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Abstract

Radio absorbing materials based on polyurethane
filled with multicomponent particles of MnZn ferrite
coated by polyaniline with different conductivity and
morphology were prepared. Complex permittivity and
permeability spectra of composites were studied in the
frequency range from 1 MHz to 3 GHz. Absorption
characteristics of single-layer metal-backed radio
absorbers based on the obtained materials are numerically
estimated. The possibility of attaining the matching
condition and altering the operating frequency range of the
absorbers from hundreds MHz up to 2 GHz via variation
of polyaniline overlayer properties is demonstrated.

Introduction

Nowadays, radio absorbing materials (RAM) are
widely used both in civil and military fields due to their
ability of absorbing unwanted electromagnetic signals and
eliminating electromagnetic wave pollution. RAMs can be
manufactured by imbedding various magnetic and
conductive materials in powder form in a polymer matrix' "',
The absorption of electromagnetic waves in these materials

is governed by various loss mechanisms related to the
magnetization and electric polarization processes. From
the point of view of electrodynamics, a more efficient
absorption of electromagnetic radiation can be achieved by
using materials with high permeability, high magnetic loss,
a favorable form of frequency dependence of permeability,
and a proper ratio between the permeability and
permittivity”'*"*. The radio absorber (RA), which reduces
the reflection of incident electromagnetic wave, represents
a layer (layers) of a RAM placed on a metal surface.

The efficiency of RA is normally estimated by
reflection and transmission coefficients, the operating
frequency range and the thickness. The trend is thus the
development of RAs of minimum thickness, with the
minimal reflection and transmission coefficients, and with
the widest possible operating frequency range.

Any RA has a limited operating frequency range. In
order to tune the operating frequency of RA one usually
changes the concentration or the type of filler. In this
paper, we propose single-layer RAs based on polymer
composites ~ comprising  multicomponent  particles
imbedded in  polyurethane (PU) matrix. The
multicomponent particles have so called «core-shell»
structure with MnZn ferrite being a «core» and polyaniline
(PANI) with different conductivity and morphology being
a «shelly. In contrast to classical approach, here we
demonstrate the possibility to tune the operating frequency
range of RA by varying only the properties of «shell»,
maintaining the nature and the concentration of magnetic
filler particles the same in all considered RAs.

Experimental
Materials and sample preparation
Commercially available sintered MnZn ferrite with

high initial permeability (m;= 3000-5000) was grinded
using a ball mill Laarmann Lab Wizz LMLW-320/2 in

4n QNHzHCl + 5n (NH4)28208 >
+e +e
Cl Cl
n

2n HCI + 5n HQSO4 + 5n (NH4)2504

Fig. 1. Oxidation of aniline hydrochloride with ammonium peroxydisulfate
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order to prepare ferrite particles, which were further
disseminated using a set of sieves so that the particle size
distribution was controlled to be between 40 and 80 pm.
The «core-shell» particles of MnZn ferrite with PANI in
different oxidative state were prepared as follows.

MnZn-PANI#A particles were prepared by oxidative
in situ polymerization of aniline on the surface of ferrite
particles'*">. The polymerization was performed by
mixing an aqueous solution of aniline hydrochloride
(0.2 M) with ammonium peroxydisulfate (0.25 M) at room
temperature (Fig. 1). The mass concentration of ferrite was
chosen to be ten times higher than that of aniline salt. The
mixture was stirred during the polymerization of aniline,
which was completed within 1 h. Next day, ferrite particles
coated with PANI were collected on a paper filter, rinsed
with dilute hydrochloric acid and acetone, and dried. The
coated particles contained ~ 10 wt.% (=71 vol.%) of
PANI hydrochloride and had a conductivity of 0.008 S cm™
after being compressed into a pellet at 200 MPa.

Some portion of MnZn-PANI/ particles was further

Table 1

Pokrocilé teoretické a experimentalni studie polymernich systému

processed by ammonium hydroxide which converted the
protonated emeraldine form to a nonconducting state of
PANI base (PANIb) (Fig.2). As a result, MnZn-PANIb
particles with a conductivity of 107 S cm™ were obtained.

The third set of samples, namely, ferrite coated by
PANI which in turn contained nano- and submicrometre-
size silver particles (MnZn—PANI/Ag) was obtained by
oxidation of aniline in the presence of MnZn ferrite
powder. As an oxidant, the silver nitrate was used. The
oxidative  polymerization was carried out at
a stoichiometric mole ratio of [Ag'] / [aniline] = 2.5,
which corresponds to the reaction scheme shown in Fig. 3.

