne 0,67 mm (cit.2).

V odberovej hlavici, ktora ma priemer 70 mm a dizku
520 mm je umiestneny rezny nastroj, jeho pohony, vzduchovy
valec na upinanie v rarach a dva vzduchové valce pre nadzo-
vé vytiahnutie nastroja zrezu pri odbere vzoriek
v nedostupnych miestach (napr. v rurach).

POSUN

REZACi NASTROJ

BOWDEN
MAGNET

Obr. 2. Princip odberu vzoriek — poloha ku koncu odberu
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Obr. 3. Odberova hlavica na servisnom stojane

Vzorky je mozné odoberat bez chladenia, alebo
s chladenim vodou. Pre tento pripad je hlavica vybavena pri-
vodom a spatnym odsavanim chladiacej kvapaliny. Pouzitie
chladenia skrati dobu odberu, ale aj bez chladenia nedochadza
k prehriatiu odoberanej vzorky.

Odberova hlavicu poloZzenii na servisnom stojane je
vidiet’ na obr. 3. Detailny pohl’ad na hlavicu pri odbere vzo-
riek je na obr. 4. V tomto pripade je hlavica upevnena pomo-
cou magnetickych drziakov.

Vdaka flexibilnému systému upevilovania odberovej
hlavice je mozné odoberat’ vzorky z vonkajSieho aj vnutorné-
ho povrchu zariadeni a komponentov. V pripade potrubia je
mozné ziskat’ vzorky z vnutorného povrchu od priemeru po-
trubia ¢ 75 mm a az zo vzdialenosti 4000 mm od vstupu.

Velkost a tvar odobratych vzoriek zavisi na geometrii
v mieste odberu. Z rovinnej plochy je mozné odobrat’ vzorky
hrubé az 2,8 mm. V pripade odberu vzorky z vonkajsicho
povrchu potrubia maximalna mozna hrubka vzorky rastie,
v pripade vnutorného povrchu klesd. Doba odberu vzorky
zavisi na geometrii v mieste odberu (vonkajsi resp. vnitorny
povrch), nastavenej hibke odberu, na materiali, z ktorého sa
vzorka odoberad a tiez na tom, ¢i je pouzité chladenie.

Vyhodou pouzitia uvedeného odberového zariadenia je:
— minimalny zasah do hodnoteného komponentu,

— nie je potrebna d’alsia uprava povrchu v mieste odberu,

— moznost’ odberu vzoriek na nepristupnych miestach,

— prakticky nulové ovplyvnenie odobratej vzorky.
Odobraté vzorky je mozné analyzovat klasickymi meto-

Obr. 4. Detail hlavice pri odbere vzorky
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Obr. 5. Odobrata vzorka po elektroiskrovom deleni

dikami a postupmi, ale aj postupmi Specidlne vyvinutymi na
vyhodnocovanie malych vzoriek metoédou SPT (Small Punch
Test).
Z odobratych vzoriek je potom mozné stanovit’:
—  chemické zloZenie,
—  zakladné mechanické vlastnosti — medzu sklzu, medzu
pevnosti, tvrdost,
—  prechodovu teplotu krehky — htizevnaty stav,
—  Unavové charakteristiky,
—  mikrostrukturalne a submikrostrukturalne vlastnosti,
— mieru scitlivenia vo¢i medzikrystalickej korézii a pod.
Rozsah analyz a z toho vyplyvajuca potreba na pocet
odobratych vzoriek zavisi na hodnotenom zariadeni, pouzitom
konstrukénom materiali a pozadovanych vysledkoch. Rovna-
ko aj delenie ziskanych vzoriek, ktoré sa vykonava elektrois-
krovou drotovou rezackou, musi vzdy vychadzat z analyz,
ktoré sa budu vykonavat'. Pretoze zvycajne sa pozaduje stano-
vit' aj zakladné mechanické vlastnosti, je delenie orientované
tak, aby bolo mozné ziskat maximalny pocet vzoriek pre
skasku SPT. Pre zvysné skusky je spravidla mozné vyuzit
odrezky a zvysky po deleni a tiez vzorky po SPT skuskach.
Priklad delenia odobratej vzorky je na obr. 5.

3. Stanovenie mechanickych vlastnosti metédou
small punch test

V stcasnosti sa prejavuje snaha o zjednodusSenie skusa-
nia, pri si¢asnom zabezpeceni pozadovanej presnosti a viero-
hodnosti vysledkov. Jednym z moznych rieSeni je miniaturi-
zécia vzoriek. Sicasne so zmensovanim Standardnych skuaSob-
nych telies s vyvijané aj nové typy skisok plne nahradzuju-
cich bezne pouzivané skusky. Jednym z takychto moznych
rieseni je pouzitie tzv. SPT skusky (Small Punch Test).

Vo svete sa zacalo rozSirovat' pouzitie SPT skusky na
hodnotenie zakladnych mechanickych vlastnosti roznych
zliatin®*. Jej vyhody uputavaju pozornost stile viciieho
mnozstva vyskumnych pracovisk.

Najvécsie z tychto vyhod su:

— nizka spotreba origindlnych skiiSobnych materidlov,

— relativne jednoduché vyhodnocovanie vysledkov skusky,

—  pouzitie univerzalnych a jednoduchych skuSobnych za-
riadeni,
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uniformita vzoriek pre vSetky urované vlastnosti mate-
rialov,

nizka aktivita oZiarenych vzoriek.

Parametre tejto skusky sa vsak zatial’ medzi jednotlivymi
autormi lisia. Najviac odli$nosti je v nasledovnych oblastiach:
velkost’ a tvar vzorky,

druh razného nastroja,

konfiguracia skisobného pripravku,

pocet vzoriek pre ziskanie spol'ahlivého vysledku.

Z toho dovodu v stcasnosti prevlada velka snaha
o normalizéciu tejto metody, a to nie len v Japonsku a USA,
ale aj v Eurdpe. Za tymto ucelom vznikla aj medzinarodna
skupina CEN21 — European Commitee for standardization:
CEN Workshop 21 — Small Punch Test Method for Metallic
Materials’.

Napriek popisanym rozdielom v postupe skuSania, prin-
cipom SPT skusky je vzdy prienik Specidlneho raznika cez
plocht vzorku, ktord je uchytena medzi pridrzovacom
a matricou (obr. 6). Pouzitim pomerne jednoduchého zariade-
nia so zdznamom zat'azovacej sily a deformacie je mozné
ziskat' Gidaje o zékladnych mechanickych vlastnostiach. Ty-
picky priebeh sily a deformacie pri skuske tvarneho materialu
je na obrazku 7. Skusky pri nizkych teplotach sa realizuju
pomocou tekutého dusika alebo dusikovych par v §pecialne
pre tento ucel zhotovenych zariadeniach a skusky pri vyssich
teplotach v Specialnej piecke, ktora je sucastou skusobného
zariadenia.

Pouzitim jednoduchého zaznamového zariadenia pre
zaznam vzajomnych priebehov parametrov ,,zatazenie — de-
formacia“ je mozné z vysledkov SPT skusky zistovat’:
medzu sklzu a medzu pevnosti materialu zodpovedajiacu
vysledkom zo $tandardnej tahovej skusky,
prechodovu teplotu krehkého a huzevnatého lomu porov-
nateln s vysledkami ziskanymi pomocou Charpyho
skusky vrubovej huizevnatosti,
pripadne aj lomovu hiizevnatost’.

Vzorky pre typ zavedenej SPT skusky, ktora sa pouziva
vo VUIJE, a. s., maju tvar malého kotic¢a s priemerom ¢ 8 mm
a hribkou 0,5 mm.

ZATAZENIE
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Obr. 6. Schéma skuSobného usporiadania
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Obr. 7. Typicky priebeh pri SPT skuske tvarneho materialu

Ur¢itou nevyhodou SPT skusky st jej vysoké naroky na

uniformitu a kvalitu pripravy vzoriek. Pri ich vyrobe sa musi
zabezpecit
vysoka kvalita povrchu vzoriek,
konstantna hrabka vzorky s toleranciou + 0,005 mm,
rovnobeznost’ skiisanych ploch vzorky.
Najvéacsou vyhodou SPT skusky su malé rozmery ska-
Sobnej vzorky a to hlavne v pripade nedostatku skuSobného
materidlu. Napr. pri skusani oziarenych vzoriek je velkou
vyhodou nizsia aktivita, z dévodu ich malého objemu. Malé
rozmery skuSobnych vzoriek su vyhodné aj pri ozarovani
v energetickych reaktoroch. Geometria vzoriek, predovset-
kym ich hrubka, tieZ umoziuje presnejSie hodnotenie degra-
décie vlastnosti v oblasti teplom ovplyvnenej zény materidlu
v blizkosti zvaru®.

4. Priklady vyuZitia odberového zariadenia
a SPT skasky

Odber vzoriek s naslednou komplexnou analyzou vlast-
nosti vratane stanovenia mechanickych vlastnosti pomocou
SPT skusky bol realizovany pri hodnoteni vlastnosti materia-
lov potrubnych tras a inych zariadeni vo firme Duslo, a.s.”®.
Zariadenim SSam™.-2 boli odobraté vzorky zo zakladného
materialu aj zvarovych spojov. Z kazdej odobratej vzorky boli
elektroiskovym delenim ziskané 3 ks polotovarov o rozme-
roch @8 x 0,6 mm potrebnych pre skasku SPT. Z tychto
polotovarov boli preciznym mechanickym odbruso-vanim
vyrobené  skisobné telieska s  findlnymi rozmermi
o 8 x 0,5+ 0,05 mm. Zvysky odobratych vzoriek po elektro-
iskrovom deleni boli vyuzit¢ pre meranie mikrotvrdosti
a metalograficku analyzu. Tymto spdsobom bolo mozné posu-
dit’ stav materidlu zariadenia bez nutnosti hrubého zasahu
spojené¢ho s odberom vzoriek pre ,klasické“ mechanické
skusky.

Rozsiahle vyuzitie SPT skusky vo VUIJE sa realizovalo
v ramci tzv. Nového programu overovacich vzoriek (NPOV),
ktory sluzil na monitorovanie stavu a zmien vlastnosti mate-
ridlov tlakovej nadoby reaktora JE V-1 pocas prevadzky, po
regenera¢nom zihani a naslednom ozarovani. Tento program
bol realizovany na JE v Jaslovskych Bohuniciach a bol koor-
dinovany medzinarodnou agentirou MAAE (cit.”). Porovna-
nim ziskanych vysledkov mechanickych vlastnosti jednotli-
vych stavov materidlov pomocou $tandardizovanych postupov
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a vysledkov SPT skusky bola v ramci tohto programu overena
aj spol’ahlivost’ skuania tymto novym postupom'®.

Najrozsiahlejsie vyuzitie SPT sktSok naslo uplatnenie
v tzv. Zdokonalenom programe overovacich vzoriek (ZPOV),
ktory je urceny na monitorovanie aktudlneho stavu vlastnosti
materialu tlakovych nadob reaktorov JE V-2 v Jaslovskych
Bohuniciach poéas prevadzky''. V ramci pripravy tohto prog-
ramu bolo vyrobenych a do reaktorov zavezenych niekol'ko
tisic SPT vzoriek, ktoré sa budu po oziareni v uréenych inter-
valoch vyhodnocovat’.

5. Zaver

Vyuzitie $pecidlneho odberového zariadenia SSam-2TM
od firmy Rolls-Royce v kombinacii s SPT skuskou, ale aj
jednotlivo, ma vel'a moznosti vyuzitia pri hodnoteni realneho
stavu zariadeni a ich komponentov v prevadzke, a to nielen na
jadrovych zariadeniach.
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1. Introduction

Composite materials or composites are multiple-phase
materials that exhibit a significant proportion of the properties
of all constituent phases such that a better combination of
properties is realized. Those phases must be chemically and
physically dissimilar and separated by a distinct interface.
There are two categories of constituent materials: the matrix
and the reinforcement or the dispersed phase. In a composite,
at least one portion of each kind is required. The properties of
composites are a function of the properties of the constituent
phases, their relative amounts and the geometry of the dis-
perse phase (i.e. the shape of the particles, the particle size
distribution and orientation).

2. Nanocomposites

In contrast to conventional composites, where the rein-
forcement is on the order of microns, nanocomposites are
reinforced with filler with at least one dimension that is less
than 100 nm. Although some nanofilled composite have been
used for more than 100 years (e.g. carbon black or fumed
silica filled'?), the discovery of carbon nanotubes become
anew great challenge for nanocomposite research and indus-
try. According to’, six following characteristics distinguish
the nanocomposite from the classic filled systems: particle-
particle correlation (orientation and position) arising at low
volume fractions (<0.001); large number density of particles
per particle volume (106-108 particles/um?®); extensive inter-
facial area per volume of particles (103—104 m®ml™); short
distances between particles (10-50 nm at 1.8 vol.%); compa-
rable size scales among the rigid nanoparticle inclusion, dis-
tance between particles and the relaxation volume of the poly-

mer chains.
The interfacial region has different properties than the
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bulk material because of its proximity to the surface of the
filler. Nominally, the spatial extent of this perturbed matrix is
thought to extend into the bulk one to four times the radius of
gyration of the matrix, Rg, which has a value of around tens
of nanometers. Because of the increased number of particles,
the distance between particles in the nano-filled system is
comparable to the size of the interfacial region (10 nm). Thus,
the relative volume fraction of interfacial material to bulk is
drastically increased. This implies a necessity to optimize the
properties of the interfacial region in nanocomposites. On the
other hand, this region is a source of many potentially novel
properties of nanocomposites derived from the interface. It
can influence the mechanical properties of the nanocompo-
sites as well as their conductivity and percolation behavior.

The final microstructure and properties of the carbon
nanotubes (CNT)-based polymer composite will depend on
how the CNTs will distribute, disperse and orient. The CNT
orientation state determines the anisotropic functionality.
Properties of composites are significantly better, if CNTs are
oriented in one direction, than if they are oriented randomly™*’.
Another challenge in fabrication of the CNT-based polymer
composites is the homogeneous dispersion of the CNTs in the
polymer matrix so that it has uniform properties and can effi-
ciently handle load transfer during structural excitation*®”. It
is a significant challenge in fabrication of the CNT-based
polymer composites because the CNTs, in their manufactured
state, cluster together in any suspension due to strong Van der
Waals forces. Many techniques such as application of ultra-
sonic bath or chemical modification of the CNT surface have
been attempted to separate and disperse CNTs in polymer
resins to various degree of success** . There are four impor-
tant parameters that will describe the suspension characteris-
tics: CNT dispersion, concentration, aspect ratio and orienta-
tion'!. The importance of dispersion and orientation of CNTs
is obvious from the above paragraph. The CNT concentration
and aspect ratio determine how easily CNTs can move and
interact with each other to build interconnecting network
which can transfer heat and electrons. There are three general
ways of dispersing nanofillers in polymers. The first way is
direct mixing of the polymer and the nanoparticles either as
discrete phases or in solution. The second way is in-situ po-
lymerization in the presence of nanoparticles and the third is
in-situ formation and in-situ polymerization. These are so-
called hybrid composites'?.

Carbon nanotubes are increasingly being used in nano-
composite preparation as a filler of many different matrices,
ceramics, metal, polymer and also in clay-polymer compo-
sites'*™'%. With their high strength, high modulus, light weight
and high aspect ratio they seem to be ideal filler. However,
they are held in bundles a do not disperse easily, they are inert
with low wettability and that hinders their full utilization as a
filler. It has already been reported that functionalization of
CNTs greatly improves their dispersion in a matrix and conse-
quently the properties of the composite'’. In this work the
preparation of the polyurethane (hereafter PU) composite with
nanotubes is described. Both unmodified and modified multi-
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walled CNTs (hereafter MWCNTSs) were used. The structure
and properties of composite with both kinds of filler are com-
pared. The functionalization of MWCNTs in inductively cou-
pled plasma ICP is also reported.

3. Mechanical properties of the composites

There are several basic problems associated with the
determination of the mechanical properties of composite film
consisting of hard particles and viscoelastic-plastic matrix.
The evaluation of material parameters such as elastic modulus
and plastic hardness of the viscoelastic-plastic film is prob-
lematic because these materials exhibit also a significant time
dependent plastic deformation (creep). If we load such system
to a maximum load and then keep penetration depth constant,
the load will relax under some plastic or viscoelastic response
(anelastic — time dependent plastic deformation). Two differ-
ent indentation methods were used to study the mechanical
properties of the composites.

A Fischercope H100 depth sensing indentation (DSI)
tester was used to study the indentation response of compos-
ites on glass substrates. Several different testing conditions
were used in order to find the optimum procedure allowing
the suppression of the influence of the time dependent inden-
tation response of CNT-filled PU composite on a glass sub-
strate. The loading period of 20 s was followed by a hold time
of 20 s or 60 s, an unloading period of 20, 5 or 1 s and fin-
ished after holding the minimum load for 20 or 60 s. The tests
were made for several different indentation loads in order to
study the composite mechanical properties of the film/
substrate system from near surface up to film-substrate inter-
face. The applied load varied from 1 to 1000 mN. An example
of the time dependence of the load is shown in Fig. 1.

In the case of the second, dynamic method, the CSM
ultrananoindenter (UNHT) was used. The indentation meas-
urement was based on the application of an oscillating force
superimposed to the increasing indentation load in which the
transfer function between the load and indentation depth pro-
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Fig. 1. Comparison of the time dependence of the load with the
time dependence of the indentation depth for 3 different types of
polyurethane matrices PU1-PU3 and four composites marked
A,B,C,D, reinforced by CNTs
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vides a method of calculating storage and loss modulus of the
material.

The PU-CNT nanocomposite preparation was as fol-
lows. Appropriate amounts of CNTs, polyol, diluter and anti-
static agent were weighted out, stirred well manually, glass
balls ensuring the mechanical perturbance were added and the
whole mixture was ultrasonicated for 60 minutes. Than isocy-
anate was added and the mixture was stirred once more. After
that it was poured onto glass substrate surrounded by the
frame. Liquid in the frame created a flat level and let dried at
the laboratory temperature. After 48 hours the composite was
dry enough to be removed from the frame. The chemicals
weight rate was 7 : 2 : 1 (polyol : isokyanate : diluter) and the
CNT concentration in composites was 0.1 wt%.

4. Results

In Fig. 1 the testing conditions (dependence of the ap-
plied load on the time) used and the corresponding time de-
pendences of the indentation depth are illustrated for several
studied samples.

fits according to M-V model
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Fig. 2. Experimental indentation creep and relaxation data fitted
with Maxwell-Voigth (M-V) reological model obtained for pure
PU samples and PU-CNT nanocomposites
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The mechanical properties of PU depend substantially
on its preparation conditions, it is well-known that the compo-
sition of PU can be varied to produce hard and stiff to soft and
rubbery materials. In Fig. 1, the indentation responses of three
different PU coatings to the applied load change in time are
shown. The substrate material was glass. Using the indenta-
tion study, we have found that mechanical properties of PU
coatings depend not only on the preparation mixture, but also
on the amount of chemicals used for the preparation, i.e. they
are dependent on the coating thickness. Probably it is caused
by different solidification process at the surface, which is in
contact with air and in the bulk of the material. In case of the
sample PUI, which was thicker than 300 pm, there was
a harder skin at the surface and the hardness in the bulk de-
creased of one order of magnitude. In case of samples PU2
and PU3 with thicknesses lower than 300 um the solidifica-
tion process was more homogeneous, and the differences in
surface and bulk properties are less. The hardness of the most
thin and stiff PU matrix P3 was 22 MPa, its indentation
modulus E;r was 1.14 GPa, the loss modulus E; was
0.15 GPa.

The PU matrix was in each case softer than the multi-
wall carbon nanotube (MWCNT) containing PU (samples
A,B,C,D) and showed more significant indentation creep. The
unloading cycle showed for PU coatings sudden rush decrease
in indentation depth. The composite film A consisting of non-
modified nanotubes in polyurethane matrix exhibited slightly
higher resistance against indentation compared to P3. How-
ever, the COOH activated carbon nanotubes in case of sample
B (0.05 % of MWCNT) and sample C (0.1 % of MWCNT)
substantially improved the PU matrix properties. The COOH
functionalisation of MWCNTs increased the composite resis-
tance against indentation and creep and resulted in better re-
laxation (anelastic response) ability (see Fig. 1 and Fig. 2).
The homogeneity of the composite was improved from the
point of view of the indentation test and the scatter in meas-
ured values decreased. The activation of the carbon nanotubes
improved the hardness and the elastic modulus of the pre-

Results on dynamic mechanical analysis

—a A

—v—B —o—C

Displacement [um]

Fig. 3. Dependence of the hardness and the elastic modulus on the
indentation depth for nanocompositess A, B and C;
A — nanocomposite consisting of nonmodified nanotubes in PU ma-
trix, B — COOH activated carbon nanotubes — 0.05 % of MWCNT,
C — COOH activated carbon nanotubes — 0.1 % of MWCNT
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Fig. 4. Results on dynamic mechanical analysis of nanocomposite
sample D. Dependence of the hardness, storage and loss modulus,
Esr and Ep on the indentation depth for nanocomposite D. D —
nanocomposite consisting of plasma modified carbon nanotubes in
PU matrix — 0.1 % of MWCNT

pared samples. These results were proven also by dynamic
mechanical analysis. Results on the depth dependence of the
hardness and elastic modulus are shown in Fig. 3, it is obvi-
ous, that the functionalised CNTs offer much better mechani-
cal properties.

In case of sample D (0.1 % of MWCNT), the ca-
pacitively coupled low pressure glow discharge was used to
activate the MWCNT fillers. The MWCNTSs were treated with
r.f. power 15 W of at the frequency of 13.56 MHz in mixture
of oxygen and argon. From Fig. 1 and Fig. 2 it is evident, that
the effect of this treatment on the properties of the PU/CNT
composite is of the same quality as in case of commercial
COOH treated CNTs.

In Fig. 4 the viscoelastic properties of composite filled
with plasma modified CNTs (sample D) are characterised
using dynamic mechanical analysis. The hardness of sample
determined using this analysis was 65 MPa, the storage
modulus Egr was 1.95 GPa, the loss modulus E; was
0.12 GPa and the loss factor ¢ was 2.8°. An increase in the
hardness approaching the surface region was observed in each
case of prepared coatings.

Moreover, we analysed the time dependent mechanical
properties of the prepared coatings using several mechanical
models (Kelvin-Voigt, Voigt, Maxwell-Voigt) The four-
element Maxwell-Voigt model was found to be the most suit-
able approach to describe the time-dependent behaviour of the
prepared coatings as it is shown in Fig. 2. In this model, the
material response is described by serial combination of Max-
well model and Kelvin-Voigt model.

5. Conclusion

Complex mechanical characterization of MWCNT/PU
composites was done. Four types of coatings were compared.
The coating with commercial pure MWCNT filler exhibited
viscoelastic properties as the PU matrix, but its mechanical
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properties such as hardness, elastic modulus and creep resis-
tance were slightly improved. Two different concentrations of
MWCNTSs commercially functionalized with COOH group
were studied. These composites showed improved mechanical
properties, and the modified nanotubes proved to be much
better fillers than the unmodified MWCNTSs due to stronger
filler-to-matrix attachment. Because the modified nanotubes
seem to be much more convenient composite filler, the first
experiments with nanotube modification have been carried
out. Modification using inductively coupled discharge in ar-
gon and oxygen mixture was successful and the mechanical
properties of the composite were increased at the same level
as in case of the commercially COOH functionalized
MWCNT fillers.

This research has been supported by Ministry of Education,
Youths and Sports of the Czech Republic under project
MSM0021622411, by the grant of Czech Science Foundation
No. 202/07/1669 and by Academy of Science of the Czech
Republic by KAN311610701.
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The aim of the present work was the study of mechani-
cal properties of MWCNT/PU. Four types of coatings were
compared. Two different concentrations of MWCNTSs com-
mercially functionalized with COOH group were prepared
and studied. These composites showed improved mechanical
properties compared to PU, and the modified nanotubes
proved to be much better fillers than the unmodified
MWCNTs due to stronger filler-to-matrix attachment. Be-
cause the modified nanotubes seem to be much more conven-
ient composite filler, the first experiments with nanotube
modification have been carried out. Modification using induc-
tively coupled discharge in argon and oxygen mixture was
successful and the mechanical properties of the composite
were increased at the same level as in case of the commer-
cially COOH functionalized MWCNT fillers.
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1. Introduction

The continuous development of all industries creates
demand for increasingly sophisticated materials that would
meet the required properties — mechanical, thermal, chemical
etc. — as accurately as possible. This gives rise to new types of
materials, for example in the form of thin coatings. Thin films
of a new type have been developed, including hybrid or-
ganic — inorganic (O-I) nanocomposite materials that can be
widely used in various applications. O-I films are applied to
various substrates. They are extensively prepared due to the
fact that their final properties can be appropriately adjusted
using a wide selection of organic monomers, metal alkoxides
and solvents. O-I products are used as optical paints, biomate-
rials, membranes, as protective coating against scratches,
corrosion, oxidation, etc. In terms of environment protection,
it is important that water or its mixture with alcohols can be
used as a solvent.