10 wt.% of aniline with respect to MnZn ferrite was
used, the concentration of aniline was 0.2 M. The reaction
was carried out in a 1 M aqueous solution of nitric acid at
room temperature. The volume fraction of ferrite in MnZn
—PANI/Ag composite calculated based on the density of
the materials (pynzn = 4.8 g cm>, pag = 105 g cm™ and
peani = 1.3 g cm’3) was 73 vol.%, which is virtually the
same as compared to MnZn-PANIA# and MnZn-PANIb

The main characteristics of MnZn ferrite particles and MnZn-PANI particles

MnZn ferrite  MnZn-PANIA MnZn-PANIb MnZn-PANI/

particles Ag
Particle size distribution after sieving, pm 40-80 - - -
Mean particle size, pm 60 - - -
Coercivity, Oe 2.2 6.5 8.6 6.6
Saturation magnetization, emu g’ 77 67 60 67
Saturation field, H,, kOe 3.54 3.54 3.54 3.54
Remanence, emu g 0.15 0.55 0.61 0.37
Resonance frequency, fr, MHz 1.3 580 900 520
Static permeability, 4’ 1800/10* Hz 11.7/10° Hz 12.1 19.6/10° Hz
Maximum of magnetic loses, £ max 850 4.5 4.5 7.5
Conductivity, o, S cm! 2:10° 810 107 2:10°°

Polyaniline hydrochloride

Deprotonation

-2 HC1

Polyaniline base

Fig. 2. Deprotonation of PANI salt in the alkaline medium
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4n <;>7NH2 + 10n AgNO,

3 NO;

+10n Ag +8n HNO,

Fig. 3. Oxidation of aniline with silver nitrate in acidic medium

composites.

The main characteristics of net MnZn ferrite particles
and MnZn-PANI particles are listed in Table I (ref.'**).

To prepare RAMs based on obtained particles the
latter were imbedded in PU matrix (AXSON UR 3420,
Axson; France), thoroughly mixed and then pressed
between two metallic plates separated by a spacer.
Samples were kept at 80 °C in vacuum for 4 h. As a result,
three composites with equal concentration (40 vol.%) of
multicomponent particles were obtained. For the
simplicity matter the composites containing MnZn—
PANIA, MnZn-PANIb and MnZn-PANI/Ag particles we
will call RAM-1, RAM-2 and RAM-3, respectively.
Toroidal samples for complex magnetic permeability and
pallets for complex dielectric permittivity measurements
were cut out of composite plates by screw press. The
samples were preconditioned in a climate chamber
DISCOVERY 250.

Characterization

The magnetostatic properties of the multicomponent
particles were investigated on a VSM 7407 Vibrating
Sample Magnetometer (Lake Shore) at room temperature
in air. The measurements were performed at a vibration
frequency 82 Hz and the amplitude of vibration was
1.5 mm.

The complex magnetic properties of RAMs were
measured in the frequency range from 1 MHz to 3 GHz by
the impedance method using an Agilent E4991A
Impedance/Material Analyzer.

The DC conductivity measurements were performed
by four point van der Pauw method, using a Keithley
6517B as a current meter and a Multimeter Keithley 2410
as a source and voltmeter.

Results and discussion

Estimation of radio absorbing properties of RAs
based on multicomponent particles

Since the morphological, magnetic, electrical and
dielectric properties of multicomponent particles with
MnZn ferrite and PANI were detailed investigated and
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thoroughly discussed in our previous works'®'®, here we
mainly focus on the application of such particles as
potential fillers for the design of RAs. In order to estimate
the absorbing properties of single-layer, metal-backed RAs
(Fig. 4) based on obtained RAMs-1,2,3, we calculated the
frequency dependences of the reflection coefficient. The
reflection coefficient R is a parameter that characterizes
the absorbing ability of RAs in decibels (dB), and the level
of R equal to —10 dB corresponds to 90 % absorption of
incident energy by RA (presuming the absence of
transmitted energy).

Given that an electromagnetic wave is incident on the
surface of RA along the normal, the reflection coefficient
from the surface of such an absorber can be calculated by
the well-known equation'’

R = 20l0g|Z=20| ap )

0

Where
Z=j /ﬁtan[ﬂ«/,ugdj
£ c

is the input impedance of the layer, Z;=1 is the wave
impedance of free space, ¢ is the velocity of light, f is

d

— -

)

Incident wave
——

— >

Reflected wave

Metal plane

Fig. 4. Schematic representation of a single-layer metal-
backed RA
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frequency, u# and & are the complex permeability and
permittivity of the material, respectively, and d is the
thickness of the sample.