Their proper use requires good knowledge of the struc-
tural arrangement of the material. Due to the different struc-
ture of their composition, the mechanical properties of poly-
mers significantly vary from those of metallic materials. The
rapid development of technologies has made it possible to
assess the structure and properties of substances not only in
the macroscopic scale, but allowed us to reach the nm-scale as
well. The final condition of the whole system depends on
mechanical properties of thin layers and, therefore, the practi-
cal applications of O-I films require proper knowledge of
such properties. The most important characteristics of coat-
ings include hardness and modulus of elasticity. These prop-
erties are derived from the dependence of indenter penetration
on the applied load (indentation curve). This paper focuses on
the analysis and characterization of selected O-I films. Sur-
face hardness was determined using nanoindentation tests and
the effect of the amount of filler (colloidal silica) was as-
sessed.

s175

2. Experimental Material

[3-(Glycidyloxy)propyl]  trimethoxysilane  (GTMS,
Fluka); diethoxy[3-(glycidyloxy)propyl]-methylsilane (GMDES,
Fluka), oligo(oxypropylene) diamines and triamine, Jeffamine
D-230, D-400 and T-403 (D230, D400 and T403 Huntsman
Corporation, USA), colloidal silica (SiO, 40% solution in
water; d = 29 nm; Ludox AS-40, Aldrich, propan-2-ol
(Lachema, Czech Republic) and hydrochloric acid, 38%
(Lachema, Czech Republic) were used as received. Function-
alised organosilicon precursors (GTMS, GMDES or GTMS
and GMDES) were mixed with water, propan-2-ol, and possi-
bly with colloidal silica particles and stirred for 24 h at ambi-
ent temperature.

The pH of the mixture was adjusted to 4 with dilute HCL.
Then a solution of the respective oligomeric amine (D230,
D400 or T403) in aqueous alcohol was added. The reaction
mixture was stirred at ambient temperature for 1 h or 2.5 h.
Due to the alkaline nature of Jeffamine, pH of the resulting
reaction mixture increased to 8 — 9.

Then the reaction mixture was spread on glass or modi-
fied polypropylene sheets with constant thickness using a bar
coater with a 300 um gap. The sheets were immediately
placed into an oven and kept at 80 °C (2 h) and 105 °C (1 h).
The thickness of the final coatings was 150 £ 10 pm (ref.'™).

Nanocomposite coating consists of an organic polymeric
matrix and inorganic nanostructures.

It is a hybrid organic-inorganic product. The glassy coat-
ing is formed at moderate temperatures: the inorganic section
was formed by the so-called sol-gel process consisting of two
consecutive steps — acid hydrolysis and basic polycondensa-
tion of organosilicon precursors at laboratory temperatures.

Subsequently, an organic matrix was formed using the
process of staged polyaddition at temperatures of 80 and 105 °C.
Nanofillers were added to the reaction system in the form of
dispersion before the organic polymeric network was created
(ref.").

Coatings were prepared at the Institute of Macromolecu-
lar Chemistry AS CR in Prague. Based on previous studies of
the preparation process and the multidisciplinary characteriza-
tion, a system where the basic components included [3-di-
ethoxy3-(glycidyloxy) propyl]methylsilane (GMDES) and
oligo(oxypropylene) triamine (T403) was chosen.

The resulting products are colorless and optically clear,
remarkably smooth. Part of the products was applied to glass
and part to metal, then peeled off after becoming dry, thus
producing a separate film'™.

3. Nanoindentation Measurement

The assessment of recorded indentation curves provides
a substantial volume of information used to review the plastic,
clastic and fracture properties, both of the layer-substrate
systems and separate layers (values of nanohardness, modulus
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of elasticity, energy consumed for indentation, its elastic and
plastic components). The indentation tests were performed
using a Berkovich indenter and the Nano Indenter XP device.
The Nano Indenter XP device is equipped with a module al-
lowing to perform the measurement using an optional CSM
module that makes it possible to recognize deep changes in
mechanical properties from a single indent.

Using the Nano Indenter XP, deep changes in nanohard-
ness and the indentation modulus of elasticity were measured
for samples with different content of silica. Furthermore, sam-
ples applied to glass O-I-G and foils O-I-F were compared.

Fig. 1 and 2 show a typical indentation curves for O-I-F
composite layers (Figure 1 for an additive-free sample and
Fig. 2 for a sample with 25% of an additive). Maximum in-
dentation depth was 2 um. The indentation curves indicate
that the additives increase layer resistance to indenter penetra-
tion.

The values of hardness and modulus of elasticity are
compared at a depth of 2 um and listed in Tables I and II.
Fig. 3 and 4 show the hardness profile, and Fig. 5 and 6 the
modulus of elasticity, for samples applied to glass and foil.
Samples in the form of foils confirm the increasing hardness
and modulus of elasticity with a higher content of the addi-
tive. With coatings applied to glass, however, this trend is not
so clearly demonstrable. The measurement was probably af-

Load On Sample (mN)

5000 10000 15000 20000 25000
Displacement Into Surface (nm)

Fig. 1. Nanoindentation curves for the sample without additive

Load On Sample (mN)

5000
Displacement Into Surface (nm)

10000 15000 20000 25000

Fig. 2. Nanoindentation curves for the sample with 25% additive
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Table I
Modulus of elasticity and hardness of coatings applied to
glass

s176

Additive H;r [MPa] E;r [MPa]
O-1-G-0 0% SiO, 245+ 0.27 2741 +17.5
0-1-G-5 5% SiO, 2.49+0.22 383.6 + 14.7
0-1-G-10 10% SiO, 1.22+0.34 183.8 £55.2
0-1-G-15 15% SiO, 1.82 +£0.31 226.7 +58.6
0-1-G-20 20% SiO, 1.54 £ 0.26 180.2 +£46.0
0-1-G-25 25% Si0, 390+ 1.16 165.1 £20.0
0-1-G-30 30% SiO, 445+2.14 2434 +105.5
Table 11
Modulus of elasticity and hardness of foils
Additive H]T [MPa] E[T [MPa]
O-I-F-0 0% SiO, 2.70 +£0.20 162.3 £ 10.1
O-I-F-5 5% SiO, 2.77+0.20 231.2+10.7
O-I-F-10 10% SiO, 2.59+0.18 233.3+16.9
O-I-F-15 15% SiO, 421+0.66 265.7+30.3
O-I-F-20 20% SiO, 5.98 +£0.78 269.3 £22.0
O-I-F-25 25% Si0, 6.32+2.20 300.2 +58.3
«+0--0-G
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+0-1-20-G
-~ 0--25-G
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0 2000 4000 6000 8000 10000
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Fig. 3. Dependences of hardness on the indentation depth for
samples applied to glass

fected by the substrate and the irregular thickness of the ap-
plied layer.

4. Conclusion

The results of this experiment will contribute to the
knowledge about materials of this type acquired through other
methods™’ thus contributing to the process of optimizing the
formation of such coatings for applications requiring in-
creased wear resistance.
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Fig. 5. Dependences of modulus of elasticity on the indentation
depth for samples applied to glass

An instrumented hardness test is a suitable method for
recognizing the effect of additives on the resulting properties
of composite organic-inorganic coatings.

This research was supported by the Academy of Sciences of
tl:te Czech Republic, project 144400500505 and by MSMT
CR, project MSM 4977751303.
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Fig. 6. Dependences of modulus of elasticity on the indentation
depth for samples foils
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This paper focuses on the study of hybrid organic-
inorganic nanocomposite materials in the form of coatings
applied to a substrate, namely to glass, and separate layers —
films. Nanoindentation measuring was used to assess the de-
pendence of mechanical properties (nanohardness and
modulus of elasticity) on the amount of additive. Further,
these properties are compared for the layer-substrate systems
and the layers themselves. Samples in the form of foils con-
firm the increasing hardness and modulus of elasticity with
a higher content of the additive. The results of this work
should contribute to optimizing the formation of such layers
with respect to applications requiring higher wear resistance.



Chem. Listy 105, s178—s181 (2011)

LMV 2008

Regular Lectures

CONTACT STRENGTH MEASUREMENTS AND CONE CRACK FORMATION

OF Siz;Ns AND SiC BASED CERAMICS

LUCIA HEGEDUSOVA and JAN DUSZA

Institute of Materials Research, Slovak Academy of Sciences,
Watsonova 47, 040 01 Kosice, Slovak Republic
lhegedusova@imr.saske.sk, lucia.hegedusova@yahoo.com

Key words: contact strength, bending strength, Weibull pa-
rameters, Fett’s theory, crack propagation

1. Introduction

Conventional strength tests describe the failure behav-
iour of materials under simple stress states to comprise mostly
uni-axial stresses with relatively small stress gradients. Con-
sidering practical applications'™, mechanical loading often
leads to strongly non-homogeneous and multi-axial stress
states to be also induced by contact loading by line or point
loads. In principle, the determination of strength under the
contact loading results from the Weibull theory to include
a multi-axial failure criterion. The contact loading by line and
point loads can be induced by opposite rollers and opposite
spheres using the devices shown in Figs.1 and 2, respectively.

Proposed by Fett and illustrated in Fig. 1 (ref.*), a device
for the contact strength test using using rollers with the di-
ameter D = 2R is shown in Fig. 1. Two rollers made of hard-
ened steel are pressed onto the rectangular specimen with the
force P. With regard to the Fett’s theory®, a relationship be-
tween the characteristic strength 6o cont and Gopend determined
by the contact test using rollers and the four-point bending
test, respectively, is derived as

(1)
where Gocone is derived by the Weibull analysis5 considering
the measured Stress Geoy in the form*

Geont = 0.98 P/ (H 1) )

Similarly, Gopena 1S determined by the Weibull analysis
considering Gy derived as*

Gbend = 3P(S1=S2) / (2BW)

‘P

G0,bend ~ G0,cont

()

‘P
£ h

L§J
[

Fig. 1. Schematic illustration of a device for the contact test using
rollers*

 —
——J

[«2R~]
Ny
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Fig. 2. Schematic illustration of a device for the contact test
using spheres*

where S, and S are inner and outer spans, respectively. Simi-
larly, with regard to the Fett’s theory, a relationship between
the Weibull moduli megy and mpenq is derived as®

“)

Proposed by Fett, a device for the contact strength test
using spheres is shown in Fig. 2 (ref.%). The rectangular bar
(1) is loaded via two opposing spheres (2) with the radius R
which are loaded by the force P. The load P is transferred to
the upper sphere by a steel roller (3) guided by the hollow
roller (4). The test can be carried out using bending bars or
fragments of shorter length.

The characteristic strength Gocone determined by the
contact test using spheres, derived by the Weibull analysis’,
consider the strength Geoy in the form®

Geont = (1-2V2)[6P(E’/RY] / (3m)
1/ E=[(1=v") | E\] + [(1-vy)) / B3] ()
where Ej, v; and E,, v, are the Young’s modulus, the Pois-

son’s ratio for the spheres and an investigated ceramic mate-
rial, respectively.

Mpend ~ 2 Meont

2. Experimental procedure and materials

Mechanical tests. The contact tests using rollers and
spheres (see Figs. 1, 2) with the diameter D = 2R = 3 mm of
the rollers and the radius R = 2 mm of the spheres were per-
formed by Lloyd LR 5KPlus at room temperature. The rollers
and spheres both of standard hardened steel were applied to
specimens with the dimensions W=3 mm, B=4 mm,
L=10-15 mm or L=25 mm. The four-point bending test
with S; =40 mm, S, = 20 mm was applied to specimens with
dimensions of =3 mm, B=4 mm, L =45 mm. Specimens
used for all mechanical tests were cut by diamond tools,
ground and consequently polished with 15 um finish. The
specimen edges were chamfered to minimize the influence of
the stress concentration. The contact test using rollers and the
four-point bending test were realized in such a way that the
load P was increased up to the critical load P, which caused
the specimen failure. A part of a number of specimens were



Chem. Listy 105, s178—s181 (2011)

tested in the contact test using spheres in such a way, that the
load of the specimens was stopped before the critical load, i.e.
before the specimen failure at the load P =4.9 kN, with an
aim to investigate a character of the crack growth during the
loading regime. These un-failured specimens were cut
through the centre of the contact area, ground and polished
due to optical electron microscopy for the determination of
the crack length ¢ and the angle a between the crack and
a contact surface. The rest of a number of specimens was
loaded till the specimen failure. All mechanical tests were
performed at a loading rate of 0.5 mm min™".

Experimental materials and microstructure. The
following ceramic materials were investigated:

1. SizN, with the additives 3 % Al,Os; and 3 % Y,0s,
sintered in the atmosphere N,, produced by CeramTec
(Plochingen, Germany), and provided in a form of plates with
the dimensions 47x11x102 mm.

2. SiC prepared as a mixture of the commercially avail-
able B-SiC powder (HSC-0.59, Superior Graphite) with the
additives of 5 % Si3Ny, 2.8 % AlLO; and 5.7 % Y,0;, hot
pressed at 1870 °C h™" in the atmosphere N; and subsequently
annealed at 1650 °C/5 h, prepared at Institute of Inorganic
Chemistry SAS Bratislava in the form of plates with the di-
mensions 60x60x6 mm.

Microstructure of SizNy (see Fig.3a) consists of moder-
ately elongated B-Si;N4 grains with the aspect ratio of 3-5
and of inter-granular glassy phase with the volume fraction
12 %, and additionally small amount of Fe originating from
the used powder for the material preparation. Microstructure
of the SiC (see Fig. 3b) consists of fine submicron-sized equi-
axed SiC grains with a low aspect ratio and of very thin inter-

Fig. 3. SEM micrographs of characteristic microstructure of
Si;Ny4 (a) and SiC (b), both plasma etched
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granular phases/triple points. The average size of the SiC
grains is 450 nm.

Material parameters considered in Eq. (5) are as follows:
hardened steel of spheres — E; = 200 GPa, v; = 0.29; Si;N, —
E> =310 GPa, v, =0.24; SiC — E, = 400 GPa, v, = 0.24.

3. Results and discussion

Contact test using rollers and four-point bending
test. The characteristic strength Gocont, Gopends the Weibull
moduli Mgen, Mpend determined by the Weibull distribution,
and the ratioS Mpend / Meonts Cocont / Copend are presented in

Table I
The characteristic strength Gocon, Copena and the Weibull
mOdUIi Mcont, Moend

Material Meont Mpend Mpend / Meont Eq. (4)
SizNy 7.1 13.9 1.96 2
SiC 8.95 10.6 1.18 2
G0,cont G0,bend G0,cont / G0,bend Eq (I)
[MPa] [MPa]
SizNy 766.3 727.8 1.05 1
SiC 617.1 437.1 1.41 1
a 2.0 1
1.0
= 0.0
- ]
& ]
= -1.07
E 2.0
= ]
-3.0 1
-4.04
6.0 6.2 6.4 6.6 6.8 7.0
Inc
2.0 -
b ] e SizNg N
1.0_: a SiC A
= 0.0
-
A ]
= -1.0 .
,‘E’ -2.0
E ]
-3.04 4
-4.0 A
5.5 6.0 6.5 7.0 7.5
Inoc

Fig. 4. The Weibull distribution of the characteristic strength
Gocont [MPa], Gopena [MPa], and Weibull moduli mon¢, #pena re-
lated to the contact test using rollers (a), and to the four-point
bending test (b) for the investigated materials
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Tab. I, Fig. 4, where mcont, G cont ad Mpend, Gopend are related
to the contact test using rollers and the four-point-bending
test, respectively.

According to the results, the characteristic strength val-
ues for the silicon nitride ceramics were very similar in con-
tact and bending strength tests but for the silicon carbide the
characteristic strength in bending test was lower comparing to
the value of the contact strength. The Weibull modulus ob-
tained for Si;N, using contact strength method is approxi-
mately half of the modulus from the bending method except
SiC, where the Weibull modulus in contact mode is similar to
the modulus obtained from the bending strength result. The
very low characteristic strength in bending mode in the case
of SiC is caused by the presence of large processing flaws
representing fracture origins. As it was found by fractographi-
cal analysis (see Fig. 5b), such flaws with different size (from
5 um to 100 um), shape and location (distance from the ten-
sile surface) decrease not only the characteristic bending
strength but also lead to the low Weibull modulus for this
material. The significantly different Weibull moduli in com-
parison of the bending and contact strength tests can be ex-
plained also by the existence of strong stress gradient near the
contact areas, in the case of contact strength test in contrast to
the bending test with significantly lower stress gradient. In the
case of the silicon nitride ceramics tested in bending test, the
fracture origin in the form of processing flaws was identified
only randomly as Fe inclusions (see Fig. 5a), and the fracture
origin was at the tensile surface and corners of the specimens
in the form of small surface defects.

According to the result of ceramographic/fractographic
examination, the characteristic damage mechanisms arising
during the loading in the contact mode were located below the
surface of the specimens in the form of lateral, median and
contact end cracks as shown in Fig. 6 for Si;Ny4. The different

Fig. 5. Fracture surfaces of Si;N, (a) and SiC (b) loaded by the
contact test using rollers and the four-point bending test, respec-
tively. Fracture origin in SiC (b)
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Fig. 6. A cross-section view of asurface between two rollers:
lateral, median and contact end cracks in Si;Ny

crack types could be present at the contact surface and speci-
men sides of one experiment. A typical order of crack appear-
ance was established by correlating the presence of different
cracks and applied load in each experiment. Notably, the first
cracks were always found at the specimen sides. At one or
both of specimen sides, a surface parallel crack was visible at
a depth that was approximately one to two times the contact
width 2a. The crack typically displayed a slightly concave
shape with the edges drawn towards the contact surface. In
experiments that had proceeded, the cracks of a second type
were distinguishable. These cracks were vertical and located
between the surface parallel crack and the contact mark. They
typically started at the top side of the first crack and grew
towards the contact surface. In some experiments, the cracks
reached the contact surface at the contact end.

Following the nomenclature that is used for similar sub-
surface contact cracks in ceramics, the first crack was named
lateral crack and second crack was named median crack. Last
cracks were often found together in the contact surface. A few
tests did only contain the crack at the corner between speci-
men side and surface. It was named a contact end crack. Due
to the contact symmetry, up to four contact end cracks may
appear in one test. They meet the specimen corner at
a perpendicular angle in both surface and side views. In the
surface, they are curved towards the contact edge.

Table 11
The characteristic strength Gocont, CGopend and the Weibull
mOdUIi Mcont, Moend

Material Meont Mpend Mpend / Meont
Si3Ny 22.6 13.9 0.62
SiC 20.5 10.6 0.52
G0,cont G0,bend G0,cont / o 0,bend
[MPa] [MPa]
Si3Ny 3344.2 727.8 4.55
SiC 3327.6 437.1 7.61
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Contact test using spheres. The characteristic strength
Goconts Oopend together with the Weibull moduli #icont, Mibend
determined by the Weibull distribution, and the ratios mpeng/
Meonts, Oocont/Copend  are presented in Tab. II, Fig. 7, where
Meonts Go.cont ANA Miend, Copend are related to the contact test
using rollers and the four-point-bending test, respectively.
With regard to the higher values of m,, of the contact test
using spheres compared to those of both the contact test using
rollers and the four-point bending test (see Tab. I), the contact
test using spheres is assumed to be the most precise and ac-
cordingly the most considerable for the determination of
strength of ceramic materials. As assumed in%, the preciseness
can be explained by stable growth of the cone cracks originat-
ing during the contact test using spheres, and not by an initial
size distribution of the flaws to originate during the process-
ing.

According to Fig. 8, the damages/fracture origins in
contact mode were located at the tensile surface of the sample
in the form of similar cone cracks arising to a critical size
during the loading, and controlling the fracture, in contrast to
the bending mode when the fracture is controlled by process-
ing defects. The radius of the cone crack in Si;Ny was signifi-
cantly larger than that in SiC, and one crack is initiated only
(see Fig. 8a). The cone crack was nearly perpendicular to the
specimen surface (5—10 pm), than changed its direction and

2.0
1.0
o.oé

-1.05

2.0

In(In(1/(1-Pf )))

3.0

-4.0

7.9 8.2

Inc

Fig. 7. The Weibull distribution of the characteristic strength
cﬂ,cont [MPa]

200 pm

Fig. 8. Optical micrographs of cross-section views of the
contact sites in Si;Ny (a) and SiC (b)
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grew up to the critical size of = 200 um. In SiC material the
cone crack originated at lower load and therefore the cone
crack radius is smaller. In this case, typically multi-cracks are
initiating with the first main crack which is longer comparing
to the crack in Si;N, (see Fig. 8b). The multi-crack formation
is connected with the deformation of the sphere when the load
is increasing and with the enlarged contact area between the
sphere and specimens. In the tougher Si;N, the cone crack
originates at higher loads and the further deformation of
sphere is not so significant and does not initiate further crack
growth.

Finally, in the case of the contact strength test using
spheres, no good correlation between the contact and bending
strength values is observed.

This work was supported by the Slovak Research and Devel-
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INCO-CT-2003-510363.

REFERENCES
1. Ceniga L., in book: Ceramic and Composite Materials,

chap. 5, p. 147, Nova Science Publishers, New York

2005.

. Ceniga L., in book: New Development in Materials Sci-
ence Research, chap. 4, p. 139, Nova Science Publishers,
New York 2007.

. Bidulska J., Bidulsky R., Ceniga L., Kvackaj T., Cabibbo

M., Evangelista E.: Metall. Mater. 46, 151 (2008).

Fett T., Munz D.: Eng. Fract. Mech. 69, 1353 (2002).

Dorcakova F.. PhD thesis, Institute of Materials Re-

search, Slovak Academy of Sciences, Kosice 2004.

. Fett T., Emst E., Munz D.: J. Mater. Sci. 2/, 1955
(2002).

L. Hegediisova and J. Dusza (Institute of Materials
Research, Slovak Academy of Sciences, KoSice, Slovakia):
Contact Strength Measurements and Cone Crack Forma-
tion of Si;N, and SiC Based Ceramics

The paper deals with an investigation of contact strength
determined by contact tests applied to Si;N, and SiC ceramic
materials, where loading of the contact tests is induced by
opposite rollers and opposite spheres. Experimental results of
the contact tests are compared with those of the four-point
bending test, and consequently the comparison of the Weibull
parameters in the contact and bending modes results in the
verification or the refutation of the Fett’s theory. Resulting
from microstructural analysis, a reason of deviations from the
Fett’s theory is determined. In general, the contact tests using
rollers and spheres applied to a brittle material induce differ-
ent types of cracks, i.e. lateral, median, contact end cracks and
cone cracks, respectively. In addition to the contact strength
determination, an investigation of the crack initiation and
propagation is performed.
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1. Uvod

Zarovy nastiik je &asticovy proces vytvateni povlakd
o tloustce obvykle vétsi nez 50 um, kdy je nanaseny material
ve form¢ prasku (pfipadné dratu) ptivadén do zafizeni, kde
dojde k jeho nataveni a urychleni smérem k povlakované
soucasti. Po dopadu na substrat dojde k vyraznému plo§nému
rozprostteni ¢astice a k jejimu rychlému utuhnuti. Tim se
vytvati povlak s charakteristickou lamelarni strukturou
a specifickymi vlastnostmi. Technologie Zarovych nastiika
umoziiuje vytvaret povlaky ztéch druhti keramik, kovt
a jejich slitin, u kterych nedochazi k rozpadu pod bodem tani,
na prakticky vSechny typy materiald substratu. Technologicky
proces zaruCuje teploty povlakované soucasti hluboko pod
teplotou fazoveé-strukturnich pfemén (cca 80-120 °C), coz
brani nezadoucim deformacim soucasti.

Struktura povlaku je tvofena jednotlivymi deformovany-
mi Casticemi. Mira porezity, stejné jako kvalita zakotveni
povlaku k povrchu substratu a vyskyt nenatavenych ¢i zoxido-
vanych Castic jsou zavislé na teploté a rychlosti dopadajicich
ry procesu zarového nastiiku, pfimo ovliviujicimi kvalitu
vysledného povlaku. Jednotlivé technologie Zarového nastiiku
dosahuji v zavislosti na pouzitém zdroji tepelné energie, kon-
strukci a nastaveni procesnich parametri ruznych hodnot
teploty a rychlosti castic. V ptipad¢ technologie HVOF
(vysokorychlostni nastfik plamenem) je diky unikatni kon-
strukci hofaku dosahovano vysokych rychlosti leticich ¢astic
za relativné nizkych teplot (v porovnani napf. s plazmatickym
nastfikem, viz Smith a spol.! (1991)). To umoZiiuje vytvéfet
husté povlaky s nizkou mirou dekompozice povlaku béhem
nastiiku a velmi vysokou adhezi k zakladnimu materialu.

Technologii Zarového nastfiku mohou byt pfipravovany
povlaky z riznych typl materialti s rozsahem vlastnosti vhod-
nych jak pro aplikaci v plynovych turbinach, tak napf.
v elektronickém prumyslu. Velkou skupinou povlaki jsou
povlaky urcené jako ochrana proti opotiebeni, Ccasto
v kombinaci s odolnosti proti vysokym teplotdm nebo koroz-
nimu napadeni.

Tato studie je zaméfena na povlaky, jejichz Gcelem je
zvySeni odolnosti povlakované soucasti proti opotiebeni.
Materialem téchto povlaki jsou tzv. tvrdokovy, kompozity na
bazi kovovych slitin vyztuzenych karbidickymi ¢asticemi.
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Mikrostruktura HVOF stiikanych cermetovych povlaku je
tvofena tvrdymi, obvykle karbidickymi ¢ésticemi a kovovou
matrici, ve které jsou Castice zakotveny. Vlastnosti castic
a matrice a jejich vzajemna synergie jsou urcujici pro celkové
vlastnosti povlaku. Studium mechanismt opotfebeni cermeto-
vych povlakd vSak prokazalo, ze dle zpisobu opotiebeni
a vlastnosti konkrétnich Castic a materidlu matrice dochazi
k opotifebeni prednostné u nékterych strukturnich komponent.
Proto byla pozornost zamétena na zjisténi vlastnosti jednotli-
vych komponent pomoci nanoindentoru, ktery umoznil stano-
vit jejich zadkladni mechanické charakteristiky — tvrdost
a modul pruznosti. Jejich vzajemny pomér E/H charakterizuje
elastickoplastické vlastnosti hodnocenych materialti. Znalost
téchto zakladnich mechanickych charakteristik umoziuje
nejen piimo predikovat jejich odolnost proti opotfebeni
a kiehkému poruseni, ale je nutna i ke stanoveni dal§ich mate-
ridlovych konstant, jako je napftiklad odolnost proti Sifeni
trhlin hodnocena metodou méteni indentacni lomové houzev-
natosti. Soucasné byly zmiiiované mechanické charakteristiky
hodnoceny u povlakd, které byly vystaveny tepelnému zpra-
covani. VIliv expozice tepelnému namahani na strukturu
a vlastnosti tvrdokovii nanaSenych technologii Zzarového na-
stfiku je tématem celé fady studii*™.

2. Experimentalni podminky

Mechanické vlastnosti strukturnich komponent byly
hodnoceny na dvou riznych HVOF stiikanych povlacich na
bazi tvrdokovu: Cr;C,-NiCr a (Ti,Mo0)(C,N)-NiCo. Povlaky
byly nastiikdny technologii HVOF, systétmem TAFA JP-
5000 na pracovisti SKODA VYZKUM s.r.0. s vyuzitim stan-
dardniho postupu piipravy vzorkt a optimalizovanych depo-
ziGnich parametréi. Podminky depozice jsou uvedeny jinde’.
Material Cr;C,-NiCr ve formé prasku je komeréné dostupny
pod oznacenim 1375VM, material (Ti,Mo)(C,N)-NiCo
s pracovnim nazvem S49 je experimentalnim praskem, vyvi-
nutym v Fraunhofer Institute v Drazd’anech.

Cast vzorkt byla tepelné zpracovana ve SKODA VY-
ZKUM s.r.0. zithanim po dobu 8 h na teplotu 700 °C. Mikro-
struktura vybranych zarovych nastfiki byla hodnocena
s pouzitim SEM na pracovisti SKODA VYZKUM s.r.0.

Mefeni nanotvrdosti bylo realizovano na pracovisti NTC
ZCU. Hodnoceni mechanickych vlastnosti bylo provedeno na
pri¢ném metalografickém vybrusu povlakem. Pro méfeni byl
pouzit nanoindentor Nano Indenter XP. V povlaku Cr;C,-
NiCr bylo z diivodu velkého rozptylu naméfenych vysledka
provedeno celkem 200 méfeni, 100 v oblasti matrice a 100
v oblasti karbidickych ¢astic, v povlaku (Ti,Mo)(C,N)-NiCo
bylo provedeno celkem 60 jednotlivych méfeni, vzdy 30 mé-
feni v oblasti matrice a 30 méfeni v oblastech karbidickych
Castic. Na zakladé analyzy vysledku, které neprokazaly vyssi
spolehlivost méfeni v ptipadé vybéru lokalit, bylo pro méfeni
tepelné  zpracovanych  povlakli  zvoleno  hodnoceni
v nahodnych lokalitach. V kazdém povlaku bylo provedeno
60 méteni. V prub¢hu méfeni byla sniména velikost tvrdosti,
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modulu pruznosti a zatéZzovani na hloubce proniknuti. Ve
vSech ptipadech byla pouzita konstantni hloubka proniknuti
indentoru 1 um, pro indentaci byl pouZzit Berkovichuiv inden-
tor. Po ukonceni méfeni byla naméfena data tfidéna pomoci
programu TEST WORKS, kde byla provedena selekce a tii-
déni dat na karbidickou a matri¢ni fazi.

3. Vysledky méfeni

Mikrostruktura hodnocenych zarovych nastiiki v tepelné
nezpracovaném stavu je zobrazena pomoci SEM na obr. 1.

Mikrostruktura HVOF sttikaného povlaku Cr;C,-NiCr je
relativné homogenni, s nizkym obsahem p6rd. Kromé karbida
Cr;C, aNiCr matrice obsahuje i oxidickou fazi Cr,0s,
vzniklou jako produkt oxidace b&hem procesu nastiiku,
a pravdépodobné téz karbidy Cr;C; a Cry3Ce s tvrdosti nizsi
nez vychozi Cr;C,, vzniklé oduhli¢enim béhem néstiiku®.
Vlivem rozpousténi karbidi v matrici béhem nastfiku dochazi
ke zvySeni koncentrace C a Cr v matrici ve srovnani
s vychozim praskem. To umoznuje tavening solidifikovat jako
kvaziamorfni nebo nanokrystalicka struktura bohatd na Cr
a C. Vlivem rychlého tuhnuti se ve struktufe povlaku objevuji
idalsi kovové nanokrystalické faze s velikosti zrna cca
10 nm, tvofené 50 % Ni a 50 % Cr (cit.”). Oxidace povlaku
Cr;C,-NiCr za zvySenych teplot vytvafi oxidickou vrstvu
Cr,0s, ktera je velmi dobfe adhezn€ vazana na povrch povla-
ku a je velmi kompaktni.

20kV  X3,000 5um 1819 1235 SEI

1823 1335 SEl

Sum

20kV« X3,000

Obr. 1. Mikrostruktury
b) (Ti,Mo)(C,N)-NiCo

Zarovych nastfiki; a) Cr;Co-NiCr,
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Mikrostruktura HVOF  stiikaného povlaku (Ti,Mo)
(C,N)-NiCo je podrobn& popsana v cit.®. V pragku byly dete-
govany ,,core-rim” kubické faze, vlivem nedokoncené reakce
pfi sintrovani se objevuje téz Mo,C. Po nastfiku se v povlaku
objevuje téz Ti,0;. Oxidaci za vysSich teplot vznika oxidicka
vrstva, tvofend tfemi vrstvami. Vngjsi je z Co;04, stfedni
zCoMoO, a vnitini je tvofend cCasticemi Ti,O; (rutil)
v matrici CoMoO,. Ti,O; se vyskytuje i v jiné modifikaci,
jako tzv. anatas, ale ten je ptechodovy a objevuje se pouze pii
teplotach do 500 °C.

Vysledky nanoindenta¢nich méteni byly zpracovany do
grafli na obr. 2-5, zobrazujicich zavislost obou sledovanych
charakteristik, tvrdosti a modulu pruznosti, na okamzité
hloubce proniknuti indentoru. Z grafi je patrné, Ze snimané
charakteristiky se béhem pronikéni indentoru do materidlu
a zvétSovanim oblasti ovlivnéné vtiskem méni od vlastnosti
jednotlivych mikrostrukturnich soucasti (karbidi ¢i karbonit-
ridd a matrice) smérem k hodnotam, vyjadiujicim vlastnosti
kompozitu tvrdokovu. U tvrdych fazi byla za tvrdost a modul
pruznosti brana nejvyssi dosazena hodnota, ke které byl sta-
noven interval hloubky proniknuti s nejvyssi hodnotou sledo-
vané charakteristiky.

Rozborem grafti vysledkit CSM metody nanoindentaéni-
ho méfeni tepelné nezpracovaného povlaku Cr;C,-NiCr
(obr. 2) byly identifikovany 4 faze. Na zaklads® byl vyskyt
fazi s vlastnostmi mezi vlastnostmi matrice a nejtvrdsiho kar-
bidu (pravdépodobné Cr;C,) pfipsan existenci nizsich karbidt
Cr;C; a CrpCs s tvrdosti nizsi nez vychozi Cr;C,, vzniklé
oduhlicenim béhem nastiiku.

Pfi hodnoceni tepelné zpracovaného povlaku Cr;C,-
NiCr (obr. 3) nebylo mozné identifikovat vSechny 4 faze stej-
né jako u povlaku nezpracovaného. Na zakladé CSM metody
byly identifikovany pouze tfi faze, znichz jedna odpovida
svym prib¢hem matrici. Druhé dvé jsou oznaceny ,,karbid 20
—25 GPa* a ,karbid 25-20 GPa* dle hodnoty maximalni do-
sazené hodnoty tvrdosti. Spolehlivost identifikace jednotli-
vych fazi je v8ak vyrazné zavisla na mife rozdilnosti jejich
elasticko-plastického chovani, a tudiz mize byt u riznych
materiall rozdilnd. Znac¢na heterogenita zarové stfikanych
povlakl snizuje presnost identifikace a ¢ini ji znaéné obtiz-
nou.

Rozborem grafii vysledkit CSM metody nanoindentacni-
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Obr. 2. Priibéh tvrdosti v zavislosti na hloubce proniknuti inden-
toru (CSM metoda) tepelné nezpracovaného povlaku Cr;C,-NiCr
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Obr. 3. Priibéh tvrdosti v zavislosti na hloubce proniknuti inden-
toru (CSM metoda) povlaku Cr;C,-NiCr Zihaného p¥i teploté
700 °C po dobu 8 hodin
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Obr. 4. Pribéh tvrdosti v zavislosti na hloubce proniknuti inden-
toru (CSM metoda) tepelné nezpracovaného povlaku (Ti,Mo)
(C,N)-NiCo

ho méfeni tepelné nezpracovaného povlaku (Ti,Mo)(C,N)-
NiCo (obr. 4) byly identifikovany pouze 2 faze — faze, jejiz
tvar kiivky H-h odpovida matrici, a faze, jejiz tvar kiivky H-h
odpovida tvrdé fazi, oznacené jako karbonitrid.

Pii hodnoceni tepelné zpracovaného povlaku (Ti,Mo)

Tabulka I

Obr. 5. Priibéh tvrdosti v zavislosti na hloubce proniknuti inden-
toru (CSM metoda) povlaku (Ti,Mo0)(C,N)-NiCo Zihaného p¥i
teploté 700 °C po dobu 8 hodin

Tabulka II

Hodnoty sledovanych mechanickych charakteristik povlaku
Cr;C,-NiCr urcenych metodou Oliver-Pharr z odlehcovaci
Casti zatézovaci kiivky pfi zatizeni do hloubky 1 pm

Cr;C,-NiCr H [GPa] E [GPa] E/H
As-sprayed 12,3+2,2 231423 18,7
Zihany 10,7+1,8 220£10 20,5

(C,N)-NiCo (obr. 5) byly vysledky méfeni roztéidény do 3
skupin — jedna odpovidajici matrici a dvé tvrdé fazi, oznacené
.karbonitrid* a ,,niz8i karbid*.

Vysledky méteni, hodnoty H a E [GPa] povlaki Cr;C,-
NiCr a (Ti,Mo0)(C,N)-NiCo v tepelné¢ nezpracovaném
i zthaném stavu jsou pro jednotlivé faze i pro kompozit uve-
deny v tabulce I-IV.

3. Diskuse vysledkii a zavér

Vysledky méfeni pomoci metody CSM, zobrazené

Hodnoty sledovanych mechanickych charakteristik povlaku Cr;C,-NiCr naméfenych metodou CSM — maximalni naméfené hod-

noty karbidt (tvrdost H a modul pruznosti E)

Cr;C,- NiCr H maximalni H konecna E maximalni E konecny
H [GPa] h [nm] H [GPa] h[nm] E[GPa] h[mm] E[GPa] h(nm)
As- Cr;C, 25+3,4 87 14,6+2,8 820 362+45 37 247424 820
sprayed karbid 1 17+1,5 93 12,1+2,3 536 255+33 28 235+23 829
karbid 2 21+2,3 83 13,6+3,1 829 301+34 28 233+14 713
matrice 13,6+2,8 986 243427 986
Zihany karbid 20-25 20,6+0,6 169 10,4423 750 302+47 23 207+10 750
karbid 15-20 15,3+2,7 88 11,8+2,1 827 259+38 31 215+14 827
matrice 12,4+1,9 796 218+14 796
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v grafech na obr. 2-5, davaji dobrou pfedstavu o prib¢hu
okamzitych hodnot sledovanych mechanickych vlastnosti
v zavislosti na hloubce proniknuti indentoru, tzn. v zavislosti
na velikosti oblasti ovlivnéné vtiskem. V pfipadé tvrdych fazi
je maxima sledovanych hodnot dosahovano pokazdé v jiné
hloubce proniknuti indentoru, v zavislosti na velikosti struk-
turni komponenty a jejich vlastnostech.

Informace o hloubkach proniknuti indentoru odpovidaji-
cich maximu sledované hodnoty tvrdosti, resp. modulu pruz-
nosti, jsou spolu s dal§imi uvedeny v tabulce I a III. V ptipadé
povlaku Cr;C,-NiCr se hloubka proniknuti indentoru odpovi-
dajici maximalni naméfené hodnoté tvrdosti pohybovala
v rozmezi 80-90 nm, zatimco pro maximalni naméfené hod-
noty modulu pruznosti v rozmezi 30—40 nm. V piipadé povla-
ku (Ti,Mo0)(C,N)-NiCo se hloubka proniknuti indentoru odpo-
vidajici maximalni naméfené hodnoté tvrdosti pohybovala
v rozmezi 45-90 nm, zatimco pro maximalni naméfené hod-
noty modulu pruznosti v rozmezi 17—65 nm. Rozdil ve veli-
kosti rozmezi mezi povlakem Cr;C,-NiCr a (Ti,Mo)(C,N)-
NiCo je dan rozdilem mikrostruktur obou povlaki. Zatimco
mikrostrukturu povlaku Cr;C,-NiCr tvoii karbidy Cr;C,, pii-
padné karbidy nizsi vzniklé vyhotfivanim uhliku pfi néstfiku
s definovanym rozmezim velikosti karbidi ve vychozim ma-
teridlu (prasku), obsahuje komplexni mikrostruktura povlaku
(Ti,Mo0)(C,N)-NiCo tvrdé castice karbonitridd ve formé tzv.
core-rim fazi, jejichz velikostni rozmezi je mnohem vétsi. Z
informaci o hloubkach proniknuti indentoru se bude vychazet
pti dalSich métenich vlastnosti konkrétnich fazi pomoci nano-
indentace. Ani u jednoho materialu nebyl pozorovan vliv
zihéni na hloubku proniknuti indentoru odpovidajici maximu
sledovanych hodnot.

V ptipadé méfeni nanoindentorem s hloubkou proniknuti
1 pm, coz odpovida zatizeni cca 200 mN, se materialové kon-
stanty méti v ramci jednoho splatu. Na této strukturni trovni
bylo provedeno porovnani hodnot sledovanych vlastnosti
stanovenych pomoci riznych metod. Ukazalo se, ze v ptipadé
tvrdosti je dosahovano nejvysSich hodnot pouzitim metody
CSM, metoda Oliver-Pharr ddva hodnoty mirn¢ nizsi. Tento
trend je platny pro oba hodnocené povlaky v tepelné nezpra-
covaném i zihaném stavu. V pfipadé modulu pruznosti neni
situace tak jednoznac¢na. V tepelné nezpracovaném stavu do-
sahovaly hodnoty E stanovené metodou CSM vyssich hodnot
nez pouzitim metody Oliver-Pharr. U povlaki, které byly
zihany, je vSak situace opac¢na: zihané povlaky dosahovaly
vyssich hodnot E, ale rozdil nebyl velky. Pomér E/H, ktery

Tabulka III
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Tabulka IV

Hodnoty sledovanych mechanickych charakteristik povlaku
(Ti,Mo0)(C,N)-NiCo ur¢ené metodou Oliver-Pharr z odleh-
Covaci Casti zatézovaci kiivky pfi zatizeni do hloubky 1 pm

(Ti,Mo)(C,N)- H [GPa] E [GPa] E/H
NiCo

As-sprayed 10,1£2 227423 22,5
Zihany 9,7+1,7 219+17 22,5

charakterizuje plasticitu, vychazi vyssi, pouzijeme-li vysledky
H a E stanovené metodou Oliver-Pharr.

Vliv tepelného zpracovani na sledované hodnoty byl
u v8ech hodnocenych vzorkll i metod stejny: tvrdost i modul
pruznosti byly vyssi u povlakli po nastfiku, tepelné zpracova-
ni zpusobilo jejich pokles. Tento pokles byl nejvyraznéjsi
u karbida povlaku Cr;C,-NiCr, kde tvrdost poklesla o 20 az
25% a modul pruznosti o 15-20 % (stanoveno metodou
CSM). Pokles hodnot tvrdosti povlaku v ramci jednoho spla-
tu ¢inil 9 % pro metodu CSM a 14 % pro metodu Oliver-
Pharr. Modul pruznosti klesl o 11 % pro metodu CSM a 5 %
pro metodu Oliver-Pharr. Pokles u povlaku (Ti,Mo)(C,N)-
NiCo byl v porovnani s Cr;C,-NiCr mensi: u karbonitridi
poklesla tvrdost o 4 % a modul pruznosti 10-24 % (méteno
metodou CSM), v ramci jednoho splatu ¢inil pokles pokles
tvrdosti pouhé 1% metodou CSM a 4 % metodou Oliver-
Pharr, pokles modulu pruznosti 7 % metodou CSM a 4 %
metodou Oliver-Pharr, coz je zména v rdmci experimentalni
chyby téméf zanedbatelna.

Tato prace vznikla za podpory projektu MSM 4771868401
a projektu MSM 4977751303.
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1. Introduction

The performance life of parts of machines and equip-
ment operating at high temperatures depends to a great extent
on the structural stability of material. The creep-resistant Ni-
Cr cast steels used for operation at high temperatures are en-
riched with additions of niobium and titanium to improve
their creep resistant behaviour. Compared with conventional
cast steel, the phase composition of the stabilised cast steel is
much more complex. The change of structure consists in par-
tial or complete replacing of complex chromium carbides of
the M,C; or M,;Cq type with the simple MC type carbides. At
an operating temperature and in the presence of silicon, the
content of which is higher in cast steel than in steel (for rea-
sons of both technical and useful nature), the MC carbides are
losing their stability and undergo phase transformations which
result in the formation of a high-silicon Ni;4(Nb,Ti)sSi; phase,
commonly called G phase. Liberated during this transforma-
tion, carbon and chromium, whose concentration in the matrix
impoverished in nickel is growing, too, get combined to form
on the phase boundaries chromium carbides of the M,;Cq
type'?. As a result of this effect, after certain time of anneal-
ing, complex precipitates composed of several phases start
appearing in the alloy structure. Each of these phases has its
own hardness, which makes their differentiation by the use of
a microhardness tester possible.

An attempt to differentiate the individual phase constitu-
ents was made, among others, in study3 . Yet, because of
a large scatter in the obtained results and small differences in
the hardness values obtained for some phases (especially as
regards M;C; and M»;Cg type carbides), the investigations did
not give the expected positive results.

The aim of the investigations undertaken in this study
was to use microhardness measurements for the determination
of phase constituents included in the composition of complex
multi-phase precipitates present in the structure of stabilised
austenitic cast steel after the annealing process.

2. Experimental

The choice of material and the method of taking meas-
urements were dictated by the following objectives:
To produce in alloy structure the precipitates of possibly
large dimensions,
To apply the load of a value such that would produce
indentations only within a strictly determined and pur-
posely chosen phase region.
Material for investigations. Creep-resistant cast steel of the
chemical composition given in Table I was melted in induc-
tion furnace and cast into sand moulds. Then, the specimens
cut out from the test ingots were annealed in the atmosphere
of air at a temperature of 900 °C for 300 hours. After this
time, the structure contained precipitates of dimensions com-
prised in the range of 10—-15 pm, Fig. 1. The ,,coarseness” of
the precipitates was also due to the appropriately high silicon
content in alloy®.

Table 1
Chemical composition of the cast steel, wt.%

C Ni Cr Si Nb Ti Mn Cu

030 2930 17.80 426 159 1.07 1.02 021
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Content of other elements: P<0.015, §<0.007

The cast steel microstructure was examined under an

optical microscope and a scanning JEOL 6100 microscope,
using polished cross-sections etched with an agent of the fol-
lowing composition: 3 g FeCls, 10 cm® HCI, 90 cm® C,HsOH.
The chemical composition of the precipitates was determined
on a Link ISIS series 300 apparatus. The phase composition
was determined on an isolate sample extracted from the cast
steel, using Philips PW1710 diffractometer and the method of
diffraction analysis. The conditions of the electrolytic extrac-
tion were described in’.
Microhardness measurements. Microhardness of the precipi-
tates and of the matrix was measured by the Vickers method,
pressing statically under a load of 5 gf on the indenter of
a Micromet 2100 microhardness tester made by Buehler. The
value of the load was chosen basing on the results of the pre-
liminary tests and studies. It was assumed that the load should
be such as to enable the indentation to be made in a selected
monophase region only. It has been observed that the load
higher than 5 gf makes too large indentations, extending
through more than one phase which, in turn, gives averaged
hardness values not for one but for two phases. The measure-
ments were taken on polished cross-sections of unetched
specimens. Mean results from 10 measurements are compiled
in Table II.
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Fig. 1. a) Microstructure of the examined cast steel, b) indentations in precipitate areas and in the matrix

Table IT

Results of the Student t test for measurement of microhardness on different phases, o. = 0.05

Phase Average, HV Standard Number Value df Probability, p
deviation of groups, N testt

TiCN 2853 636

(Nb,Ti)C 1427 275 10 8.612396 9 0.000012

G phase 1127 303 10 4.092959 9 0.002705

M;Cs 774 202 10 2.580205 9 0.029687

matrix 346 46 10 7.960378 9 0.000023

3. Discussion of results

An important consequence of transformations proceed-
ing in the examined alloys due to the annealing process is the
complex structure of the formed precipitates, which in their
composition may include even four phase constituents.

The sequence in which these precipitates are arranged is the
following: the centre is TiCN carbide surrounded by a com-
plex niobium-titanium carbide (Nb,Ti)C, next there is an en-
velope of the chemical composition corresponding to G
phase, while the external layer is composed of the precipitates
of chromium carbides of the M;Cq type, the presence of
which is accompanying the MC — G transformation, Fig. 3.
Microhardness was measured in selected areas to which
the individual phase compositions were ascribed, basing on
the results of the metallographic examinations. The obtained
distribution of the hardness values is consistent with the ar-
rangement of phase constituents in a single precipitate,
Figs. 2, 3 and 4. The highest hardness, considerably different
than the hardness of the remaining carbides, has the TiCN
carbide, located in the middle of a complex precipitate. The
lowest hardness has the matrix. Very interesting in the ob-
tained results is also the fact that the value of the standard
deviation (Table IT) is the highest (the largest scatter in re-

sults) in the case of TiCN phase, and the lowest in the case of
the matrix. This is due to both the size of an area occupied by
these constituents on the metallographic specimen cross-
section surface and to the hardness itself possessed by these
phases.

Intensity (counts)

2000 —

1000 —|

65
2Theta (°)

Fig. 2. Phase compositions of precipitates; ¢ (Nb,Ti)C, ® G phase,
| CI'23C6, A TiCN
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C

wt.%  Si Cr Nb Ni Ti Fe Mn
1 0.31 1.13 3455 080 62.13 120 0.12
2 0.41 145 5658 1.81 38.08 1.57 0.10
3 1197 245 1647 5335 872 688 0.16
4 3.70 18.88 0.18 2843 053 4751 0.78

Fig. 3. a) Microstructure, b) distribution of elements, c¢) punctual
chemical analysis of precipitates
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during the measurements. With increasing load, the error of
the measurements of the indentation diameter decreases.
Probably, larger number of the measurements would render
the same effect, giving smaller standard deviation.