The reflection from the RA is absent in case if Z=1.
However, in real materials this can be reached only
approximately. The frequency f; and thickness d, for
which the above condition is satisfied with the highest
degree of accuracy are called the matching frequency and
the matching thickness, respectively. In practical
calculations, the minimum of R is obtained only for
complex values of d. Eq. (2) and the condition Z=1 imply

B A )
d=d'+ jd"=————arctan| —j /—
27~ ue ( ,u]

By Eq. (3), we calculate the dependence of complex
parameter d on frequency; after that, we take the minima
satisfying the inequality |d"'/d’| < 0.01 and substitute the
thicknesses dy=d' into Eq. (1) and Eq. (2) (ref.”).

Finally, given the experimental frequency
dependences of u and ¢ (Figs.5 and 6) and the

o RAM-1
A RAM-2
o RAM-3

Permeability, real part

1 L

0 L Il

10 10° 10’
S, Hz
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Permeability, imaginary part

numerically obtained value of dj, we calculate the
frequency characteristics of R that have deep minima R at
the matching frequencies f;, (Fig.7). The bandwidth
properties of RAs are estimated from the values of the
ratio frax/fmin (fmax and fo correspond to the edge
frequencies of the operating frequency band taken for the
reflection level of —10 dB).

The main electrodynamic characteristics calculated
for the RAs are listed in table II.

As can be seen from Fig. 7 and table II the absorber
based on RAM-2 is characterized by the widest operating
frequency range and has the smallest thickness compared
to other two absorbers. Being composed of
multicomponent particles with nonconducting PANI
overlayer, RAM-2 demonstrates such character of
frequency dependence of dielectric permittivity that the
values of g and ¢ for this material become rather
comparable (Figs. 5, 6) thus providing good matching
condition in a wide frequency band.

On the other hand, it is seen that all three absorbers
have different operating frequency ranges which makes
obvious that the variation of the PANI overlayer properties

o RAM-1
A RAM-2
o RAM-3

1.6+

Fig. 5. Frequency dependences of the complex magnetic permeability of the RAMs-1,2,3

70

O RAM-1

Permittivity, real part

7

10°
f,Hz

10

30
O RAM-1
25 A RAM-2
O RAM-3

Permittivity, imaginary part

Fig. 6. Frequency dependences of the complex dielectric permittivity of the RAMs-1,2,3
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Table II
Electrodynamic characteristics of RAs based on the RAMs-1,2,3
COInpOSite material f min ﬁ) ﬁnax RO dO f max/J[ min
[MHZ] [MHZ] [MHZz] [dB] [mm]
RAM-1 255 285 318 —46 23 1.24
RAM-2 1180 1520 2050 —41 10.54 1.74
RAM-3 530 627 756 -13 13.4 1.43
0 This contribution was written with the support of the
‘Operational Program Education for Competitiveness’ co-
-10 \ funded by the European Social Fund (ESF) and the
national budget of the Czech Republic, within the project
204 "Advanced Theoretical and Experimental Studies of
™ Polymer Systems’ (reg. number: CZ.1.07/2.3.00/20.0104)
=) and with the support of the ‘Research and Development
& 30 _ 1‘:2:'/['; for Innovations’ Operational Programme co-funded by the
—RAM:3 European Regional Development Fund (ERDF) and the
40 national budget of the Czech Republic, within the project
entitled ‘Centre of Polymer Systems’ (reg. number:
CZ.1.05/2.1.00/03.0111).
-50 B T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
f, GHz REFERENCES

Fig. 7. Frequency dependences of the reflection coefficients of
the absorbers based on the RAMs-1,2,3

of multicomponent particles not only allows attaining the
best matching condition but also makes it possible to tune
the operating frequency range of the absorber without the
need of varying the concentration and the nature of
magnetic phase. Namely, the operating frequency range
from hundreds MHz up to 2 GHz can be readily covered
by changing the properties of PANI coating in MnZn-
PANI-based composites through the choice of reaction
conditions and the post-polymerization treatment of PANI.

Conclusions

Based on the results of this study, the following
conclusions can be drawn:

Multicomponent particles with «core-shell» structure
comprising MnZn ferrite (core) and PANI (shell) with
different conductivity and morphology have been prepared
by in-situ chemical methods.

The obtained particles have been used as fillers for the
RAMs and the absorbing characteristics of single-layer
metal-backed radio absorbers have been numerically
estimated.