In spite of a large scatter in the results, especially as
regards the TiCN phase, and relatively small differences in
hardness between the G phase and (NbTi)C carbides, the
value of the probability p (the occurrence of test statistics t) is
lower than the accepted level of significance o = 0.05, which
indicates that in all the cases of comparable mean hardness
values, the difference between them is still significant enough
to enable them to be regarded as the values of the hardness of
the individual phase constituents, Fig. 5.

3000 -

2000 /
1000 /

(Nb.Ti)}C
G phase

Mz5Cq

matrix

Fig. 4. Distribution of microhardness in phase constituents of the
examined cast steel

4. Conclusions

The performed investigations have proved that it is pos-
sible to differentiate between the individual phase constituents
present in microstructure of the annealed cast steel. The appli-
cation of statistical analysis enables determining, even when
the scatter in results is relatively large, the mean hardness of
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Fig. 5. Comparison of average microhardness between phase constituents of the examined cast steel

each of the phases, providing that these are not the similar
values.

So, it is possible to describe the microstructure quantita-
tively by random measurements of microhardness taken on
the metallographic specimen cross-section and their presenta-
tion in the form of a distribution of the microhardness values,
where the individual phase constitutents can be isolated and
their quantitative content can be determined — all from the
obtained hardness values.

The condition is, however, properly chosen value of the
load, which enables eliminating the measurements giving
averaged hardness values for two or more phases.
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M. Garbiak and R. Chylinska (Szczecin University of
Technology, Szczecin, Poland) Microhardness of Phase
Constituents Present in Creep-Resistant Cast Steel

The study presents the results of microhardness measure-
ments of the phase constituents present in creep-resistant cast
steel. The measurements were taken by the Vickers method,
and their main aim was to make a distinction between individ-
ual phases included in the composition of complex precipi-
tates formed as a result of ageing the 0.3C-30Ni-18Cr creep-
resistant cast steel. The statistical analysis of the results of
microhardness measurements has indicated that the averaged
values of HV obtained for individual phases are characterised
by very significant differences at the adopted level of confi-
dence o =0.05. Hence they can be treated as separate values
and as such can be ascribed to the individual phase constitu-
ent.
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1. Introduction

Silicon carbide and silicon nitride have been recognised
as important structural ceramics because of their good combi-
nation of mechanical and thermal properties'. Components to
be properly applied in high temperature need to have a high
resistance to thermal shock, thermal fatigue, corrosion, and
resistance to creep deformation. Si-based ceramics such as
silicon carbide and silicon nitride due to their covalent bond-
ing exhibit a high strength at elevated temperature (up to
1000 °C), as well as low thermal expansion coefficient and
high thermal conductivity, and therefore a high resistance to
thermal shock®™. A new approach that has received much less
attention is the incorporation of Si;N, in SiC with oxide addi-
tives. SiC has higher hardness and oxidation resistance,
whereas SizNy4 has better strength and thermal shock behav-
iour. Kim et al.’ investigated microstructure and mechanical
properties of SiC composites that contained up to 50 wt.% of
Si;N, particles. The fracture toughness increased as the SizNy
content increased and the effect of Si;N, addition on toughen-
ing became apparent as Si;N, contents of > 30 wt.%. The
strength increased with SizN4 content and showed a maximum
of 1020 MPa at 35 wt.% of silicon nitride. Shaoming® re-
ported maximum strength and toughness values of 810 MPa
and 5, 5 MPam'? in specimens with different additive com-
positions of La,O; and Y,0;. However, the thermal shock
resistance of SiC+Si;N, composites has not yet been reported.
Takeda and Maeda’ showed that the thermal shock resistance
of hot pressed SiC sintered with BeO and AIN depends on the
thermal conductivity. At A [ 100 Wm™ K™ was AT, = 680 °C
and at L = 65 W m' K™ was AT, = 450 °C. Wang and Singh®
measured AT, = 500 °C at thermal conductivity of 87 W m K™
of HP SiC. Pettersson et al.” studied the best parameters for
measuring the thermal shock resistance of Si;N, based materi-
als with an indentation-quench method. Many other authors
have studied thermal shock resistance of different ceramic
materials by water quenching or indentation tests'*'*.

Most ceramic materials are sensitive to thermal shock
and thermal fatigue. Due to inhomogenous temperature distri-
butions in rapidly cooled or heated ceramic components, high
thermal stresses are generated, which are responsible for the
extension of existing cracks. The calculation of thermal
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stresses is an important step necessary for design with ce-
ramic materials. Thermal stresses depend on physical proper-
ties (thermal expansion coefficient o, elastic constants E and
v, thermal conductivity A, specific heat C,, density p), geo-
metric boundary conditions, and thermal boundary conditions.
Failure occurs when the maximum thermal stress reaches
a critical value o, (strength) or, in terms of fracture mechan-
ics, when the stress intensity factor K; reaches the fracture
toughness K;c. The thermal shock sensitivity of a material
consequently depends on the physical properties and on o,
and Kjc Depending on the special boundary conditions, dif-
ferent shock parameters were defined'’. In addition to these
material properties, which can be tabulated, the microstruc-
ture character is also of importance and influences the thermal
shock behaviour of the material’. The investigation of the
behaviour of Vickers indentation cracks under quenching
condition has raised interest during the last years. An indenta-
tion-quench method has been developed by Andersson and
Rowcliffe'®. Compared to the Hasselman quench-strength
method'’, the evaluation procedure is simple, the sample
preparation is easy and only a small number of samples are
needed for a series of measurements at different temperatures.
The indentation-quench method can be used for the charac-
terization of materials and as a diagnostic tool to predict the
thermal shock damage occurrence in a component'®. To
evaluate the thermal stress crack initiation and propagation
behaviour of ceramics, two thermal shock resistance parame-
ters are usually used". First is the resistance to initiation of
crack, expressed by parameter R

:Gf(l—o)
aoE

R = AT,

where oy is the fracture 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 and during steady-state
heat flow down a steep temperature gradient. The second is
the resistance to propagation of crack expressed by the pa-
rameter R’

IC

2
J (1+v)
o;
which dedicates the resistance to catastrophic crack propaga-
tion of ceramics under a critical temperature difference, AT..

From the above two equations, it is clearly visible that
the thermal shock resistance can be improved by the increased
flexural strength and fracture toughness and by decreased
Young’s modulus and coefficient of thermal expansion.

The main aim of this work is to study thermal shock
behaviour of SiC+Si3N, composites using indentation method
and to compare to the behaviour of the reference silicon car-
bide, prepared by the same fabrication route.
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2. Experimental procedures
Material preparation

SiC materials were prepared by mixing -SiC powder (HSC-
059, Superior Graphite) with sintering additives ALO; (A 16
SG, Alcoa) and Y,0; (grade C, H.C. Starck). In the case of
composites B-SiC powder was mixed with SizN, powder
(AlY-3/54, Grade C, Plasma & Ceramic Technologies Ltd.),
which contained Y,0; and Al,Os; sintering additives in weight
ratio 6:3. The final chemical compositions of the investigated
materials are listed in Table I. The powder mixtures were ball
milled in isopropanol with SiC balls for 24 hours. The suspen-
sions were dried and subsequently sieved through 25 um
sieve screen in order to avoid hard agglomerates. The samples
were sintered by hot pressing at 1850 °C /1h under mechani-
cal pressure of 30 MPa in N, atmosphere. The hot pressed
samples were subsequently heat treated at 1850 °C/5 h.

Microstructure and mechanical properties

For microstructural observation the specimens were cut,
polished to a 1 um finish and plasma etched. The microstruc-
tures were studied using an SEM (JEOL JSM-7000F). The
densities of the sintered and annealed specimens were meas-
ured according to Archimedes” principle. Hardness was deter-
mined by Vickers indentation (hardness testers LECO
700AT) under a load of 49.05 N with a dwell time of 10 s. In
order to determine the indentation toughness at least 15 Vick-
ers indentations per specimen were introduced with the load
of 49.05 N. The indentation toughness was calculated from
the lengths of radial cracks and indents diagonals using
a formula valid for semi-circular crack systems as proposed
by Anstis et al.”°. The strength was measured using specimens
with dimensions 3x4x45 mm, tested in the four point bending
mode. They were ground by 15 um diamond grinding wheel
before testing. The two edges on the tensile surface were
rounded with a radius about 0.15 mm in order to eliminate
a failure initiated from an edge of the specimen. At least ten
specimens were tested for each material.

Indentation thermal shock resistance
For the investigation of thermal shock resistance the

indentation-quench method was used. The indentations were
made, using the load 49.05 N to obtain pre-cracks approxi-

Table I
Chemical composition of prepared materials

mately in the same length. Four indents were made in each
specimen with dimensions 3x4x20 mm. The lengths of the
cracks were measured with the same equipment as in the
hardness and fracture toughness test. After the indentation the
samples were heated in a vertical tube furnace in air to the
required temperature and held there for 25 min. Then the
specimens were rapidly immersed into a ~20 °C water bath.
Final radial crack lengths were again measured. The proce-
dure was repeated at increasing quenching temperatures AT,
up to the critical value of ATc at which radial crack became
unstable and the specimen failed.

’ % AR
SEI 150kV  X7,000 1um WD 10.0mm

e O |« @)

& <\
UMV SAV SEI 150kvV  X1500  10um WD 10.0mm

Fig. 1. SEM micrographs of (a) hot pressed SC-N5-HP and (b)
annealed SC-N5-1850 composites

Samples Heat treatment Composition [wt. %]
SIC SI3Ny Y,0, AL,O3
SC-NO-HP HP (1850°C/1h) 91.0 0 6.0 3.0
SC-N5-HP HP (1850°C/1h) 86.5 5 5.7 2.8
SC-N10-HP HP (1850°C/1h) 81.9 10 5.4 2.7
SC-NO-AN HP (1850°C/1h) +AN (1850°C/5h) 91.0 0 6.0 3.0
SC-N5-AN HP (1850°C/1h) +AN (1850°C/5h) 86.5 5 5.7 2.8
SC-N10-AN HP (1850°C/1h) +AN (1850°C/5h) 81.9 10 5.4 2.7
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3. Results and Discussion 200 — ——— T
O SC-NO-HP
. . . O SC-N5-HP unstable crack growth
Microstructure and mechanical properties 180 L A& SC-N10-HP i
m SC-NO-AN | e ‘
. . . ® SC-N5-AN | A
Representative SEM micrographs of a polished and £ A SC-N10-AN A A,
plasma etched surface of the hot pressed and annealed % 160 ]
SiC+Si;Ny composites are shown in Fig. 1. The microstruc- 13 o ‘ 4 . }
tures of hot pressed SC-N5-HP (Fig. 1a) consist of fine sub- T 140 o [ AL e s
micron-sized equiaxed SiC grains with a low aspect ratio 5 N
(~1). The microstructures of the SiC material and SiC+SizNy R c . "
. L. . ; . K] r 8 o . b
composites significantly changed after their post-sintering 9 A . H
high temperature treatment at 1850 °C, Fig. 1b. They have a A A - ®
bimodal distribution and consist of elongated SiC grains with e 7
higher aspect ratio (4.4) and of smaller SiC grains. In the case L P e— S P E———
0 100 200 300 400 500 600 700 800 900

of SiC+Si;Ny composites the addition of silicon nitride re-
sulted in a finer microstructure of investigated materials.

The basic properties of the materials are summarized in the
Table II. All materials are almost full dense (more than 97 %
theoretical density). By increasing of SizN4 content the den-
sity increased. In our case the addition of Si;N, does not play
a role in hardness and fracture toughness values. The effect of
Si;N, addition on fracture toughness became apparent at SizNy
content of >30 wt.% (ref.’). The mechanical properties are
strongly affected to their microstructural character. For fine-
grained globular microstructure of hot pressed SiC and
SiC+Si;Ny composites the fracture toughness had a value of
Kic between 2.8-2.9 MPa m'"2. For annealed materials with
plate-like microstructure higher fracture toughness was ob-
tained (4.3-5.4 MPa m”z). Sciti 2! showed the increase of K¢
from 3 up to 5.5 MPa m"? after annealing treatment at 1900 °
C. In materials with fine microstructure and globular grains,
the crack propagates mainly intergranularly with relatively
small deflection from the main crack direction. Toughening
mechanisms are absent in such microstructures. The crack
propagation in the materials with coarse plate-like grains and
microstructure is significantly different. The crack deflection
is enhanced (often up to approximately 10 um from the main
crack direction). The toughening mechanisms in the form of
crack branching and crack deflection have been observed®.
Such toughening mechanisms are probably responsible for the
increase of fracture toughness. The flexural strength decreases
with annealing and aspect ratio of SiC grains but slightly in-
creases with SizN, addition. Kim® estimated a maximum
strength value of 1020 MPa at a Si;N4 content of 35 wt.%.

Table II
Selected properties of SiC and SiC+Si;N4 composites

Thermal shock temperature difference (°C)

Fig. 2. Crack growth behaviour in the prepared materials
after single quenches into water

< s g e S
Fig. 3. Optical micrograph of 50 N contact impressions of (a) hot
pressed SC-N10-HP and (b) annealed SC-N10-1850 composites

Samples Density Hardness Fracture Fracture RrHEORETIC REXPERIMENTAL

[gcm™] HVS5 [GPa] toughness Strength o [MPa] [°C] [°C]

Kic [MPa m"?]

SC-NO-HP 3.220 20.4+0.9 2.90+0.2 359.2 228 320
SC-N5-HP 3.236 19.7+£ 0.6 2.88+0.2 464.7 333 350
SC-N10-HP 3.249 20.6 +0.7 2.89 £0.1 541.9 359 500
SC-NO-AN 3.189 20.6 0.3 4.54+04 122.6 90 650
SC-N5-AN 3.196 22.5+0.8 539+0.3 352.3 206 850
SC-N10-AN 3.204 20.7 £ 1.1 438 +0.4 193.9 136 760
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Further addition of SizNs up to 50 wt.%, decreased the
strength to 855 MPa. To the 10 wt.% of silicon nitride were
values of strength less than 700 MPa. In our case the values of
flexural strength are significantly lower.

Indentation thermal shock resistance

For all tested specimens the rise in thermal shock resistance
with a higher amount of silicon nitride was observed (Fig. 2).
This means that the composite SiC+Si3N4 have better thermal
shock resistance than the monolithic silicon carbide. The ini-
tiation crack length of annealed materials was 20 um shorter
than to the hot pressed specimens (Fig. 3). Thermal shock
tests, studied by indentation-quench method show enhanced
resistance of the SiC+Si3N4 composite and the monolithic SiC
material with coarse microstructure, with higher fracture
toughness. The explanation of this fact could bee described by
the Ry, parameter.23 This parameter reflects the fact that, to
resist a given thermal shock, a material has to exhibit a high
resistance to cracking, i.e. a high toughness, and has to have
a low thermal stress. Therefore, it is important to design mate-
rials with specific microstructures to obtain an optimal state
between resistance to initiation (R) and resistance to propaga-
tion of crack (R’’""). Kalantar and Fantozzi* showed that ma-
terials with elongated grains (with higher aspect ratio) had
higher AT,. The materials with elongated grains show several
mechanisms of toughening, and so they may have stable crack
propagation. If the experimental measured AT, values are
compared with the calculated R parameter (Table II), in most
cases the level of theoretic values is less than measured values
and a linear relation exists between them®. In our case, the AT,
values are lower for all tested specimens, but the largest dif-
ference is between theoretical R parameter and experimental
estimated AT, of annealed monolithic SiC and SiC+SizNy
composites. These materials have lower flexural strength
values compared with fine-grained materials because the big-
gest and more strength degrading flaws were found mainly in
form of pores and agglomerates on SiC grains.

4. Conclusions

The Si;N,4 addition has no influence on the hardness and
fracture toughness but the heat treatment at 1850 °C results in
the coarsening of the microstructure which leads to the in-
crease of the indentation toughness. This increase is con-
nected with the present toughening mechanisms in the form of
crack deflection and crack branching. The flexural strength
decreased for annealed materials with increased aspect ratio
of their SiC grains, but slightly increased with Si;N4 addition.

It was found that both the silicon nitride addition and the
heat treatment have a positive effect on the improvement of
the thermal shock resistance of the investigated composites.
However, more experiments are necessary to understand and
explain the effect of the silicon nitride addition on the im-
provement of the thermal shock resistance.

This work was partly supported by the National Slovak Grant
Agency VEGA, project No. 2/7194/27, APVV-0171-06, LPP-
0203-07, and NANOSMART, Centre of Excellence, SAS.
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A. Kovalcikova and J. Dusza (Institute of Materials
Research, Slovak Academy of Sciences, Kosice, Slovak Re-
public): Thermal Shock Resistance of SiC+Si;N,; Compos-
ites Evaluated by Indentation Technique

The thermal shock resistance of SiC+Si;N4 composites
was investigated by indentation technique. The results were
compared with thermal shock behaviour of SiC prepared by
the same technological route. It was found that the silicon
nitride addition has a positive effect in the improvement of the
thermal shock resistance of the investigated composites.
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HOLOGRAFICKA METODA URCENIA YOUNGOVHO MODULU PRUZNOSTI

JOZEF KRAJCOVIC nosnika v mieste posobiska sily (x=1/ )zo vztahu (3)
S dostaneme’
a IGOR JANCUSKA
) N o P )
Materialovotechnologicka fakulta STU, Ustav materidlov, y(i)=y*= 3EJ

J. Bottu 25, 91724 Trnava, Slovensko
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3 5
KTlucové slova: optické metoddy, deformacia, holograficka _ M ()
interferometria, regresna analyza, Youngov modul pruz- 3Jy*
nosti

1. Deformacia ohybom

Mechanické vlastnosti materialu sa Casto zistuju des-
truk¢nou (trhacou) skiiskou v jednoosovom tahu. Trhaci stroj
plynulo  zvySuje  zatazenie  normalizovanej  tyce
a zaznamenava zavislost' tahového napédtia 6 od pomerného
predizenia e. Pri skiske moZno postupne najst napitie o
u (medzu umernosti), po ktoré je zavislost’ linearna, napétic ¢
g (medzu pruznosti), po ktoré je deformacia pruzna
(elasticka), napétie ok (medzu klzu), pri ktorom zacina plas-
tickd deformacia a maximalne napétie op (medzu pevnosti) pri
takej skuske. Nas zaujima prva oblast, v ktorej je zavislost’ y y
tahového napitia o od pomerného prediZenia ¢ linearna:

>

Obr. 1. Ohyb y nosnika vo vzdialenosti x od upevneného konca

c=E-¢ (1) nosnika
Vztah (1) sa nazyva Hookov zakon a konstanta £ je Youngov
modul pruznosti v tahu. V principe mdzeme Youngov modul Hodnoty /" a / mdZeme merat’ priamo, hodnotu J méZze-
pruznosti v tahu uréit aj z inych znémych druhov namahania me vypocitat' z odmeranych rozmerov prie¢neho prierezu
telesa. Spomedzi zakladnych druhov naméhania telies (tah, nosnika. Na urcenie hodnoty y* mozno pouzit’ r6zne metody.
$myk, krut, ohyb a vzper) sme sa zamerali na ohyb votknuté- My na to pouzivame citlivii opticki metédu dvojexpozicnej
ho nosnika pod vplyvom osamelej prie¢nej vonkajsej sily F holografickej interferometrie.

posobiacej vodorovne vo vzdialenosti / od upevneného konca
nosnika, pozri obr. 1.
Pri vePmi malych priehyboch nosnika (y**<< 1) m4 diferen- 2. Dvojexpozi¢na holograficka interferometria
cialna rovnica priehybovej Ciary tvar
Holografickt interferometriu, na rozdiel od klasickej

g M = F(l__x) ) interferometrie, charakterizuje skuto¢nost, Ze aspon jedna
EJ EJ z interferujucich vin je zrekonitruovana z hologramu. Interfe-
ruji tu dve objektové vlny, prislichajice dvom réznym sta-
kde M = F(I - x) je ohybovy moment vonkajsej sily F* vzhla- vom objektu, napriklad pred deformaciou a po deformacii. Ak
dom na bod osi nosnika vo vzdialenosti x od spodného upev- na zdznamovy material zaznamename dva stavy objektu, ho-
nen¢ho konca aJ je plo$ny moment zotrvacnosti kolmého vorime o dvojexpozi¢nej holografickej interferometrii. Pri
prierezu nosnika. Po dvojnasobnom integrovani rovnice (2) rekonstrukcii vznikaju sacasne dve objektové viny, ktoré
s vyuzitim okrajovych podmienok y(0) = y(0) = 0 ziskame interferujl a vytvaraju interferogram. Ziskanie experimen-
talnych dat v interferometrii spo¢iva v detekcii §truktary in-
y(x)z— - 2 T 2 = axd £ b2 3) tenzity.svetla‘v interferogr.ame, Interferepéné extrérr{y. sa na-
6EJ 2EJ chadzaju v miestach, kde je fazovy rozdiel Ad medzi interfe-
rujicimi vlnami ureny znamymi podmienkami, napr.

kde a =—-F/(6EJ), b= FI/(2EJ). Ak pozname hodnoty koefi- Ad =k.As=(2mt1)m, m=0,1,2,3, ... (6)
cientov a, b, moézeme podla vztahu (3) ur¢it’ ohyb y 'ubovol- pre interferenéné minima, pricom k=2m/A je vinové (Cislo,
ného bodu deformovanej osi votknutého nosnika. Pre ohyb y* uréujuce absolutnu hodnotu vinového vektora k a As je roz-
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diel optickych drah interferujicich vineni. V pripade interfe-
rometrie nepriehladnych objektov je velkost fazového roz-
dielu medzi interferujucimi vlnami AS uréena vektorom de-
formacie Ar velkosti y vkazdom mieste sledovaného po-
vrchu, smerom osvetlenia k; skimaného povrchu a smerom
pozorovania k; interferogramu’

AS = Ar- (kg —k;) (7)

Symbolom k su oznacené vinové vektory prislusnych
svetelnych vin. Ich absoltitne hodnoty sa rovnaké, nakol’ko st
rovnaké vinové dizky svetla. Oba vektory sa lisia len smermi.
V nasom pripade bol dvojexpoziény zaznam na holograficka
dosku vykonany tak, ze vektory ks a k; boli prakticky nesth-
lasne orientované a vektor deformacie Ar bol nesthlasne
orientovany s vektorom k; osvetlenia skimaného povrchu
nosnika so spodnym upevnenym koncom, preto

8
Aé:Ar-(ks—ki):yzk:y“T” ®

a po dosadeni (8) do (6) a uprave pre ohyb y v miestach inter-
feren¢nych minim plati

y=(2m+l)%, m=0,1,2,... @

kde rady m = 0, 1, 2, ... priradujeme minimam na interfero-
grame v smere od upevneného konca k posobisku sily. Ak by
sa posobisko sily nachadzalo presne v minime radu z, potom

y*=(2n +1)% (10)
a po dosadeni (10) do (5) ziskame
_4FP (11)
3J(2n + 1)

Ak by sa pdsobisko sily nachadzalo nad interferenénym mini-
mom radu n, je mozné odhadnit’ hodnotu radu v posobisku
sily realnym ¢islom z otvoreného intervalu od n do n+1 a toto
realne ¢islo dosadzovat' do vztahu (//) miesto n. Odhad
moze byt zalozeny na merani priebehu intenzity
v interferograme. RozloZenie intenzity je urcené funkciou cos
(Ad). Velkost’ deformacnej sily F' sposobujicej ohyb predme-
tu je potrebné volit’ tak, aby sa dal jednoznaéne uréit’ pocet
tmavych interferenénych pruzkov vznikajucich pri rekon-
Strukcii interferogramu (obr. 2).

Druhy spdsob, ako mozeme urcit’ ohyb y* v posobisku
sily spociva vo vyuziti linearnej regresie. Pomocou softvéru
pre obrazové spracovanie moézeme merat vzdialenost xp,
medzi upevnenym koncom a minimom radu m s ohybom y,
vypocitanym podla vztahu (9). Takto ziskame N dvojic su-
radnic (xn, ym) pre urcenie regresnych koeficientov a a b
vregresnej funkcii (3). Akondhle su regresné koeficienty
uréené, ohyb y* v mieste posobiska sily vypocitame podla
vztahu

(12)

y*=al’ +bl?
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Obr. 2. Digitalna fotografia interferogramu

a dosadime do vztahu (5) pre vypocet Youngovho modulu
pruznosti. Regresna krivka poskytuje informaciu o ohybe
v 'ubovol'nom bode nosnika (obr. 3).

Tywm]

2,0
1,5
1,0

0,5 1

0,0 [ T T T
0 20000 40000 60000 x[um]

Obr. 3. Regresna krivka regresnej funkcie (3)

3. Analyza experimentalnych vysledkov

Uvedenymi spdsobmi sme urcovali Youngov modul
pruznosti E eutektického kompozitu pripraveného riadenou
krystalizaciou®. Vzorka mala obdiznikovy prierez. Hribku A
a Sirku § prierezu sme merali mikrometrom 8-krat v rdznych
miestach pozdiz celej dizky vzorky. Pristrojova chybu mikro-
metra (1 pm) sme zanedbali kvoli pomerne velkému rozptylu
nameranych hodnét. Stredné hodnoty boli £ = 2937,5 um
as$§=2906,6 um, so strednymi kvadratickymi chybami
Ah=20,7 pm a A§ = 14,0 pm. Vlnova dizka monochromatic-
kého laserového ziarenia bola A = 632,8 nm. Vyrobca lasera
udava chybu v uréeni vinovej dizky AL =1 nm. Silu pdsobia-
cu na nosnik sme nastavovali v rozpiti od 30 mN do 80 mN
a merali silomerom s chybou AF' =5 mN. Vzdialenost’ / pdso-
biska sily od upevneného konca sme merali posuvnym merad-
lom s chybou A/=0,1 mm. Kvoli obmedzenej dizke vzorky
sme vzdialenost’ / nastavovali na hodnoty 6 cm a 7 cm. Vzor-
ku sme merali v dvoch poziciach. V prvej pozicii sila pdsobila
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pozdizne s hrabkou, preto bol ploiny moment zotrvanosti
prierezu rovny J=$k*/12. V druhej pozicii sila pdsobila po-
zdiZne so sirkou, preto bol ploiny moment zotrvagnosti rovny
J=hs*/12. Po dosadeni momentov do vztahu (5) ziskame
v adekvatnom poradi pre prvu a druht poziciu vztahy

_ 4FP
shey*

_4FP
hsdy*

- (13, 14)

Pri vyuziti linedrnej regresie relativne chyby AE/E
v adekvatnom poradi pre obe pozicie odvodime z vety

o prenose chyb
2
ARV (3 (A5 (3an) [ Ap*
— | = H =] =] +|=—
F / N h y*
ARV (3aV (3852 (an Y 2
— | = H =] =] +
F / § h
pricom nevychylenym odhadom pre strednu kvadraticku chy-
bu Ay* je Statistika

AE

E

AE

E

Ay *
y*

(15)

kde N je pocet dvojic suradnic (x; , y;) vyuzitych na najdenie
regresnych koeficientov a a b, y(x;) su funkéné hodnoty re-
gresnej funkcie (3) v bodoch so stradnicami x; a m=2 je
pocet regresnych koeficientov.

Pri vyuziti odhadu radu minima v mieste pdsobiska sily
dosadime plosné momenty prierezu pre prva a druht poziciu
vzorky v adekvatnom poradi do vzt'ahu (/1) a ziskame

_ 16F1
s> (2n +1)

_ 16F1
s (2n+ 10

(16, 17)

a s vyuzitim vety o prenose chyb ziskame v adekvatnom pora-
di vzt'ahy pre relativne chyby AE/E merania

o o N N E S N EY

Réd interferenéného minima v posobisku sily sme odha-
dovali s chybou An=0,5. Vzorku sme merali 7-krat v prvej
pozicii a 5-krat v druhej pozicii, takze sme mali k dispozicii
12 interferogramov. Z i-teho interferogramu sme modul pruz-
nosti £; a chybu v jeho ur¢eni AE; vypocitali dvomi sposobmi.
Vysledny odhad £ modulu pruznosti a chybu odhadu AE pre
dany spdsob sme stanovili podl'a vztahov

1

1 12 12
1/ZAE?
2¥iz

(20, 21)
E=—YE, AE=—
125 1
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Tabulka I
Odhady a chyby odhadov Youngovho modulu pruznosti eu-
tektického kompozitu

Podl'a odhadu radu minima
E [GPa]

PodTa linearnej regresie
E [GPa]

198,5 +8,1 204,8+79

s197

Vysledky st uvedené v tabulke I. Chyby merania pri
oboch spdsoboch uréenia Youngovho modulu pruznosti st
porovnatel'né. Prvou vyhodou linearnej regresie je vsak to, ze
umoziuje uréit’ modul pruznosti aj v pripade, ze sa tmavé
interferencné prizky v hornej Casti interferogramu vplyvom
ich velkej hustoty zlievajii do tmavého priestoru a nie je moz-
né urobit’ odhad radu minima v mieste posobiska sily, resp.
nie je mozné ur¢it’ pocet interferenénych minim od upevnené-
ho konca po pdsobisko sily. Druhou vyhodou linearnej regre-
sie je to, ze regresnd krivka poskytuje informaciu o ohybe
vzorky v kazdom bode pozdiz vzorky. Metdda dvojexpozitnej
interferometrie je pomerne citliva a je vhodné ju pouzit' na
skimanie predmetov pravidelnych tvarov vyrobenych
z kovovych aj keramickych materialov®. Interferogramy, na
ktorych boli zjavné nedokonalosti upnutia spodného konca
vzorky, sme z merania vylucili. Metédu je mozné vyuzit' aj
vtedy, ak ma skamana vzorka komplikovany tvar. V takomto
pripade je mozné metédu doplnit’ o numerické modelovanie
a pomocou programu ANSY'S uréit’ Youngov modul pruznos-
ti a Poissonovo ¢islo daného materialu.

Pracu na tomto prispevku podporila Vedecka grantova agen-
tura projektom ¢. 1/0173/08.
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The paper deals with the comparison of two approaches
to the determination of the Young's elasticity modulus. The
first approach is based on the determination of number of the
interference minima between the fixed end and the force ac-
tion point. In the second approach the linear regression is
used. Both the approaches are based on the application of the
two-exposure holography interferometry. The investigated
balk shape sample was made from the eutectic ALLO; — (Y,03)
ZrO, composite. It was shown how the obtained regression
curve describes the non-damage deformation of the parallele-
piped girder with the fixed down end.
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BY INDENTATION CREEP
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Keywords: indentation creep, viscosity, oxynitride glass, rare-
earth additives

1. Introduction

Vickers, Brinell or Rockwell hardness tests are common
methods for the investigation of the hardness, elastic, elasto-
plastic and plastic behavior, yield strength, etc., of wide range
of materials from soft and ductile metals up to brittle and very
hards ceramics and glasses'. These tests are simple and the
information is obtained from very small volume of the mate-
rial. Instrumented indentation developed over last two dec-
ades based on the model of Oliver and Pharr” resulted in the
measurement of a range of properties and parameters, which
are not available from conventional hardness. Besides reduced
elastic modulus, elastic and plastic work and several others,
indentation creep data became available. However, the inden-
tation creep used in the instrumented indentation is related to
the deformation under the sharp indenter over relatively short
period of time of tens of secondes up to several minutes at
room temperature. Highly localized and concentrated stresses
in brittle materials result in the formation of indentation dam-
age, which contributes to the plasticity data. The tests without
damage contribution are desirable to obtain concise data on
plasticity of the studied materials. Creep resistance, viscous
flow as well as time dependence of hardness can be success-
fuly determined at high temperatures using a modified inden-
tation creep, which is a combination of the compressive creep
testing and instrumented indentation with blunt indenter’®.
The first tests of this type with hemishperical indenter were
performed by Heynes and Rawson in the 60-s to measure the
viscosity of glasses’. The theoretical interpretation of this
measurement was worked out by Douglas*. The flat ended
cylindrical punch was used Yu and Li in the 70-s for investi-
gation of creep properties of single crystals and they have
proved that its results are equivalent to those of the tensile
creep test>. During this measurement, a cylinder with the
diameter d is pressed with the force F into the flat surface of
the sample (Fig. 1) at the test temperature, T, and the depth of
the indentation, h(t) is recorded as the function of elapsed
time, t. The result is a conventional creep curve with an initial
transient stage followed by a stage with the constant impres-
sion velocity, v = dh/dt. It was shown on various metals,
glasses and ceramics that the indentation tests provide the
same information on viscosity as tensile tests’®. Viscosity of
the glasses, h, was found to follow the relationship:

n=dk p3kv

s198

F=constant

Fig. 1. Schematic representation of the flat cylindrical punch
indentation creep geometry

where k; and k, are the geometrical coefficients and p is the
pressure on the indentor. The values of k; and k, were deter-
mined experimentally and by FEM and they are in the range
0.3-0.4 and 0.76-1.0, respectively’. Thus, viscosity measured
by the indentor with the diameter d and pressure

p = 4F/nd’, is
n=c.p/v (1)
where ¢ = k;d/3 k,. For the FEM values k; = 0.3 and k, =

0.76°, the value ¢ = 0.13 d is a constant of the indentor. The
activation energy, Q, is given by the formula

1 =mno exp (Q/kT), resp. Inv=1np —In(cny) — Q/kT
where hy is a constant and kT has its usual meaning.

Oxynitride glasses present in the advanced structural
ceramics at the grain boundaries, originate from sintering
additives. Despite being as only 1 nm thin films, they control
high temperature behavior of these ceramics and the increase
of their viscosity is crucial for the improvement of creep resis-
tance of the whole material. The measurement of the viscosity
of such thin films is currently experimentally not possible but
it can be measured on the model bulk oxynitride glasses'®™'2.
Viscosities of such glasses were already measured by com-
pressive tests and it was shown that both, rare-earth additives
and nitrogen content have significant influence on viscosity
and transition temperature of these glasses'®™'%.

The aim of the current work is to investigate viscosities
of the selected oxynitride glasses by indentation method, to
compare the obtained results with those from other methods
and to prove suitability of indentation method for viscosity
measurement of the oxynitride glasses.

%)

2. Experimental part
Glass preparation
Four oxide and four oxynitride glasses were prepared

from the mixture of powders of SiO, (Aerosil OX 50, De-
gussa-Hiils AG, Germany), MgO (MgO 500 A, UBE Ind.
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Ltd., Japan), a-SizN4 (SN-E10, UBE Ind. Ltd., Japan) and
rare-earth oxides RE,O; (RE = La, Sm, Yb, Lu). The ratio
Mg: RE of 1:1 was constant and 20 e/o (equivalent %) for
each element. The amount of silicon nitride powder was cal-
culated in such a way that the resulting nitrogen contents were
0 e/o in the oxide and 20 e/o in the oxynitride glasses. The
powders were homogenized, dried, uniaxially pressed, cold
isostatic pressed and finally sintered in gas pressure sintering
furnace at 1700 °C under 2 MPa of nitrogen pressure for 0.5 h
(ref.'"'?). The obtained pellets were cut on 3 mm thick slices
ground and polished to obtain two parallel surfaces for the
indentation tests.

Indentation creep

The tests were performed in the HTTF2 creep furnace in
the temperature range 760-925 °C in air using SiC indenter
with the diameter d = 2.1 mm under the stress p = 20 MPa.
Experimental set-up is shown in Fig. 2. Penetration depth was
measured as a difference between the data from two linear

C
c
=
'o

indenter

sample

LVDT

Fig. 2. Schematic representation of the indentation creep test set-up

variable differential transducers (LVDT). They were out of
the furnace attached to the loading punches via thin alumina
rods to compensate errors due to thermal expansion. The tests
run from < 1 min at the highest temperatures up to around
20 hours at the lowest temperatures.

3. Results

Creep curves corresponding to the time dependence of
the penetration depth of the indenter in the La-Si-Mg-O glass
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are compared in Fig. 3. Penetration rates in the studied tem-
perature range 790—840 °C vary over three orders of magni-
tude. Similar differences were measured in the case of the
corresponding oxynitride glasses, however, with a shift to-
ward higher temperatures. As shown in Fig. 4, penetration
rates of around 1-10°mm s™ obtained in La-oxide glass at
~805°C occur at around 890 °C in Lu-Si-Mg-O-20 % N
glasses.

Penetration rates were transferred into viscosity using
Eq. (1) with ¢ = 0.273 mm. Fig. 5 shows temperature depend-
ence of viscosity of the La-Si-Mg-O glass. Glass transition
temperature, T,, was determined as a temperature in the mid-
dle of the range when viscosity changes from 10'> Pa's to
10'>¢ Pas. The viscosities of all glasses are summarized in
Fig. 6. The viscosities of the oxide glasses are significantly
lower than those of the corresponding oxynitride glasses. The

T T T T T T T
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B
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<
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Fig. 3. Time dependence of the penetration depth in La-Si-Mg-O
glasses under stress of 20 MPa
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Fig. 4. Indentation creep curves in Lu-Si-Mg-O-N glass under
stress of 20 MPa
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Fig. 5. Temperature dependencies of viscosities obtained by
indentation and compressive creep'' methods
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Fig. 6. Summary of the temperature dependencies of viscosities of
the studied oxide and oxynitride glasses obtained by indentation
creep

differences are up to 70 °C. However, the variations in T, up
to 45 °C can also be seen within each group. The lowest T,
belongs to La- and Yb-containing glasses whereas Lu-
containing glasses always exhibit the highest T,. The values
T, of as well as of the activation energies, which were deter-
mined from the Eq.(2), are summarized in Table I and com-
pared with the values obtained earlier from the compressive
creep tests on the same materials'".

4. Discussion

The results indicate that the indentation creep method
is capable of the determination of the viscosity of oxide and
oxynitride glasses over five orders of magnitude and its re-
sults are comparable with those obtained by compressive
creep method from considerably larger volumes of glass.
However, some systematic differences were observed (see
Fig. 5). T, and viscosity from indentation creep are usually
higher in the case of oxide and lower in the case of oxynitride
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Table I
Summary of the indentation and earlier compressive creep
tests in terms of T, and activation energies

Material | Tp"emeion T compresion Qm Qe
[°C] [°C] [kI mol™] [kJ mol™]
La-NO 793 +£5 T7T£5 1406130 1373+129
La-N20 829+ 6 853+6 1095491 1151+94
Sm-NO 790+ 5 773 £5 1347124 1313+122
Sm-N20 841 +7 859+ 6 109690 1140+93
Yb-NO 782+ 6 778 £6 1077£95 1097+97
Yb-N20 837+7 857+ 7 1007+81 112091
Lu-NO 800+ 6 803+ 6 1167102 1151£100
Lu-N20 873+ 7 889+ 7 1055+82 1110+87

glasses while the activation energies are essentially the same.
The differences in T, are from 3 °C up to 24 °C and can be
attributed to the differences in the coefficients k; and k, and to
local inhomogeneities in the glasses. The activation energies
obtained by indentation are in the range from 1050 kJ mol™
up to 1400 kJ mol™" with the highest values in the case of La-
and lowest in Yb- and Lu-containing glasses. Note that these
values are considerably higher than 400-550 kJ mol™ re-
ported for common Mg- or Pb-silicate glasses’. Such high
activation energies reflect significantly stronger bonds in
these glasses when RE and N are incorporated. The data in
Table I indicate small but systematic decrease of activation
energy of viscous flow in oxide glasses from 1400 kJ mol™ to
1170 kJ mol™ when the largest cation La is replaced by the
smallest Lu cation, with the exclusion of Yb. Change of the
RE type has exactly opposite effect on T, (Yb is an exclu-
sion'?). Similar tendencies were observed in the oxynitride
glasses and also in compressive creep tests'®% Thus, viscous
flow is influenced by at least three effects:

1. type of the cation modifier

2. RE cation size, and

3. N content.

Chemistry, resp. electronic structure of the RE modifiers
seems to weaken the bonding with the ionic size decrease. On
the other side, ionic size reduction results in density increase
and tightening of the glass network, which partially compen-
sate for the above weakening. Finally, nitrogen significantly
increases cross-linking of the network which results in much
larger increase of viscosity and transition temperatures than
the modification of RE'2. However, the reason why the activa-
tion energies of viscous flow in the oxynitride glasses are
lower than in the corresponding oxide glasses is not clear.

5. Conclusions

It was shown that the indentation creep method with flat
indenter is suitable for the determination of viscosity, T, and
activation energy of oxide and oxynitride glasses. The effects
of RE-type and nitrogen content on the viscosity and glass
transition temperature, which were measured earlier by the
compressive creep method, were also confirmed. The differ-
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ences in the measured viscosities result in the differences in
T, values up to 25 °C whereas the values of the activation
energy remain identical. The variations in viscosity can be
attributed to the differences in the coefficients k; and k, and to
local inhomogeneities in the glasses. The effects of nitrogen
and RE-type were attributed to the increase of network cross-
linking and tightening of the glass structure when nitrogen
and RE with smaller ionic radii are incorporated in the glass
network, respectively.

This work was supported by the Slovak Research and Deve-
lopment Agency under the contract No. APVV-0034-07 and
Slovak Grant Agency for Science under the contracts No.
VEGA 1/4160/07 and VEGA 2/0088/08.  The help
of F. Dorcakovd is appreciated.
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F. Lofaj (Institute of Materials Research of SAS, Wat-
sonova 47, 040 01 Kosice, Slovakia): Localized Viscous
Flow in the Oxide and Oxynitride Glasses by Indentation
Creep

Localized viscous flows in the oxide and oxynitride
glasses were investigated by the indentation creep and the
results were compared with the data obtained in compression.
Despite general agreement between both methods, the ob-
served differences can be attributed to geometrical factors and
local inhomogeneities in the glass. RE type and nitrogen con-
tent exhibit strong influence on the glass viscosity. Their ef-
fects were related to the increase of network cross-linking and
tightening of the glass structure when nitrogen and RE with
smaller ionic radii are incorporated in the glass network, re-
spectively.
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MICROSTRUCTURE AND LOCAL MECHANICAL CHARACTERISTICS OF Zr1Nb
ALLOY AFTER HARDENING
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. . . Fig. 1. Typical cross-section of the hardened sample (exposition
Key words: ZrINb, Zr alloys, LOCA, nanoindentation, X-Ray time 3 min) with marked oxides, Alpha Zr(O) and Alpha Zr phases

microanalysis, EPMA, X-Ray diffraction and locations of hardness and EPMA measurements. The SEM micro-
graph was taken by the BSE

1. Introduction

Zirconium alloys are used as cladding materials for fis- Under the oxide layer, there is an oxygen-stabilized Zr in
sionable fuel in nuclear reactors mainly for their mechanical the Alpha phase Zr(O). In greater depth, there is Alpha phase
properties. Their characteristics after long-term oxidation where there is not enough oxygen to prevent the phase trans-
under service conditions in a reactor are intensively investi- formation from Alpha to Beta phase at high temperature. The
gated. In order to define their fail-safety, it is necessary to oxygen-poor structure in the middle of the wall thickness is
know their mechanical characteristics after long-term service called the Prior Beta phase’.
and high temperature oxidation, as well as the reasons for Problem is that X-Ray diffraction after high-temperature
changes in those characteristics. experiments (discussed in other paper®) showed certain

This paper presents the summary of mechanical proper- amount of undissolved Beta phase in that region. That is why
ties, results of X-ray diffraction and electron microprobe calling all the material as Beta phase may cause misunder-
measurements of the ZrINb alloy after various exposition standing. Identified Beta phase by X-Ray diffraction was
time prior to hardening, which simulated the LOCA condi- located in Alpha Zr phase region. The oxygen-rich region
tions (Loss Of Coolant Accident). Correlations between the Alpha Zr(O) phase and the oxygen-poor region Alpha Zr were
measurements are discussed. marked with arrows (Fig. 1).

The differences between the layers correspond to differ-
2. Experimental ent amounts of oxygen. However, the oxygen solubility is
also affected by other influences’, such as hydrogen content

The samples were small tubes from Zr1Nb material with and its solubility in the material. EPMA results in [au %]
600 pm wall thickness, which are identical to actual cladding percentage represent [wt.%] (weight percentage). Standard-
tubes. LOCA was simulated by heating at 950 °C in steam for ized percentage by weight during the low content volume of
0, 3,6,9, 15, 30, 60 and 120 minutes and subsequent harden- oxygen has to be compared very carefully with values meas-
ing in water with ice. ured by other methods. This cautions us to be very careful and

Regarding to the previous results'™, this article contains determine the oxygen content in Auxiliary Units (au). EPMA
new measured data. Samples were examined by X-Ray dif- measurements were carried out from the edging of the sample
fractometer Panalytical X’Pert PRO equipped with high- towards to the centre (Fig. 1).
temperature chamber Anton Paar HTK 1200 N, Nanoin- Lattice parameters and unit cell volumes were calculated
denter XP and scanning electron microscope (SEM) by Rietveld’s method from diffraction patterns. Biaxial lattice
Quanta 200 with EDAX EDS and WDS X-Ray detectors, stress was calculated only from the a-Zr diffraction line (102)
mostly termed Electron Probe MicroAnalysis (EPMA). drift from the reference position according to formula:

Nanoindentation and microprobe data were measured on
the cross-section of the tube wall. Nanoindentation measure- 6, +6y =— £ . d—d,
ments were taken with the load of 8 mN in 5 pm intervals poodg
using the Berkovich indenter*. The indentation hardness Hyr
and indentation modulus E;r were measured by the IIT where E is Young modulus, p is Poisson number, d is refer-
(Instrumented Indentation Testing) method**. ence interplanar distance, d is measured interplanar distance.

As it can be seen in the picture of the cross-section in
Fig. 1, there are different layers in the material: an oxide layer 3. Results of Measurements
under the surface and two different regions in the metal. The

picture was taken by the BSE (Back Scattering Electrons) EPMA data measured on the cross-section of samples
detector in SEM. Th? various grey levels coqespond to varl- are shown in Fig. 2 in micrometers from the Alpha Zr(O)/
ous values of atomic weight of elements in the material: Alpha Zr layer interface. Higher oxygen content in the Al-

lighter elements appear darker.

5202
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pha Zr(O) phase is clearly visible as well as the difference
between the distributions of oxygen in dependence on various
exposition times prior to hardening.

EPMA values were measured along the same measuring
line as the indentation hardness. The summary results for all
samples are shown in Fig. 3a—h. The beginning of coordinates
is in the Alpha Zr(O)/Alpha Zr layer interface. The correlation
between the oxygen content and indentation hardness values
in Fig. 3 is evident.
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Fig. 2. Oxygen depth-profiles on the cross-sections in dependence
on different exposition time prior to hardening
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Fig. 5. Indentation hardness measured by nanoindentation and
corresponding oxygen content measured by EPMA in Alpha Zr

Fig. 4 shows a comparison of the indentation hardness
and indentation modulus values in the Alpha Zr phase in all
samples. Fig. 5 contains the EPMA-measured oxygen content
compared with corresponding indentation hardness values in
the Alpha Zr phase. There is a close correspondence between
oxygen content and indentation hardness.

Fig. 6 contains X-ray diffraction patterns (in detail men-
tioned in®) for all samples with very weak oxide signal related
to ZrO,. Quantification of the oxide signal using the phase
analysis was attempted, even though this was very difficult
due to weak signal. Tab. I shows these results together with
the EPMA results from the same region.
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Fig. 6. X-Ray diffraction patterns measured in the centre of each
sample. Weak oxide signals are only detectable at the longest exposi-
tion times prior to hardening
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the smallest unit cell volume together with the highest amount
of oxygen (Fig. 9). This could be caused by presence of oxy-
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Fig. 7. Cell volume measured by X-Ray together with stress for
various exposition times prior to hardening measured in Alpha
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Fig. 8. Cell volume measured by X-Ray together with indentation
hardness for various exposition times prior hardening measured
in Alpha Zr
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Fig. 9. Cell volume measured by X-Ray together with oxygen
content for various exposition times prior hardening measured by
EPMA in Alpha Zr

gen in grain boundaries, not in interstitial positions in crystal-
lographic lattice.

Under various conditions’, which had been investigated
before, there was some amount of hydrogen in the material,
which might have changed its mechanical characteristics in-
dependently on the oxygen content. However, no such influ-
ence was observed in these samples, in which hydrogen con-
tent was negligible.

4. Conclusions

This paper is based on a part of long-time investigation
and characterization of mechanical and other properties of
a new ZrIND alloy. In this article were evaluated the relations
of oxygen content, unit cell parameters and biaxial stress to-
gether with nanoindentation hardness. There is a close corre-
spondence between oxygen volume and microhardness.