It has been shown that by varying the properties of
PANI overlayer, namely morphology and conductivity,
and thereby controlling frequency dispersion of x and £ in
radio-frequency range allows one to attain the matching
condition and thus alter the operating frequency range of
a RAs based on such materials.
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METODA PRO TESTOVANI FOTOKATALYTICKE AKTIVITY MATERIALU
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Klicova slova: oxid titanicity, fotokatalyza, oranz II,
methylenova modi, UV

Abstrakt

V této praci byla sestavena aparatura a odzkouSena
metoda k testovani fotokatalytické aktivity
fotokatalyzatori na bazi TiO, a ZnO. Jako standardni
fotokatalyzator byl pouZit oxid titaniity anatasového typu,
jako modelové latky byla pouzita barviva oranz II
a methylenovd modi. Fotoaktivita zvoleného oxidu
titani¢itého po ozafeni fokusovanou UV lampou byla
sledovana zménou absorbance barviv a soucasné ubytkem
organického uhliku v suspenzi v danych casovych
intervalech.

Uvod

Oxid titaniCity patfi mezi nejcastéji pouzivané
fotokatalytické polovodice, zejména diky perspektivam
v oblasti ochrany Zivotniho prostfedi, nebot’ je schopen
odbouravat fotoindukovanym oxidacnim zpisobem i velmi
stalé a wvuéi degradaci odolné organické slouCeniny
a pusobi rovndz antibakterialng'. K témto Gdelim se
pouzivd bud'to ve formé praSku, ktery je suspendovin
v roztoku s rozkladanou latkou, ¢i ve formé imobilizované
vrstvy’. V piirodé se vyskytuje ve tfech krystalovych
modifikacich, a to jako rutil, anatas a brookit. Nejcastéji se
k fotodegradaci pouZivd anatasovd forma oxidu
titani¢itého. P¥i absorpci UV zéfeni (jehoZ energie fotont
musi prekonat energii zakdzaného péasu oxidu titanicitého,
ktera ¢ini 3,2 eV, cit.1’4) dochazi ve struktuie TiO,
k pfesunu elektronu (e7) z valenéniho do vodivostniho
pasu, pficemz po sobé elektron zanecha kladné nabitou
diru (h"), jak ukazuje reakce (1):

hv 365 n

TiO, " 5h' +e )

s10

K samotné degradaci organickych latek pak dochazi
jednak pomoci dér samotnych, nebot’ maji silny oxidacni
charakter, a dale i pomoci vznikajicich hydroxylovych (2)
& za piitomnosti kysliku superoxidovych (3) radikala's.
Tento zplsob odbouravani organickych latek patii mezi

tzv. pokrocilé oxidacni procesy (AOP — advanced
oxidation processes) a nazyva se heterogenni
fotokatalyticka oxidace.
h"+H,0 > OH-+H" (2)
e +0,-50, " 3)
Samoziejmym a Castym jevem je ovSem

i rekombinace paru elektron-dira, diky cemuz vykazuje
TiO, mensi Gcinnost"?. To, zda ptevlada odbouravani
organickych latek vlivem kladné nabitych dér,
hydroxylovych radikalt vznikajicich z vody ¢i radikala ze
samotné degradované latky, zavisi jak na povaze Castic
prasku, teploté okoli ¢i pH, tak ina vlastnostech
odbourdvané organické latky. Kazd4 latka méa totiz svou
typickou degrada¢ni drahu a jeji meziprodukty mohou
vmensi ¢i veétsi mife prubeh fotokatalyzy ovlivnit.
K degradaci né&kterych latek také dochazi i pomoci
samotného UV zareni, diky ¢emuz lze pak jen tézko zjistit,
kolik organické latky bylo zoxidovano pomoci TiO,
akolik pomoci piimého UV zafeni’. Také ZnO je
fotoaktivni polovodic, absorbuje UV zafeni o vinové délce
krat$i nez 368 nm a svymi fotokatalytickymi vlastnostmi
je dosti podobny oxidu titani¢itému. V soucasné dobé se
pfipravuje celd fada materidli na bazi oxidu titanic¢itého
a zine¢natého (napft. praskové smési, gely ¢i tenké vrstvy)
a stale dal$i materialy jsou nové vyvijeny. Pro testovani
fotokatalytické aktivity téchto materiali ma mnoho
odbornych pracovist’ své vlastni typické postupy testovani
a nékteré jsou jiz normovany. K porovnani fotoaktivity se
vyuziva stanoveni pocateni rychlosti fotokatalytické
degradace nékteré modelové latky, které se provede
v zafizeni, zhotoveném za timto Gcelem. Nejprve se zméii
pocatecni rychlost reakce za piitomnosti standardniho
fotokatalyzatoru, nejcastéji TiO,, a nasledné za stejnych
podminek pocatecni rychlost pro novy testovany material.
Casto pouzivanymi modelovymi latkami pro heterogenni
fotokatalytickou oxidaci ve vodném prostiedi jsou barviva,
jejichz  koncentrace lze, po odstranéni praskového
fotokatalyzatoru, relativn€ snadno stanovit spektrosko-
pickymi metodami**" "%, Casto se vyuziva oranz II a
methylenovd modf. Z jednodusSich organickych latek se
pouzivaji  napiiklad  4-chlorfenol’> &  jednoduché
karboxylové kyseliny, jako je kyselina octova'’.