This work was supported by the project MPO CR No. 24 —
1TP1/037 and project Kontakt — AIP No. MEB 080869.
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. Medlin R., Vrtilkova V.: Proceedings of the 12th inter-
national workshop on Applied physics of condensed mat-
ter. Bratislava, 2006, pp. 129—132. Slovak University of
Technology, Bratislava 2006.
Medlin R., Zubko P., Blahova O.: Lokdlni mechanické
viastmosti 2006 (Local Mechanical Properties), Plzen
2006, pp. 111-115. ZCU, Plzen 2006.
Blahova O., Sugér M.: Investigation of Nano-Mechanical
Properties of Zirconium Alloys Using Nanoindentation.
In this issue.
Pesek L., Zubko P., Kalmar P.: Acta Metallugica Slovaca
spec. iss. 1, 10, 203-207 (2004).
Metallic materials — Instrumented indentation test for
hardness and materials parameters — Part 1: Test
method.
Chung H. M.: Nuclear Eng. Technol. 37, 327 (2005).
Riha J., Bldhova O., Sutta P.: Fzové zmény slitiny
ZrINDb a jejich vliv na lokalni mechanické vlastnosti
(Phase Changes in the Zr1Nb Alloy and their Impact on
the Local Mechanical Properties). In this issue.
Medlin R., Zubko P.: Proceedings of the 13th interna-
tional workshop on Applied physics of condensed matter.
Zilina 2007, pp. 239-242. University of Zilina, Slovakia
2007.

~

R. Medlin, J. Riha, and O. Bldhova (New Technology
Research Centre, West Bohemia University, Plzen, Czech
Republic): Microstructure and Local Mechanical Charac-
teristics of Zr1Nb Alloy after Hardening

Zirconium alloys are used as cladding materials for
atomic fuel in nuclear reactors mainly for their mechanical
properties. Their characteristics after long time oxidation
under service conditions in a reactor are intensively investi-
gated. In order to define their fail-safety and damage toler-
ance, it is necessary to know their mechanical characteristics
after long-term service and high temperature oxidation as well
as the reasons for changes in those characteristics.

This paper presents the summary of mechanical proper-
ties, results of X-ray diffraction and electron microprobe
measurements of the ZrINb alloy after various exposition
times prior to hardening, which simulated the LOCA (loss of
coolant accident) conditions. Correlations between the meas-
urements are discussed.
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STANOVENIE VECKOSTI PLASTICKEJ ZONY VIDEOEXTENZOMETRICKOU

METODOU

MARIA MIHALIKOVA a CUBOMIR
AMBRISKO

Technicka univerzita v KoSiciach, Hutnicka fakulta, Katedra
nauky o materialoch, Park Komenského 11, 043 85 Kosice,
Slovensko

maria.mihalikova@tuke.sk, lubomir.ambrisko@tuke.sk

Klucové slova: plasticka zona, videoextenzometrické mera-
nie, hlbokot'azny plech

1. Uvod

Hlbokot'azné ocele povazujeme za ocele hromadnej
spotreby nielen pre ich priaznivé ekonomické charakteristiky
vyroby, ale hlavne pre ich dobré pevnostné vlastnosti, vSetky
poznatky o nich maju velky prakticky vyznam. Prispevok si
kladie za ciel'’ posudit, ako sa dané vlastnosti budu menit
v pripade materiadlu s koncentratormi napétia.

V praci bolo pozorované spravanie hlbokot'aznej ocele
pri jej zatazovani statickym jednoosovym napétim. Videoex-
tenzo-metrickou metédou bolo stanovené rozlozenie deforma-
cii v okoli vrubov.

Videoextenzometria je bezkontaktnd metdéda merania
deformacii, ktora vyuziva moderné pocitatové a snimacie
technologie, ako aj podporu novych programovych
aplikacii'?. Vyvoj tejto metody merania je dany vyvojom
obrazovej analyzy, resp. vyvojom programovej metody vy-
hodnocovania snimaného obrazu, ale hlavne aplika¢nymi
poziadavkami praxe’.

O vplyve vrubov na deformaciu a vlastnosti konstruk¢-
nych oceli moézeme skonstatovat’, Ze:
koncentratory napétia sposobuju viacosovy stav napétos-
ti,
na velkost’ napéti v okoli vrubu vplyva polomer zakrive-
nia vrubu a jeho hibka,

s Va¢Sim polomerom vrubu sa zvySuju pevnostné vlast-
nosti R, a Ry, skusanych oceli.

Na vyznam koncentracie napétia v okoli ostrych vrubov
prvy poukazal E. E. Inglis. Dokézal, ze najvacsia koncentracia
napitia vznikd v mieste najvéacSiecho zakrivenia vnutorného
povrchu vrubu. Ak bude polomer zakrivenia korena trhliny
velmi maly, jednoosové tahové zatazenie telesa s trhlinou
vyvola tahové napitie nielen v smere y, ale aj v smere X, z
¢oho vznika kolma zlozka napitia o. Z toho vyplyva, Ze na-
pitie 6, bude mat’ maximalnu hodnotu na hrote trhliny.

Existuje niekol’ko metdd na snimanie a vypocet defor-
macii a napéti. V praci boli porovnavané videoextenzometric-
ka metoda a vypoctova metdda ziskavania hodndt velkosti
plastickej zony.

2. Material a metodika experimentov

Pre staticku sktisku v tahu boli pouzité skusobné telesa
z hlbokot'aznej Ziarovo pozinkovanej mikrolegovanej ocele,
akosti EN 10292/2000. Plechy hrubky 1,6 mm boli valcované
za studena, ich mechanické vlastnosti su v tab. I. Skasobné
telesa boli odobraté kolmo k smeru valcovania.

Pre skusku jednoosovym t'ahom boli pripravené telesa
podl'a STN 42 0321. Telesa mali obojstranny vrub tvaru U.

Tabulka I
Mechanické vlastnosti skiSaného materialu

Material Mechanické vlastnosti
EN Ry 02 [MPa] R, [MPa] Anin [%]
10292/2000  priecne min.  prie¢ne min. Ly =80 mm
priecne
340 410 20
——
- - - - —1clp
At
—— C
A
— B

Obr. 1. Tvar skusobného telesa

Pre vyhodnotenie rozlozenia deformacii bola urobena
staticka skuiska jednoosovym t'ahom na univerzalnom trhacom
stroji FP 100/1 s rychlostou posuvu traverzy 1,5 mm min™,
srozsahom sily 10 kN. Rozmery skuSobného telesa podla
obr. 1 uvadza tab. II.

Tabul’ka II
Rozmery skasobnych telie

A B C D E R
[mm] [mm] [mm] [mm] [mm] [mm]
2 134 14 20 2 2

5206

Metalograficka analyza

Struktiira ocele a zinkovy povlak (obr. 2 a 3) boli pozo-
rované svetelnym mikroskopom OLYMPUS na vybrusoch
pripravenych za mokra, klasickym brasenim, leStenim
a leptanim v 2% roztoku nitalu. Ide o ocel’ s nizkym obsahom
uhlika (0,10 %), mikro$truktiru tvori feritické zrno s malym
mnozstvom perlitu.
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Obr. 4. Otvaranie trhliny

Pre otvaranie trhliny (obr. 4) dizka plastickej zony pre U
vrub sa vypogita podl'a vztahu (/).

()

kde dpl—diika plastickej zony, ¢ — normalové napétie, R.—
medza klzu materidlu, r, — polomer plastickej zony

d,

2

)

Ty

Na obr. 5 je znazornené skusobné teleso pripravené na
videoextenzometrické meranie’. Rozostup bodov bol 1x1 mm.
Osvetlené skusobné teleso upnuté do Cel'usti trhacieho stroja
snimala kamera, ktora je sGcastou videoextenzometrického
systému ME — 46. Snimany obraz spracovaval software Dot-
Measuring, ktory automaticky ukladal snimany obraz kazda
sekundu. Pocas procesu tahania skiiSobnej tyce sa vo vopred
stanovenom okamihu na tahovom diagrame urobila znacka
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Obr. 5. Teleso s U vrubom

a zaroven sa jej priradil dany obrazok. Ziskal sa tak sled ob-
razkov ako aj zaznam tahového diagramu kazdého telesa.
Obrazky sa vyhodnocovali v programe Ellipse. Stanovovali sa
geometrické t'aziskd kontrastnych bodov na obrazku nedefor-
movaného a deformovaného telesa, tieto hodnoty boli vstu-
pom pre vypocet pozdiznej a prieénej deformacie programom
VDTK. Pre jednotlivé deformécie plati vypocet podla obr. 6.

X

>

Obr. 6. Grafické znazornenie vypoc¢tu deformacii

Pre deforméciu v smere osi y (tzn. v smere zatazenia)
pre element 11 v Case ¢ plati vztah (2):

[Ymp,u —Yaip —1J+

Y, Y,

1 (12p,0) (11p,0)

- r i -100%
IJ

2{

Vysledkom programu VDTK s deformaéné mapy,
tvorené suradnicami tazisk bodov a suradnicou z, ktora
v jednotlivych farebnych odtienioch znazortiuje deformaciu.

)

Sy 11,t) =
Yorp.0) = Yooupu)

Y22p,0) = Y21p,0)

3. Vysledky experimentov
RozloZenie deformacii

Na telesach s obojstrannym vrubom typu U bolo vyhod-
notené rozlozenie deformacii na dvoch miestach tahového
diagramu: na medzi pevnosti a pred perforaciou (okamih tes-
ne pred roztrhnutim skisobného telesa). Pre kazdy stav sa
zistovali Statistické hodnoty ako: maximalna, minimalna
a priemernd pre pozdizne a prieéne deformécie. Vysledky
hodnét zahriuju priemerné Statistické vysledky z niekolkych

s207
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Obr. 7. Okamihy vyhodnocovania deformacii; R,, — medza pevnosti;
tesne pred lomom

roztrhnutych telies. Ciselné hodnoty pozdiznych deformacii
st vyhodnocované ako elementy v okoli bodu pre dany stipec
a vzdialenost’ od vrubu. Grafickym zobrazenim deformacii
a ich rozlozenia v okoli vrubov st deformacné mapy. Program
neumoziuje farebne zjednotit’ mapy a preto ten isty odtien
farby na jednej mape neznamena ti istG hodnotu deformacie
na druhej mape.

Na obr. 7 s vyznacené okamihy vyhodnocovania defor-
macii.

Tab. Il uvadza podla vztahu (2) vypocitané hodnoty
pozdiznych gy apriecnych g, deformacii zo vstupnych tdajov,
ktoré sme ziskali z posunutia tazisk kontrastnych bodov na
telese s U vrubom. Na ploche medzi vrubmi boli nanesené
kontrastné body v 9 radoch a 11 stipcoch, vyhodnocovalo sa
9 stipcov, obr. 5. Udaje st z tesnej blizkosti vrubu z TFavej
strany telesa, kde doslo skor ku inicidcii trhliny.

¥ [y

12 13 15 16

14
x [mm]

Obr. 8. Deformac¢na mapa telesa s U vrubom na R,

Tabul’ka IIT
Deformacie na telese s U vrubom

LMV 2008

Teleso Rn lom

s U vrubom [%] [%]
Deformacia £« €y £« gy
Max. 2,04 42,4 2,3 89,94
Min. —4,68 2,54 -6,3 2,62
Priemer 1,37 11,93 — —
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x [mm]

Obr. 9. Deformac¢na mapa telesa s U vrubom tesne pred lomom

Tabul’ka IV
Velkost plastickej zony pre teleso s U-vrubom

U-vrub Ipl [mm]

vypocitané odmerané
Rn 2,88 3,05
lom 3,86 3,5

Rozlozenie pozdiznej deformacie na telesach s U vru-
bom zobrazuji deforma¢né mapy na obr. 8 a 9.

Aplikéaciou vztahu (I) pre vypocet velkosti plastickej
z6ny pre vruby typu U a stanovenim polomeru plastickej zony
s vyuzitim deformaénych map pre skisany material sme dos-
peli k vysledkom uvedenym v tab. IV. Pri uréovani plastickej
z6ny sme zmerali na deformaénych mapach maximalnu de-
formaciu vykreslenu Cervenou farbou, priCom za plasticki
z6nu sme povazovali 60 % z maximalnej deformacie.

4. Zavery

RozlozZenie deformdcie u hladkych skuSobnych telies na
medzi pevnosti je homogénne. V praci boli sledované
telesd s U vrubom, pricom nehomogenita rozlozenia
deformécii bola ovplyvnena vrubom, rozpdtic hodnot
pozdiin;’zch deformacii na R,,, bolo od 2,54 do 42,4 %.
Aplikaciou vztahu pre vypocet vel'kosti plastickej zony
pre vruby typu U a odmeranim plastickej zony pre ski-
Sany material na medzi pevnosti sme dospeli k vysled-
kom, ktoré sa vzijomne odlisuju o 6,6 %. V pripade
stavu tesne pred lomom sa vysledky liSia 0 9,3 %.

Prezentované vysledky boli ziskané v ramci rieSenia projektov
VEGA 1/4149/07 a APVV 0326-07.

LITERATURA
1. Mihalikova M., Gazdag S.: Metalurgija 47, 203 (2008).
2. Mihalikova M., Pesek J.: Acta Metallurgica Slovaca 13,

151 (2007).
3. Mihalikova M.: Strojarstvo 12, 66 (2006).
Kuéera J.: Uvod do mech. lomu, VSB, Ostrava 2006.
Marusiakovéa A., Pesek L., Gazdag S.: Acta Metallurgica
Slovaca 13, 438 (2007).
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M. Mihalikova and L. AmbriSko (Department of mate-
rials science, Faculty of metallurgy, Technical university of
Kosice, Slovakia): Size of the Plastic Zone Determined by
Videoextensometric Method

This work deals with determination of deformations
distribution. The deep - drawing steels with notches was
loaded by static uniaxial tension. By videoextensometric
method was established the size of plastic zone near notches.
The size of plastic zone was rated with calculation too. Re-
sults of both methods are identic.
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FAZOVE ZMENY SLITINY Zr-1Nb A JEJICH VLIV NA LOKALNI MECHANICKE

VLASTNOSTI

JAN RiHA, OLGA BLAHOVA a PAVOL
SUTTA

Vyzkumné centrum - Nové technologie, Zapadoceska univerzi-
ta v Plzni, Univerzitni 8, 306 14 Plzen, Ceska republika
Jjanriha@ntc.zcu.cz

Kli¢ova slova: slitiny zirkonia, difrak¢ni fazova analyza in
situ, indentaéni tvrdost, fazové transformace

1. Uvod

Slitiny zirkonia jsou v jaderné energetice pouzivany jiz
vice nez 50 let. Je to predevsim diky jejich vysoké korozni
odolnosti ve vodé i mnoha dalSich agresivnich prostfedich
a velmi malému pti¢nému profilu zachytu tepelnych neutro-
nd. Jsou tedy idealnim materidlem pro vyrobu ochrannych
povlakl palivovych ty¢i, vystavenych extrémnim podminkam
aktivni zony jaderného reaktoru. Pro tyto ucely je rozhodujici
minimalni obsah hafnia, které se v zirkoniu bézné vyskytuje
a ma asi 600x vyssi pficny prufez pro zachyt tepelnych ne-
utrontl. Vlivem ptimého styku s chladici vodou o cca 320 °C
a tlaku 16 MPa dochazi k tvorbé povrchové oxidické vrstvy,
ktera oviem vyrazné zpomaluje rychlost daldi oxidace’.
V soucasné dobé je pfredmétem vyzkumu chovani slitin pii
havariich typu LOCA (loss of coolant accident), pfi nichz
vlivem tniku chladiciho média dochazi k prudkému ohievu
na pfiblizné 1000 °C, s naslednym velmi rychlym ochlazenim.
Ve struktufe materialu pak dochdzi k vyraznym zménam,
vedoucim ke zhorSeni mechanickych vlastnosti — zejména
snizeni taznosti a maximalni sily do poruseni. Tento pftispé-
vek je zaméfen pfedevsim na popis fazovych transformaci za
vysokych teplot a jejich vliv na indentacni tvrdost a modul
pruznosti.

Nb-Zr

Atomic Percent Niobium
10 20 30 0 6 1 8

24mrC
2400

2200
2000

1885°C;
1800

1743°c
22

1600

1400,

(8Zr.Nb)

1200

Temperature °C

1000
886
800

400,

ED

B-ND

Obr. 1. Binarni diagram soustavy Zr — Nb (pievzato z citace®)

2. Experiment

Jako experimentalni material byla pouzita slitina zirko-
nia a niobu (obr. 1) s malym obsahem kysliku (obr. 2). Che-
mické slozeni je uvedeno v tab. L.

Pivodnim polotovarem byla tazend bezeSva trubka
s vnéj$im primérem 9 mm a tloustkou stény zhruba 0,7 mm.
Pro sledovani fazovych transformaci byla vyuzita rentgenova
difrakéni analyza provadéna in situ. Méfeni probihala na
automatickém praskovém difraktometru Panalytical X’Pert
PRO osazeném médénou rentgenovou lampou (Ag, =
0,15405980 nm) a ultra-rychlym polovodi¢ovym detektorem
PIXcel s vysokou rozliSovaci schopnosti.

Ohiev vzorku byl zajistén vysokoteplotni komorou An-
ton Paar HTK 1200N s maximalni pracovni teplotou 1200 °C.
Komora je vybavena indukénim ohfevem zajist'ujicim rovno-
meérné prohfati vzorkti prakticky bez teplotnich gradientt.
Zmeéna rozméri vzorku vlivem teplotni roztaznosti je kom-
penzovana specialnim drzakem, ktery zménou vysky udrzuje
povrch vzorku stale v pfesné poloze zajistujici splnéni Brag-
gova zakona:

nk=2d -sin$ 0

kde n je tad reflexe, A je vinova délka RTG zafeni, d je mezi-
rovinna vzdalenost a 9 je Bragglv thel. V opaéném piipadé
by doslo k posunu difrakénich linii, a tim ke zkresleni vysled-
ki. Komora byla vakuovana rotani olejovou vyvévou

4800 1 1 1 i
4300 —N’Z -
3800 4\-
3300 -
§ Liquid r
g 2800 -
2300
g‘ BCC Y710, =
ﬁ 1800
1300 4 HCP - 210,
800 . 0 z:{o 7,0 a0, |
300 y \ T T i T
0 0.2 0.4 0.6 0.8 1.0
Oxygen Mole Fraction X(O)

Obr. 2. Binarni diagram soustavy Zr — O (pievzato z citace®)

Tabulka I
Chemické slozeni experimentalniho materialu
Nb H N C (¢} Zr
(hm.%]  [ppm] [ppm] [ppm] [ppm]
1,0 +1,1 3 20 100 840 zbytek

s210



Chem. Listy 705, s210-s213 (2011)

Programmed profile
—— Measured temperatures

1000 —

800 —

Temperature (°C)

600 —

400 —

200 —

: : : —— — :
0 50 100 150 200 250 300
Time (min.)

Obr. 3. Priibéh ohi‘evu vzorku

Tabulka II
Hodnoty indentacni tvrdosti a indenta¢niho modulu pruznosti
experimentalniho materialu

LMV 2008

Stav vzorku Tvrdost Modul pruznosti
[GPa] [GPa]

Vychozi stav — brouseno 5,70+ 1,32 125,24+ 20,6

Vychozi stav — leptano 3,59+£096 96,0+9,0

Po expozici — s vrstvou 10,51 +£3,19 180,3 + 38,0

oxidu

Po expozici — 7,63+143 131,0+ 14,5

odbrouseny oxid

BOC Edwards RV3 vytvaftejici hrani¢ni tlak pfiblizné 0,2 Pa.
Difraktogramy byly snimany vzdy v rozsahu 28 =
28 + 72°. Ohtev vzorku probihal stupiiovité od pokojové tep-
loty az do 1000 °C. V intervalu 100 + 800 °C probihal ohfev
vzdy po 100 °C, po dosazeni 800 °C byl jeden difraktogram
zméten pii 850 °C, vzhledem k pfibliznému dosazeni teploty
fazové premény a-zirkonia (hexagonalni, tésné usporadana
miizka) na B-zirkonium (kubicka, prostorové centrovana
miizka) pii 862 °C. Dalsi difraktogramy byly snimany pfi
900 a 1000 °C. Cely prubéh ohievu je uveden na obr. 3.

Pro potieby méteni byly ptvodni trubicky kruhového
prifezu podélné rozfiznuty na polovinu a poté mechanicky
slisovany do tvaru desticky. Plocha ozafena RTG zafenim
byla 10 x 10 mm. Vliv zdeformované struktury byl minimal-
ni, protoze s rostouci teplotou doslo k rekrystalizaci.

Mefeni probihala také na pristroji AXS Bruker D8 Dis-
cover s kobaltovou rentgenovou lampou = (Ag, =
0,1789010 nm) a plosnym detektorem Hi-Star.

Indenta¢ni méfeni bylo provedeno na pfistroji Nanoln-
denter XP BerkoviCovym indentorem se zatizenim 8 mN.
Méefeni bylo provedeno vzdy na nékolika mistech po celé
plose povrchu vzorku a hodnoty byly poté zprimérovany.
Vysledky jsou uvedeny v tab. II.

3. Diskuse vysledki

Na difraktogramu méteném pii pokojové teploté je patr-
né, ze se ve slitin€ nevyskytovalo pouze a-zirkonium, ale
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100000

o Namérfena data
ProloZena kfivka

80000

60000

40000

Intenzita [cts]

20000

33,5 34,0 34,5 35,0 35,5 36,0 36,5 37,0 375

28[7]

Obr. 4. Casteény difraktogram slitiny pfi 25°C s proloZenymi
liniemi jednotlivych fazi

i faze, kterd byla s odvolanim na praci® identifikovana jako
oxid Zr;0 s trigonalni krystalovou miizkou. Pfitomnost této
faze se projevila pouze mirnou nesymetrii linii ¢istého zirko-
nia (obr. 4). Béhem dalsiho ohfevu zistalo toto slozeni zacho-
vano az do 400 °C, kdy se na pozici pfiblizn¢ 29 =33,93°
objevila linie odpovidajici nejsilngjsi difrakéni linii (444) oxi-
nitridu zirkonia ZrON s kubickou krystalovou mfizkou
(obr. 8).

Pii 500 °C je na pozici 29 =30,02° patrnd nejsilnéjsi
linie (111) oxidu zirkonia ZrO, s ortorombickou krystalovou
miizkou (obr. 6, 7). Pti dosazeni teploty 600 °C jiz zadina
dochazet k fazové transformaci samotného zirkonia z faze o
(HCP) na fazi B (BCC), coz také odpovida binarnimu diagra-
mu soustavy Zr — Nb (obr. 1). Je zde rovnéz patrné, ze faze f3-
Zr zistala v oxidické povrchové vrstvé zachovana i pti poko-
jové teploté, coz bude predmétem dal$iho zkoumani.

V difraktogramu snimaném pti 500 °C je vidét, Ze
v tomto stadiu dochazi jiz k dosti vyrazné oxidaci povrchu. Je
zde patrné zvySovani mnozstvi oxidu Zr;0 a ZrO, s ortorom-
bickou miizkou, stejné¢ jako oxi-nitridu zirkonia ZrON.
Vzhledem k dosazené hodnoté vakua 0,2 Pa to mize byt
zpisobeno zbytkovym obsahem vzduchu, resp. kysliku
v komote. Pfi atmosférickém tlaku je pocet ¢astic vzduchu na

Obr. 5. 2D Difraktogram vychoziho stavu (a) a stavu po expozici (b)
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Obr. 6. Difraktogramy vzorku pri vysokoteplotnim ohfevu a po
ochlazeni
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Obr. 8. Difraktogramy experimentalniho vzorku

1 em® piiblizng 29-10'%, pfi nami dosazeném vakuu 0,2 Pa je
to asi 37-10'%, pocet molekul kysliku je tedy zhruba 7-10'2.

Z méfeni provedenych na pfistroji Bruker je patrné vy-
razné zhrubnuti materidlu béhem expozice. Vzorek ve vycho-
zim stavu je takika idealn¢ jemnozrnny, s hladkymi, spojitymi
liniemi (obr. 5a). Po expozici jsou vlivem zhrubnuti tyto linie
tvofeny pouze body, predstavujicimi koherentné difraktujici
oblasti. Spojité linie patfi oxidtim (obr. 5b).
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Obr. 7. Detail difraktogramii vzorku p¥i vysokoteplotnim ohievu
a po ochlazeni
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Z vysledkl méteni indentacni tvrdosti a modulu pruznos-
ti je patrny narst hodnot obou veli¢in po vysokoteplotni ex-
pozici, viz tab. II. Pii diivéjSich experimentech provadénych
ve spolupraci UJP Praha s Vyzkumnym centrem — Nové tech-
nologie bylo prokazano, Ze je tento nardst zpusoben difuzi
kysliku do povrchovych vrstev slitiny, kdy potom piimo na
povrchu vznika tenkd oxidicka vrstva. Kyslik zaroven pronika
hloubgji do materialu slitiny, kde se usazuje v intersticialnich



Chem. Listy 705, s210-s213 (2011)

polohach krystalové miizky®’. Toto bylo potvizeno i nyni,
kdy je patrny pokles tvrdosti i modulu pruznosti po odbrouse-
ni povrchové vrstvy oxidd (tab. II). Zaroven je také vidét
rozdil hodnot tvrdosti a modulu pruznosti u vzorku ve vycho-
zim stavu s povrchem brousenym a odleptanym. Je to zpuso-
beno vnesenim plastické deformace do povrchové vrstvy
béhem brouseni.

4. Zavér

Mechanické vlastnosti slitin zirkonia jsou rozhodujici
mérou ovlivnény mnozstvim kysliku ve  struktufe.
Se zvySovanim obsahu kysliku pii vysokoteplotni expozici
dochazi k markantnimu nartstu tvrdosti a modulu pruznosti.
Zaroven se ovSem vyrazné snizuje taznost a houzevnatost
slitin. Difrakéni fdzovou analyzou in situ byl sledovan jednak
vznik povrchové vrstvy oxidd, ale také fazové transformace
zirkonia pfi vysokych teplotach. Z vysledkt je patrné, ze pfi
teplotach do zhruba 400 °C k vyrazné oxidaci nedoslo. Od
500 °C jiz byla materialu dodana dostate¢na aktivaéni energie
ke vznikd oxidi a oxi-nitridu zirkonia. Od 600 °C je patrny
pocatek ptemény o-faze zirkonia na fazi 3, ktera je ukoncena
ptiblizné pii 850 °C, coz dosti presné odpovida binarnimu
fazovému diagramu soustavy Zr — Nb. Pfi dalSich experimen-
tech zaméfenych na studium téchto fazovych pfemén bude
nutné zapojit do vakuové soustavy vymrazovacku, popiipadé
pouzit vykonné&jsi typ vyvévy. Vymrazovacka jednak zhruba
o jeden tad zlepsi soucasné¢ vakuum 0,2 Pa, ale také zamezi
zpétnému pronikani uhlikovych par z vyvévy do vysokotep-
lotni komory. Provedené experimenty zaroven ukazaly, ze
RTG difrakee in situ je velice uc¢inna metoda sledovani fazo-
vych transformaci, ktera muze byt vyuzita i pro tvorbu pseu-
do-fazovych diagramd.

Prace byla podporena vyzkumnym projektem MPO CR 24 —
1TP1/037.
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J. Riha, O. Blahova, and P. Sutta (New technologies —
research centre, University of West Bohemia, Plzen, Czech
Republic): Phase Transformations of Zr-1Nb Alloy and
Its Influence on Local Mechanical Properties

Zirconium alloys are very important materials used in
nuclear water reactors. Due to their high corrosion resistance
and low capture cross section of thermal neutrons are these
alloys ideal for production of protective layers of the nuclear
fuel rods. This work deals with zirconium phase transforma-
tions at high temperatures and theirs influence on indentation
hardness and modulus of elasticity of Zr-Nb alloy. For phase
transformations observation in situ XRD analysis was used.
The measurements were carried out with the aid of high-
temperature chamber, in which 0.2 Pa vacuum was created.
The sample was gradually heated up to 1000 °C.
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1. Introduction

Scratch test is one of the most used methods for adhesion
testing of thin coatings. In common devices a diamond in-
denter is pulled along the substrate surface, while the normal
force on the indenter is steadily increased (Fig. 1) and the
lateral force is measured. At the so called critical load (L,
Lco,....Len) the indenter breaks through the coating into the
substrate material 2. At this point the lateral force is increased
and acoustic emission is observed which both can be re-
corded. Many different failures are observed which include
coating detachment, through-thickness cracking and plastic
deformation or cracking in the coating or substrate. In fact it
is usual that several different failure modes occur at the same
time and this can make the results of the test difficult to inter-
pret. The failure modes observed in the scratch test depend on
many factors and are most easily characterised in terms of the
hardness of both substrate and coating. The failure events are
detected by examination of the scratch track after scratching
using an optical microscope' ™.

With this critical load the scratch test is nearly the only
method that delivers a numeric value for the adhesion of hard
PVD coatings™.

The normal load during the test is either kept constant or
progressively increased. Progressively increasing scratch load
eventually induces a critical point of damage such as coating
delamination, coating cracking (in the case of brittle coatings)
or whitening (in the case of polymeric coatings) in a single

b

Normal
load

Coating

Rockwell
diamond

Tangential force

Substrate

Scratch channel

Sample motion

Fig. 1. Scratch test principe’

test. In the constant-load test, multiple tests at increased con-
stant-load levels are needed in order to determine the critical
scratch load. In any case, the critical load itself or its deriva-
tive (e.g. scratch hardness, defined as the load divided by
indented area) is used to compare the performance of different
coatings. A number of ASTM and ISO standards are available
for the scratch test of coatings. ASTM C 1624 describes
a standard test method for hard (Vickers hardness
HV > 5 GPa) ceramic coatings, while ASTM D 7027 is for
the evaluation of polymeric coatings and plastics. Nano-
scratch of soft coatings is described by ASTM D EN 1071
standard includes a comprehensive atlas of scratch test failure
modes"’.

Three different scratching procedures are described in
the standard EN 1071-3:

A. Progressive load scratch test — recommended operating
parameters are 100 N min~' (loading rate) and 10 mm min™"
(lateral displacement speed).

B. Constant load scratch test — recommended operating
parameters are 10 mm min~' (lateral speed) and 10 mm
scratch length. Normal load increases in increments between
successive scratches carried out under constant load at differ-
ent locations on the sample surface. It is also recommended
that one fifth of the critical load (determined by progressive
load mode) will be used for the indenter load step size be-
tween consecutive tests.

C. Multipass scratch test — standard-operating parameters
are the same as in B and it is recommended to use 50 % of
critical load determined by progressive load mode. In this test
the number of scratches until failure is determined®.

2. Experimental procedure

Coatings were produced by a multi-source PVD sys-
tem, using cathodic arc-evaporation, in an industrial vacuum
chamber. Cathodes were made from pure Ti and Al/Si. The
TiAISiIN layers with same overall thickness of 2,5 um were
deposited on substrates of tool steel from Bohler-Uddeholm,
VANADIS 4 — V (C 1.4 %, Cr 4.7 %, Mo 3.5 %, V 3.7 %,
Si 0.4 %) and Sverker 21 — S (C 1.55 %, Cr 11.8 %,
Mo 0.8 %, V 0.8 %, Si 0.3 %, Mn 0.4 %). Steel samples
(@ 40 x 5 mm) were hardened and annealed at 550 °C, ground

Table I
Deposition parameters

Coating Al/Si Ti Bias Pressure
[V] [V] [V] [mbar]
1 120 50 20 0.05
2 50 120 80 0.05
3 120 120 80 0.05
4 nACo® LISS a.s. Roznov p. Radho$tém
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and polished to mirror-like state (roughness < 0.02 pum). Steel
surface was cleaned by ion bombard just before deposition.
TiN interlayer with a thickness of about 0.1 pm were depos-
ited between the substrate and film. The deposition parame-
ters are listed in Tab. 1.

A Hommel tester T1000 waveline profilometer with
diamond stylus was used for determination of roughness after
deposition. A standard Rockwell hardness tester was used for
evaluation of adhesion between coating and substrate. Stan-
dard test parameters were used — Rockwell C type diamond
cone indenter with an applied load of 1500 N.

Scratch testing was carried out using the Scratch tester
CSEM Revetest. ASTM D EN 1071 method A (progressive
load scratch test) was used with a Rockwell C diamond in-
denter with radius of 200 um. The load increased from 0 to
80 N at a specified loading rate. Generally a loading rate of
10 N mm™" was used for the scratch tests. Load can be meas-
ured at any place, as we know the loading rate and the length
of the track. The friction force was measured and a piezoelec-
tric accelerometer detects the acoustic emission produced as
the coating is damaged. The value of the critical load is then
determined using these traces in conjunction with an optical
microscope. All scratches were carried out at least two times
and in the same direction. Critical loads according ASTM
standard, L¢; (first lateral cracking), Lc, (first severe cracking
and delamination at track border), L¢; (first delamination
within the scratch track) and Lg (total delamination) were
determined.

3. Results and discussion

Surface after deposition was characterized by three
roughness parameters: R, — roughness average, R, — maximum
height of the profile and R, — average distance between high-
est peek and lowest valley, Tab. II.

Coatings were observed by optical microscope to charac-
terize quality of coatings surface, Fig. 2.

The adhesion from Rockwell hardness indentation test is
analysed with optical microscope and classified with A

Table 11
Roughness parameters

LMV 2008

Coating Steel * R, R, R,
[pm] [um] [um]
1 S 0.06 £0.01 2.37+0.27 1.29+0.11
A\ 0.07 £0.01 2.53£0.65 1.48 £0.30
2 S 0.09 £0.01 3.16 £0.35 2.10+£0.28
\"% 0.09 £0.01 2.98 £0.68 2.18+£0.45
3 S 0.10+0.01 3.76 £0.41 2.23+0.34
\"% 0.07£0.01 3.04 £0.62 1.78 £0.39
4 S 0.10+0.01 2.89+0.41 1.76 £0.24
\"% 0.10+0.01 2.59+0.32 1.75+0.23

*S — Sverker 21, V — Vanadis 4

Regular Lectures

Fig. 2. Surface defects on coating 2 (a) and 4 (b)

(adhesive failure) and K (cohesive failure) number according
to the level of cracking or coating delamination around the
indent, Fig. 3 (ref.”). Only indents classified as A/K 1-2 corre-
spond to acceptable adhesion.

ool

Y

Al A2
AS

o @
/

Fig. 4. Coating 3 (a) and 4 (b) after Rockwell test
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Coatings adhesion was classified: 1 — A1/K1, 2 — A0/K1,
3 - A0/K2,4 - A2/K2, Fig. 4.

The four coating types, all deposited onto hard metal
substrates and of thickness 2.5 pm, were tested using the Re-
vetest with progressive loading from 0 to 80 N. The load rate
was set at 10 N mm™' and the table speed at 10 mm min™".
Two scratches in the same direction were made on every sam-
ple and critical loads were determined from each scratch,
without calculating the mean value, Tab. III. Optical micro-
scope with image analysis (NIKON NEOPHOT 200 with
LUCIA 4.81) was used to investigate the critical points along
each scratch and thus determine the critical loads at which
first failure (partial delamination) and total failure of the coat-
ing occurs (Lg).

Table III
Critical loads

LMV 2008

Coating  Steel® Lcy L Les Ls
[N] [N] [N] [N]
1 S 19.5 20.8 53.4 -
21.4 31.7 51 -
v 27 46 60 -
30 50 63 -
2 S 19.7 26.9 50.4 -
18.5 23.2 63.8 -
A% 43.2 474 61.6 -
40.7 473 68.6 -
3 S 8.8 8.8 353 -
10.1 10.7 41.8 -
v 17.3 21 48.7 -
17.9 20.4 273 -
4 S 10.5 19 31 70.6
11.6 17.2 30.8 69.6
A% 7.6 12 35.8 64
9 21 36.7 57.1

%S — Sverker 21, V — Vanadis 4

Coating 1: an adhesive failure occurs at load lower than
10N for all 4 tests due to the surface defects, Fig. 5. This
failures wasn't used for determining critical loads. Fewer
defects were observed for coating on Vanadis 4 steel. Tensile
Hertzian crack within the scratch track is the main failure type
from load 20 N, Fig. 6.

Interfacial spallation at the track border occurs about
load 30 N. Discontinuous ductile perforation of the coating
was when load reached 65 N, Fig. 7.

Coating 2: cracking on steel Sverker 21 starts by tensile
Hertzian failure mode at load cca 20 N. Few failures occur at
beginning of scratch track on steel Sverker 21 because of
surface defects. Coating on steel Vanadis 4 was without fail-
ures before 20 N. After increasing load up to 25 N (S) and
40 N (V) deformation rises and first adhesive failure occurs

s216

Regular Lectures

Fig. 5. Coating 1, steel Sverker 21, load 10 N

Fig. 6. Coating 1, steel Sverker 21, load 20 N

Fig. 7. Coating 1, steel Sverker 21, load 80 N

by spallation along the scratch track borders — cohesive and
interfacial, Fig. 8. Coating on Vanadis 4 has very few discon-
tinuous ductile perforations at load 80 N.

Coating 3: very similar failure on both substrates. First
failures both adhesive and cohesive occur at relatively low
load, 8 N for Sverker 21 and 17 N for Vanadis 4. Coatings
were practically without perforation within scratch track,
Fig. 9.

Coating 4: similar failure as for coating 3 with larger
adhesive failure along scratch border, Fig. 11. Load 60 N
caused complete uncovering of the substrate. Critical loads
for Sverker 21 are lower than that for Vanadis 4. Discontinu-
ous ductile perforation starts from Lc, for all four scratches,
Fig. 10. Cracks are with long area interfacial spallation.
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Fig. 8. Coating 2, steel Sverker 21, load 25 N

Fig. 9. Coating 3, steel Vanadis 4, load 58 N

Fig. 10. Coating 4, steel Vanadis 4, load 10 N

Fig. 11. Coating 4, steel Vanadis 4, load 60 N
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4. Conclusions

The coatings on Vanadis 4 steel have generally better
adhesion than coatings deposited on Sverker 21. For coatings
on Sverker 21 first failure occurs at load 10 N (coatings 3 and
4) or 20 N (coatings 1 and 2).

Lowest adhesion and lowest critical loads were observed
for coating with highest surface roughness — coating 4 on both
steels and coating 3 on Sverker 21.

For coating 4 (both steels) loads higher than 50 N caused
complete delamination.

Failure at beginning occurs for all scratches because of
higher roughness and surface defects, Fig. 2b. This failures
wasn 't used for determination of critical loads.

Best adhesions have coatings 1 and 2, first uncovering of
substrate occurs at load higher than 50 N.

This work was supported by Kontakt-AIP No. MEB 080869.
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J. Savkova and O. Blahova (Department of Material
Science and Technology, University of West Bohemia, Plzen,
Czech Republic): Scratch Resistance of TiAISiN Coatings

Hard coatings are applied to the surfaces of mechanical
components subjected to wear in order to increase their dura-
bility and performance. One main application is hard coatings
for cutting tools such as drills, end mills and indexable cutting
inserts. Superhard nanocomposite coatings comprise two or
more phases that are either a nanostructured phase embedded
in another amorphous phase, such as nanocrystalline (nc-)
TiN and amorphous (a-)Si;Ns (nc-TiN/a-SizNg), or two
nanocrystalline phases such as nc-TiN/BN. One of the most
important characterizations of coating-substrate system is
adhesion. Scratch test is one of the most used methods for
adhesion testing. In our paper adhesive properties of four
TiAlISiN coatings were characterized, one commercially used
and three “laboratory” coatings.
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1. Introduction

Indentation tests like hardness measurement are perhaps
the most commonly applied methods for measuring the me-
chanical properties of materials. The utility of hardness is
further enhanced by the fact that it is obtained by a simple test
that can be rapidly performed using small samples at moder-
ate cost. However, this utility is partly compromised by the
often complex and variable dependence of hardness on sev-
eral factors such as surface finish, microstructure, indenter
load and configuration. Hardness is conventionally deter-
mined by applying a load to a material via a geometrically
defined indenter, and defined as the ratio of the applied load
“P” to the contact area, “A”, of the resultant indent

)

where “d” is the characteristic size of resultant indent and “B”
is a constant which depends only on the indenter geometry.
Two major indenter geometries, Vickers and Knoop, are
widely used for hardness testing of structural ceramics. In
general, the Vickers hardness “HV” is calculated using the
contact area of the indent and the parameter “d” in Eq. ({) is
defined as the average of the two diagonals of the square —
shaped indent which results in a f-value of 1.8544. In the case
of Knoop hardness, the parameter “d” is defined as the length
of the long diagonal of the resultant thombic impression and
“B” has a value of 14.229. Moreover investigations have con-
firmed that the apparent hardness of a given ceramic material
is a function of the applied test load, and the measured hard-
ness increases with decreasing test load. To explain this so
called “indentation load/size effect — ISE” intensive research
has been performed during the last decade and several theo-
ries have been occurred for explanation of this. The most
common explanation concerns the experimental errors result-
ing from the limitations of the resolution of the objective lens
and the sensitivity of the load cells'™. According to Biickle’
the ISE is directly related to the intrinsic structural factors of
the test materials, including indentation elastic recovery, work
hardening during indentation, surface dislocation pinning,
etc.*. It was found that dislocation and twin activities may
results in ISE in alumina ceramics with different grain size,
too. Another explanation of ISE is the formation of cracks’,
small ratios of grain size to the indentation size®. Conse-

s218

quently, several empirical or semi-empirical equations, in-
cluding the Mayer's law™”, the Hays-Kendall approach'®, the
elastic recovery model®, the energy-balance approach'!, the
proportional specimen resistance (PSR) model'”, etc. were
proposed for describing the variation of the indentation size
with the applied test indentation load. Except of the Mayer's
law, all other approaches involve the determination of a so-
called true-hardness, i.e., a load-independent hardness num-
ber. It should be mentioned that Hays-Kendall approach fre-
quently gives unrealistic values of load necessary to induce
plastic deformation'?, energy-balance approach is essentially
a modified form of the empirical Mayer's law, while the elas-
tic recovery model applies only to plastic materials where slip
bands with a particular spacing dy between them are produced
by indentation. Therefore Hays-Kendall approach and elastic
recovery model are not considered here. The most widely
used empirical equation for describing the ISE is the Mayer's
law, which gives an expression relating load and size of in-
dentation,

)

where the exponent “n”, i.e. Mayer's index, is a measure of
the ISE, and “A” is a constant. Parameters “n” and “A” can be
derived directly from the curve fitting of the experimental
data. When n <2 there is ISE behaviour and when n =2, the
hardness is independent of applied load. On the other hand,
ISE behaviour may be described by the PSR model'. In this
model, the test — specimen resistance to permanent deforma-
tion is assumed not to be a constant, but to increase linearly,
and is the directly proportional.

To a first approximation, the form of Eq. (3) can be con-
sidered to be similar to the elastic resistance of a spring with
the opposite sign to the applied test load. Then, the effective
indentation load and the indentation dimension can be related
as:

2

_ _ _ )
Peff =Prax W = Pax -ald = azd

Eq. (4) means that the proportional specimen resistance
(PSR) described by the “a;“-value and the second coefficient
“a,” can be readily evaluated through the linear regresion of
“P/d* versus “d“. Thus the applicability of the PSR model to
describe the observed ISE in a relatively wider range of ap-
plied test load can be examined by testing the linearity be-

tween “P/d“ and “d“. Eq. (4) can be rearranged as:

P )
—=a1+a2.d
d
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which enables us to calculate “a;” and “a,* from the plots of
“P/d* against “d“. According to the Li and Bradt'?, the pa-
rameters “a;“ and “a,” can be related to the elastic and the
plastic properties of the test material, respectively. Especially,
a, was suggested to be a measure of the so-called true hard-
ness, i.e., load-independed hardness “Hy* (Ho(v)-true Vickers
hardness, Hy)-true Knoop hardness)

(6)

HO(V)= 1,8544 . a, HO(K)= 14,229 . a,

There have been several studies''* concerning the applicabil-

ity of the PSR model to describing the ISE of brittle materials.

2. Experimental materials and methods

Three monolithic Al,Os, Si3Na Si3N4-SiC nanocompo-
sites and ceramic-metal composite WC-Co have been investi-
gated. The monolithic SisN4 was pressure sintered with addi-
tion of 3wt.% Y,0; and 3 wt.% AlLO; by CeramTech
(Plochingen, Germany). This monolithic Si;N, is a reference
material for European research program ESIS (European
Structural Integrity Society) for evaluation of mechanical and
physical properties. Pure Al,O; was cold isostatic pressed at
150 MPa and sintered at 1600 °C for 1 h in Faensa (Italy).
Si3;N,4-SiC nanocomposite was prepared by carbothermal re-
duction from the starting mixture 83.12 wt.% Si3Ny,
4.43 wt.% Y,03, 7.39 wt.% SiO, 4.05 wt.% C in Bratislava
(Slovakia). The samples were hot-pressed under a specific
heating regime, atmosphere and mechanical pressure at
1750 °C for 2 h. The WC-Co specimens were prepared using
standard preparation technique in Sumperk (Czech Republic).

The surface of specimens was ground and polished to
1 um finish before the mechanical tests. Macrohardness has
been measured in a wide range of applied loads from 50 N to
200 N using the testing device HPO 250 for both Vickers and
Knoop indenter geometries, and dwell time of 10 seconds.
The average values for macrohardness were calculated from
10 measurements. For measuring microhardness by Vickers
indenter in load range from 2N to 10 N a microhardness
tester LECO LM 700AT was used. For estimating microhard-
ness by Knoop indenter in the same load range a Zwick/
materialpriifung griin Systemtechnik Wetzlar was used and
dwell time of 10 seconds. The average values for microhard-
ness were calculated from 20 measurements.

3. Results and discussion
The present data and Mayer's law

Table I summarizes the Mayer's law parameters deter-
mined by the regression analyses of the results shown in
Fig. 1.

The analysis of results listed in Tab. I indicates that,
among all test materials, the most significant ISE for Vickers
microhardness was observed in SizN4-SiC nanocomposite
(n=1.897) while the ISE in WC-Co (1.922) is negligible. In
the case of Knoop microhardness the most significant ISE
was observed for Al,O; (n=1.746) while the ISE in Siz;N,4
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Fig. 1. Dependency of In P on In d according to the Mayer's law
for tested materials from a)Vickers hardness b) Knoop hardness

Table I
Regression analysis results of the experimental data according to
Mayer's law for Vickers hardness (a) and Knoop hardness (b)

a) Vickers hardness

Material n A R?

Si3Ny 1.922 4.45 0.9994
nanocomp. SizN, - SiC 1.897 4.21 0.9985
AL O3 1.898 4.25 0.9983
WC-Co 1.922 4.69 0.9999

b) Knoop hardness

Material n A R?

SisNy 1.908 6.35 0.9995
nanocomp. SizNy4 - SiC 1.749 5.76 0.9996
AlLO3 1.746 5.63 0.9986
WC-Co 1.761 5.92 0.9271

s219

(n=1.908) is negligible.

It can be seen that the ISE for the Knoop microhardness
may be slightly greater than the ISE for the Vickers indenta-
tion microhardness. Due to the nature of intrinsic brittleness,
Vickers indentation may result in microfracture around the
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UMV SAV 15.0kV  X1,200 10pm WD 10.0mm

v
1um WD 10.1mm

UMV SAV COMPO 15.0kV  X5,000

Fig. 2. Formation of indentation radial cracks in Siz;N4 at 10 N by
Vickers indenter (a) detail of indentation radial crack

impression in the surface and/or subsurface of ceramics when
the load is high enough'®. Since microfracture occurs mainly
during the loading, a portion of energy, which is used to
create the indentation deformation will be dissipated by the
crack formation shown in Fig. 2.

Thus, one can expect that, for a given material, the hard-
ness value measured with acracking indentation will be
higher than that measured with a crack-free indentation at the
same load'®. Tt seems to be imposible to avoid the effect of
microstructure on the hardness measurements in low-load
range, in which the ISE is significant, for microcracking can
occur in most ceramics even at loads lower than 50 N. On the
other hand, when tested below such a low load, the experi-
mental errors related to the small size of the indentation will
be significant, sometimes making it impossible to conduct
repeatable measurements.

Sargent and Page'” considered several “n value versus In
A relationships in an attempt to ascertain any possible micro-
structural effects on those power law parameters. The knowl-
edge of the correlation between “n” and “A” seems to be of
little significance for understanding the ISE, because Gong et
al."® found that the best-fit value of the Mayer's law coeffi-
cient depends on the units system used for recording the ex-
perimental data and completely different trends of “n” versus
“A” may be observed in different units systems. Previous
studies'>? also tried to relate Mayer's index “n” to the micro-
structural features. However, knowledge of the generality of
the correlation between “n” and grain size is still lacking. In
fact, previous studies'®?' have pointed out that as pure em-
pirical equation, Mayer's law cannot provide any knowledge
of the origin of ISE.
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Proportional specimen resistance “PSR” model

Fig. 3 shows the P/d curves for the tested materials (a-
from HV, b-from HK). The best-fit values of the parameters
included in Fig. 3 for each material are listed in Tab. II.

Table II
The best-fit results of the PSR model parameters for Vickers
hardness (a) and Knoop hardness (b)

a) Vickers hardness

Material a; a HV, [GPa] R?
Si3Ny 0.0136  0.0086 15.95 0.9986
nanocomp. 0.0182 0.01 18.54 0.9942
Si3N, - SiC
ALO; 0.0177  0.0096 17.80 0.9965
WC - Co 0.013 0.0066 12.24 0.9999
b) Knoop hardness
Material a a HK, [GPa] R’
SizNy 0.0062  0.0011 15.65 0.9991
nanocomp. 0.0186  0.0008 11.38 0.9969
Si;Ny - SiC
Al 04 0.0187  0.0009 12.81 0.9965
WC - Co 0.0218  0.0006 8.54 0.9823
0,35
*a
0,3 )
- P
_ 0251 .-
3 -
2 02
T .
& s ] < ~ 7 s
’ o7 7% ° o
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Fig. 3. Dependency of P/d on d according to the PSR model for
tested materials from a)Vickers hardness b) Knoop hardness
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Dependency of “P/d“ on “d“ of WC-Co from Knoop
hardness reveals unlinearity. Different behaviour of WC-Co
can be explained by the presence of ductile binder phase Co
and the significantly lower elastic recovery. The evaluate the
applicability of the PSR model in analyzing the ISE, true
hardeness was calculated for each material. The results are
given in Tab. IL, too. As can be seen from Tab. II, it can be
concluded, that PSR model may provide a satisfactory expla-
nation for the origin of ISE in microhardness test for various
materials. Similar conclusion has been obtained by Li et al.'”.
PSR model describes two distinctive regimes of hardness, the
indentation load-dependent regime, or ISE regime and the
indentation load-independent regime, and Eq. (2) is suggested
to be valid in the ISE regime®.

On the other hand, several authors concluded that
using the PSR model for ceramics in relatively wide range of
applied load can produce several inconsistencies. Experimen-
tal results of Gong et al.** show that at least in some situa-
tions, the P/d-d linear relationship can be observed only in
a narrow range of applied load. Recently, Sangwal et al.>® and
Sahin et al.* found that behaviour of P/d” against “d* exhib-
its two different slopes. The transitions suggests that the phe-
nomenon of the appearance of discontinuities in the conven-
tional P(d) plots for single crystalline samples is connected
with the characteristics such as defect structures and grain
sizes of the samples. Sangwal et al.?’ described that this tran-
sition is associated with the processes of relaxation of inden-
tation stresses. Several differences are evident in Tab. II. The
slope of the line for the Vickers microhardness is greater than
the slope for the Knoop microhardness results. This indicates
that the load independent Vickers microhardness for all tested
materials is greater than the Knoop values. The values of a,
are also different. This suggests that ISE for the Vickers mi-
crohardness may be greater than that for Knoop microhard-
ness. These results are contrary to the ISE prediction from the
n-values of the previous Mayer's law analysis. Similar con-
clusion has been obtained by Li et al.*®. This is because the
Knoop indentation is shallower and has a larger ratio of in-
dentation surface area to the displaced area volume than Vick-
ers indentation. Knoop indentations exhibit much less crack-
ing than Vickers indentation at the same load. Any possible
constant hardness threshold due to change in cracking scale
may be suppresssed until much higher loads, and in any case,
any not even be noticeable’’. Knoop hardness gradually
reaches constant values at very high loads and the Knoop
plateau is usually lower than the Vickers plateau values'.
Thibault and Lyinquist®® noted that the onset of serious crack-
ing led to a decrease in the apparent Knoop hardness. This
may have been due in part to displacement of the indentation
tips or sides, or Swain and Wittling®' have recently argued,
the crack opening displacement under the Knoop indentation
leading to greater indenter penetration. Another reason is that
PSR model has been attributed to the elastic properties of the
specimens and also to the friction between the indenter facets
and the specimen.

21,23

4. Conclusions

Independent Knoop and Vickers indentation hardness
data of the monolithic Al,0s, SizNy4 Si3N4-SiC nanocomposite

LMV 2008

s221

Regular Lectures

and hardmetal WC-Co have been presented and analyzed by
the Mayer's law and also by application of a proportional
specimen resistance (PSR) model. Differences and similarities
between the Vickers and Knoop indentation hardness have
been observed and discussed.

1. In the test load range, from 2 to 10 N, all the tested mate-
rials exhibit a significant indentation load/size effect.
Mayer's law was proved to be sufficient for the descrip-
tion of experimental data. However, no useful knowl-
edge of the origin of the observed ISE may be provided
based on this empirical data.

The PSR model can be used to analyze the ISE observed
in all of tested materials. The PSR model is recom-
mended for determination of load-independent or true
hardness.

According to PSR model, true Knoop hardness, in com-
parison with true Vickers hardness exhibits lower value
due to cracking. Knoop indentations exhibit much less
cracking than Vickers indentation at the same load.

2.

The paper was supported by NANOSMART, Centre of Excel-
lence, SAS, by the Slovak Grant Agency for Science, grant No.
2/7914/2, APVV-0171-06.
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J. Spakova, F. Doréikova, and J. Dusza (Institute of
Materials Research SAS, Watsonova 47, 040 01 Kosice, Slo-
vakia): Indentation Load/Size Effect of Structural Ce-
ramic Materials

The Vickers and Knoop hardness of monolithic Al,Os,
Si3Ny, SizNg-SiC nanocomposites and a ceramic-metal com-
posite WC-Co in the load range from 2 N to 200 N have been
investigated. The experimental results revealed that for each
material the Vickers and Knoop hardnes in the load range
from 2 N to 10 N exhibits a load dependence, i. e. indentation
load/size effect (ISE). ISE was analyzed using the Mayer's
law and the Proportional Specimen Resistance (PSR) model.
Analysis based on Mayer's law can not provide any useful
information about the cause of the observed ISE, while true
hardness Hy, which is load independent, can be deduced from
the PSR model. According to PSR model, true Knoop hard-
ness, in comparison with true Vickers hardness exhibits lower
value due to cracking. The aim of this contribution is to de-
scribe indentation load/size effect at Vickers and Knoop hard-
ness test of structural ceramics using the Mayer's law and the
Proportional Specimen Resistance (PSR) model.
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VPLYV FOSFORU NA LOKALNE MECHANICKE VLASTNOSTI

A VYVOJ STRUKTURY IF OCELI

PETER ZIMOVCAK®, ONDREJ
MILKOVIC®, PAVOL ZUBKO"
a MAREK VOJTKO"

“U. 8. Steel KosSice, s.r.o, Vstupny aredl U. S. Steel, 044 54
Kosice, ® Katedra nauky o materialoch, HF TUKE, Park Ko-
menského 11, 043 85 Kosice, Slovenska republika
pzimovcak@sk.uss.com, ondrej.milkovic@tuke.sk, pa-
vol.zubko@tuke.sk, marek.vojtko@tuke.sk

KTucove slova: IF ocel, precipitacia, segregacia

1. Uvod

Ocele bez intersticii (IF ocele) predstavuju jednu
z hlavnych skupin oceli aplikovanych v automobilovom prie-
mysle. Tieto ocele vykazujii vysoki mieru tvarnitelnosti,
ktora je zabezpecena vyviazanim intersticii (uhlika a dusika)
z tuhého roztoku do disperznych Ccastic pomocou titanu
aniobu. S ohladom na svetovy trend zniZovania emisii st
vyrobcovia automobilov niiteni do vyroby l'ahSich komponen-
tov s vysSou pevnostou, ktoré zabezpecia znizenie hmotnosti
automobilu a tym aj celkovil spotrebu paliva. Preto, jednou
z moznosti zvySovania pevnosti IF oceli je vyuzitie legur,
ktoré zabezpecuji speviiovanie mechanizmom tvorby substi-
tuéného tuhého roztoku' ™,

V tejto praci st skaimané IF ocele, do ktorych boli prida-
né rozne mnozstva fosforu a manganu. Prave fosfor patri me-
dzi prvky, ktoré vyrazne zvysuju pevnostné vlastnosti rozto-
ku, pri€om z cenového pohl'adu je taktiez najefektivnej$i. Na
druhe;j strane je zndmy nepriaznivy vplyv fosforu na krehkost’
oceli, ktord je spdsobend segregaciou fosfou na hraniciach
zin. Tento efekt ma za nasledok nachylnost’ plechov na inter-
krystalicky lom pocas sekundarnych lisovacich operacii
s hlbokym tahom alebo pocas prevadzky. Preto na zvySenie
pevnosti IF pri zachovani plastickych vlastnosti oceli je naj-

vhodnejgie najst’ optimalny pomer legujucich prvkov>*>.

2. Experimentalny material a metodika

Pre experimenty boli pripravené tri druhy oceli v pre-
vadzkovom toku zlozeného z valcovania za tepla, valcovania

Tabul’ka I
Parametre procesu vyroby oceli

Tabul’ka II
Chemické zloZenie oceli

Ocel’ Obsah [hm. ppm]
C Mn Si P S Ti Nb N
10 50 6640 100 1020 50 330 410 50
11 41 5340 100 660 60 300 390 64
12 51 2730 110 500 51 360 380 42

Valcovanie Teplota Uber Teplota

za tepla zvinovania za studena zihania
[°C] [°C] (%] [°C]

940 640 74 600-900

5223

za studena a laboratorného zihania na zariadeni Hot Dip Pro-
cess Simulator. Teplotné priebehy a parametre valcovania
jednotlivych operacii st zaznamenané v tabulke I. Chemické
zlozenie skimanych oceli a ich oznaCenie je uvedené
v tabulke II.

Analyza dispernych faz v oceliach bola Studovana pomo-
cou metodiky extrakénych replik v transmisnom elektrono-
vom mikroskope JEOL JEM 2000 FX s pouzitim EDX analy-
zatora Link 860. Vzorky boli mechanicky briisené a lestené.
Vybrusy boli elektrolyticky leptané v elektrolyte HC1O4 +
CH;CH,OH (v pomere 1 : 10) pri konstantnom napéti 15 V.
Na naleptany povrch bola naparend uhlikova vrstva, ktora
bola nasledné odleptana z povrchu v rovnakom elektrolyte.

Lomové plochy vzoriek, ako aj analyza metolagrafic-
kych vybrusov boli pozorované v rastrovacom elektronovom
mikroskope JEOL JSM 7000 F s pouzitim EDX analyzatora
firmy Oxford Instruments.

Mikrotvrdost HV 0,01 bola merana na metalografickych
vybrusoch chemicky lestenych v roztoku (100 g 1) kyselina
$tavelova, H,O, a H,O v pomere 7:1:20, pristrojom Hane-
mann.

3. Vysledky a diskusia

Pre stanovenie vhodnej teploty zihania IF oceli
v prevadzkovych podmienkach boli vykonané experimentalne
zihania, z ktorych bol vypocitany podiel rekrystalizovanych
zin (obr. 1) podl'a vzorca:
Rpo,z 0- Rpo,zX
R ,,0-R ,1

Xv= .100

p0,2 p0,2

kde Rp,0 — hodnota medze klzu neprezihaneho materialu,
Rpo21 — hodnota medze klzu 100 % prezihaneho materialu,
RpoX — hodnota medze klzu X % prezihaného materialu

Z kinetiky rekrystalizacie bola stanovena teplota zihania
na 850 °C, pri ktorej doslo k iplnej rekrystalizacii oceli.

Mechanické vlastnosti oceli (obr.2) po kontinualnom
zihani pri teplote 850 °C boli hodnotené zo statickej skusky
v tahu. Namerané hodnoty poukazali, Ze s rastiicim obsahom
fosforu a manganu v oceliach rastie medza klzu o 80 MPa
a taktiez medza pevnosti o 30 MPa, priCom taznost’ materialu
sa takmer nemeni a kolise pri hodnote 34 %.
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Obr. 1. Zavislost’ podielu rekrystalizovanych zin v oceliach od
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Obr. 2. Mechanické vlastnosti skimanych IF oceli v zavislosti od
obsahu fosforu v oceliach

Vzhl'adom na pozitivny vplyv fosforu a manganu na
zvysenie pevnostnych vlastnosti popri zachovani t'aznosti boli
ocele podrobené TEM analyze disperznych faz. Vo vsetkych
oceliach boli najdené castice TiN, MnS, NbC, TiC, (Ti+Nb)C
a Castice na baze Ti a S, ktoré si zdokumentované na obr. 3.
(Blizsia charakterizacia Gastic bola zdokumentovand v praci®)
Vyskyt jednotlivych typov castic odpovedal obsahu pritom-
nosti mangénu v oceliach, pricom najvyssi pocet MnS castic
bol v oceli 11, s ¢im suvisi aj najvyssi podiel siry v tejto oceli.
Vyskyt Castic na baze Ti a S klesal so zvySujucim sa obsahom
Mn v oceliach. Napriek vysokému obsahu fosoru neboli ¢asti-
ce typu FeTiP a Fe(Ti+NDb)P v oceliach identifikované. Nepri-
tomnost’ fosfidickych Castic méze byt pripisana vysokej tep-
lote zihania, pri ktorej nedochadza k ich precipitacii, resp. pri
teplote zihania 850 °C je rozpustnost’ fosforu v tuhom roztoku
vyssia ako koncentracia, ktora obsahovali skimané ocele.
Podobnt1 skutoc¢nost’ precipitacie fosfidickych castic v IF
oceliach potvrdili autori prac>’, ktori identifikovali vyprecipi-
tované fosfidické Castice hlavne v blizkosti oblasti hranic zfn
v oceliach zihanych pri teplote 700 °C. Avsak po Zihani pri
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800 °C ocele neobsahovali fosfidické Gastice”.

Z doévodu absencie fosfidickych Castic vo vSetkych sku-
manych oceliach a taktiez z dovodu, Ze fosfor patri medzi
povrchovo aktivne prvky v oceliach, bol vykonany experi-
ment, pri ktorom boli razom zlomené vzorky ochladené

a)

200 nm

Obr. 3. TEM fotografie disperznych faz extrahovanych z oceli: a)
TiN, b) MnS, ¢) (Ti+Nb)C, d) ¢astica na baze Ti a S, e) karbidy NbC
aTiC

Obr. 4. SEM fotografia lomovej plochy ocele 10
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doval v stredovej oblasti hribky vzoriek.

Ked'ze v stredovej oblasti hrubky vzoriek bol pozorova-
ny zvySeny vyskyt interkryStalického Stiepenia, boli vyhoto-
vené metalografické vybrusy v rovine kolmej na smer valco-
vania oceli. Na mikrostrukturach zdokumentovanych na
obr. 7 je vidiet zvyraznenie stredovej oblasti leptanim, ktoré
je v oceli 12 nepozorovatel'né a naopak v oceli 10 vyrazné.

EDX analyza naleptanych vybrusov oceli 10 a 11 (obr. 8
a 9) poukdzala, ze v stredovych oblastiach sa nachadza zvyse-
né mnozstvo fosforu, ktoré po kvantitativnej analyze dosaho-
valo vyssie hodnoty (tab. III, IV) ako sa nachadza v zloZeni
oceli. V oblasti obohatenej fosforom je mozné taktiez pozoro-
vat’ zvySent hustotu disperznych ¢astic. TEM analyzou Castic
extrahovanych v uhlikovych replikach bola pozorovana vyssia
pocetnost’ castic TiC, TiNbC a NbC. Napriek vysokému obsa-
hu fosforu v tejto oblasti, fosfidické Castice neboli najdené.

Obr. 6. SEM fotografia lomovej plochy ocele 12

v tekutom dusiku. SEM pozorovania lomovych ploch jednot-
livych typov oceli si zdokumentované na obr. 4-6. Lomové
plochy oceli charakterizuji prevazne transkrystalické Stiepne
fazety, avSak na lomovych plochach je mozné zo snimkov
pozorovat' oblasti interkrystalického Stiepného porusenia.
Vsetky druhy oceli mali oblasti interkrystalického Stiepenia
rozlozené po celej lomovej ploche a podiel interkrystalického
Stiepenia sa zvySoval s rastiicim obsahom fosforu v oceliach,
pricom vyskyt oblasti interkrystalického Stiepenia sa sustre-

(0]

Ocel’ 12

Obr. 7. Mikrostruktiry oceli v kolmej rovine na smer valcovania
(63x)

r Bom 1

Obr. 8. Detail stredovej analyzy

Tabul’ka IIT
Kvantitativne vyhodnotenie EDX analyzy z obr. 8

Element Spectrum 51 Spectrum 52
[hm. %] [hm. %]

P 0,34 0

Mn 0,79 0,86

Fe 98,88 99,14
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Tabulka IV
Kvantitativne vyhodnotenie EDX analyzy z obr. 9

LMV 2008

Element Spectrum 25 Spectrum 28
[hm. %] [hm. %]

P 0,34 0

Mn 0,50 0,36

Fe 99,16 99,64

Obr. 12. Mikrotvrdost’ HV 0,01 vzorky 12
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Na metalografickych vybrusoch bola merana mikrotvr-
dost HV 0,01 po hrubke materialu (obr. 10-12) s cielom
zistenia zmeny mechanickych vlastnosti v zavislosti od zme-
ny rozloZenia fosforu v materidle. Namerané hodnoty pouka-
zuji na zvySenie tvdosti ocele 10 a tiez miernejsie zvySenie
tvrdosti ocele 11 v stredovej oblasti plechu. Okrem ovplyvne-
nia stredovej oblasti doslo u oceli 10 a 11 k celkovému mier-
nemu narastu tvrdosti matrice oproti oceli 12.

4. Zavery

Z vysledkov experimentov mozno usudzovat, ze fosfor
v oceli ma priaznivy vplyv na pevnostné vlastnosti, ktoré sa
prejavili narastom medze klzu, medze pevnosti a taktiez mier-
nym narastom tvrdosti matrice, pri¢om taznost’ materialu bola
zachovana. Analyzou precipitatov bolo zistené, ze fosfor ostal
v tuhom roztoku a neprecipitoval vo forme fosfidickych cas-
tic. AvSak, EDX analyza a hodnoty mikrotvrdosti ocel'ovych
plechov preukazali na zvySenie fosforu v stredovej oblasti
hribky plechu a ovplyvnenie stredovej oblasti oceli so zvyse-
nim obsahu fosforu v oceliach. Efekt stredovej segregacie
pravdepodobne suvisi s nizkym rozdel'ovacim koeficientom
fosforu, ktory pocas tuhnutia ocele pri kontinalnom liati osta-
va v oblastiach, ktoré¢ krystalizuju ako posledné.
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DETERMINATION OF MECHANICAL PROPERTIES OF MoSi, COMPOSITES
BY NANOINDENTATION
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BALLOKOVA ) LADI,SCLAV PESEK", The microstructures of investigated materials are shown
and OLGA BLAHOVA in Fig. 1-6. Fig. 1 shows material of monolithic MoSi, in

cross-polarized illumination. The average grain size of mono-
“ Technical university of KoSice, Faculty of metallurgy, De-
partment of material science, Park Komenského 11, 043 85
Kosice, Slovakia, ® Slovak Academy of Science, Institute of
Materials Research, Watsonova 13, 040 01 Kosice, Slovakia,
¢ New Technologies, Research Center, Universitni 8,
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ladislav.pesek@tuke.sk, blahova@ntc.zcu.cz

Key words: ceramic composites, hardness, Young modulus,
depth sensing indentation

Introduction Fig. 1. The microstructure of monolithic MoSi,

The MoSi, phase is a borderline ceramic—intermetallic
compound with both covalent and metallic atomic bonds.
Besides traditional use as heating elements, materials based
on MoSi, appear to be promising candidates for wide variety
of high-temperature structural applications, where high
strength and temperature durability is required'?.

The main disadvantage of MoSi,-based composites is
low fracture toughness, low hardness in lower temperatures.
Several ways of improving the performance of MoSi,-based
composites have been developed by incorporating SiC, ZrO,
or HfO, particles into the matrix.

The aim of this work was to investigate mechanical
properties of MoSi,-based composites with reinforced 10
wt.% of ceramics particles: SiC, nanoSiC, SizN,, ZrO,, HfO,
particles were used.

Depth sensing indentation technique’® was used to deter-
mine mechanical properties in local scale represented by in-
dentation depth of 100 nm and in global scale represented by
the depth of 1000 nm.

Fig. 2. The microstructure of MoSi,-based composites with incor-
porated 10 wt.% nanoSiC particles

2. Materials and experimental procedure

The materials were prepared by powder metallurgy tech-
nology using a high-energy milling process. The mechanical
treatment was started from coarse-grained elemental powders
(Mo and Si) with diameters of 100-500 um and reinforced
materials in order to prepare materials with 10 % of SiC,
nanoSiC, ZrO,, HfO, and Si;N,. The powders were milled
using the steel ball milling set in argon environment. The
milled powders were densified by hot pressing at 1550 °C in

vacuum. ) ) ) ) Fig. 3. The microstructure of MoSi,-based composites with incor-
The experimental materials, incorporated with secondary porated 10 wt.% SiC particles

s227
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lithic MoSi, is 5 um. Incorporation of particles (SiC, ZrO,,
Si3Ny4) causes reduction of grain size growing, increasing ratio
of pores, while HfO, particles cause opposite behaviour. The
glassy SiO, phase was found in the microstructure in both
cases t0o.

Depth sensing indentation tests were carried out using
Nanoindenter XP with Berkovich tip. Over 50 indents were
placed on each of investigated materials. The CSM
(Continuous Stiffness Measurement) was used to show differ-
ence between properties measured in local and global scale. In
the case of local properties the mean indent area is smaller

Fig. 4. The microstructure of MoSi,-based composites with incor-
porated 10 wt.% ZrO, particles

Fig. 5. The microstructure of MoSi,-based composites with incor-
porated 10 wt.% HfO, particles

Fig. 6. The microstructure of MoSi,-based composites with incor-
porated 10 wt.% Si;N, particles

LMV 2008
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then the area of one grain, while the global properties repre-
sent two and more grains.

The instrumented hardness (H;r) and indentation
modulus (E;r) were evaluated in two indentation depths. The
influence of incorporated particles on the properties of par-
ticular grains was investigated in the depth of 100 nm. The
influence of grains boundaries and pores on properties was
investigated in global scale of 1000 nm.

The goal of this contribution is to describe the effect of
incorporated particles on the hardness and modulus for differ-
ent scales.

3. Results and discussion

The results of indentation experiments presented as:
Hardness (Hyr) vs. indentation depth and modulus (Eir) vs.
indentation depth relations are shown in Fig. 7 and Fig. 8. The
hardness and modulus values decrease with increasing inden-
tation depth. The pores were observed in the microstructure of
investigated materials. Therefore the hardness and modulus
values decrease because of plastic zone under the tip closes to
a phase intersecition. The presence of pores and their size
distribution are documented in Fig. 1-6 and in the Table L.
Hardness and modulus values were extracted from the depth
of 100 nm to avoid the influence of pores on the improvement
of mechanical properties by incorporation of particles. The
modulus values and hardness values are summarized in the
Table IT and III. The hardness and modulus values were ex-
tracted from the depth of 1 um in order to describe the effect
of pores.

Both, hardness and modulus values in 100 nm depth are
the highest for composites with 10 % Si;Ny and with 10 %
nanoSiC particles. Similar results were measured for the
maximum depth, too. The smallest difference between the
average hardness and modulus values determined in local and
global scale was measured in the material with ZrO, particles,
but the scatter of the results was the highest. The grain size of
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Fig. 8. Indentation modulus (E;r) — indentation depth dependence
of investigated materials

Table I
The size and area ratio of pores found in investigated
materials

LMV 2008
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Table III
Hardness (GPa) determined in the depth 100 nm (H;1100) and
1000 nm (H;+1000)

MoSi, +

10 % HfO, ZrO, nano SiC SiC  SizN;  monolith
H;r100 18 15 23 22 24 18
STD 1.8 5 1.7 1.8 1.6 1.4
% COV 19 32 8 8 7 8
Hir1000 12 13 18 16 16 14
STD 2 2 0.8 1 0.6 0.7
% COV 17 15 4 7 4 5

MoSi, +
10 % HfO, ZrO, nano SiC SizNy monolith
SiC
Pore size, um 1-2 24 - 1-2 - 0.1-1
Area ratio, % 10 5.6 - 10 - 0.7
Table II

Modulus of elasticity (GPa) determined in the depth 100 nm
(Eir100) and 1000 nm (E;+1000)

MoSi, +
10 % HfO, ZrO, nano SiC SiC SisNg; monolith
Eir100 352 294 414 398 415 385
STD 65 86 41 31 33 24
% COV 18 29 10 7 8 6
E;r1000 295 294 395 331 357 297
STD 30 22 12 10 9 9
% COV 10 8 3 3 3 3

this material is the smallest. The measured results in local
scale are therefore strongly affected by both grain boundaries
and pores.

4. Conclusions

The depth sensing indentation method is usable to deter-
mine mechanical properties of composite materials; however
it is very important to take in account the microstructure inho-
mogeneities, like pores, etc.

It is possible to determine the homogeneity of materials
based on the scatter of measured results.

The highest hardness and modulus values were measured
on materials with incorporated nanoSiC and Si;N, particles.

This work was supported by the VEGA Grant No. 1/3210/06
and partly by the SK-CZ project SK-CZ-0108-07.
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The paper deals with the determination of mechanical
properties of MoSi, composites with incorporated SiC,
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