Cilem této prace bylo sestavit a otestovat vhodnou
aparaturu a metodiku pro testovani fotokalytické ucinnosti
kompozitnich materiald na bazi oxidu titanicitého
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azineCnatého pripravenych na Centru polymernich
systému Univerzity Tom4s Bati ve Zlin¢.

r wr

Experimentalni ¢ast
Materialy a zatizeni

Jako fotokatalyzator byl pouzit oxid titani¢ity ve
form¢ bilého prasku, krystalickd fdze anatas, velikost
krystalti 468 nm, PDI 0,336.

Jako modelové latky byly pouzity oranz II (Acid
orange 7, dale AO7), sumarni vzorec C;¢H;;N,NaO,S
(sodna sal), molarni hmotnost 350,32 gmol’,
amethylenovda modf (ddle MM), sumarni vzorec
Cy6H;13N3SCl, molarni hmotnost 319,85 g mol™. Chemicka
struktura barviva AO7 a struktura methylenové modfi jsou
na obr. 1 a 2 (cit*'*). Vzorky byly kondiciovany v
klimatické komote DISCOVERY 250.

Absorpéni spektra barviv byla zméfena pomoci UV/

VIS spektrofotometru UNICAM UV 500 (Hermo

AP
OH

S
- O/ \©\
N O

Obr. 1. Strukturni vzorec oranze 11

N
=
Hi:C. /@ . m + CHjy
N 5 N

I I
CH; ClI© CHa

Obr. 2. Strukturni vzorec methylenové modfi
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Obr. 3. Absorpéni spektrum AO7, méfeno pii koncentraci roz-
toku 1-10* mol 1"
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Spectonic, UK). Koncentrace AO7 pfi tomto experimentu
byla 1-10™* mol I'"*, koncentrace MM ¢&inila 2-107 mol I'".
Na obr. 3 je zndzornéno absorpcni spektrum AO7, na
obr. 4 absorpéni spektrum MM. Pfi vinové délce 365 nm
barviva nijak zvlast neabsorbuji, nedochazi tedy
k markantnimu zkresleni vysledkd. Absorpéni maximum
se v ptipadé¢ AO7 nachazi pti 485 nm, u MM 665 nm. Ob¢
barviva vykazuji vedle svych maxim nahly pokles
strmosti, a to v 430 nm v piipadé AO7a v 613 nm u MM.
Tato mensi ramena jsou zpusobena jinymi formami
kazdého barviva. V piipadé AO7 se jednd o azo (430 nm)
a hydrazo (485 nm) tautomerii' ", methylenovd modt se
krom své standardni struktury vyskytuje v roztoku jesté
jako dimer (613 nm)'®. Zména absorbance barviva béhem
testl byla stanovena na spektrofotometru Spekol 11 pfi
vlnovych délkéach absorp¢nich maxim.

Zatizeni k testovani fotoindukovanych samodisticich
vlastnosti materiali bylo sestaveno s pouzitim UV lampy,
termostatu s temperovaci komtrkou, magnetické
michacky adrzédku, ve kterém byla sklenénd nadobka,
popt. temperovana komiirka se suspenzi umisténa tak, aby
svételny paprsek fokusované UV lampy dopadal presné do
sttedu suspense (obr.5). Obé nadobky byly ze skla
abéhem experimentll byly zakryty sklenénym vickem
propustnym pro danou vlnovou délku. Zdrojem UV-A
zafeni byla fokusovand UV lampa Helling Superlight C 10
A-SH o intenzitd 9000 uW cm™ pii vzdalenosti 400 mm
a vlnové délce zéafeni 365 + 1,6 nm. Vykon lampy byl pii
podminkach méfeni ve vzdalenosti 20 cm zméfen
digitdlnim luxmetrem Voltcraft MS-1300 Hodnota
svitivosti dosahovala na za¢atku pokust 10 890 luxii.

Celkovy organicky uhlik byl stanoven na pfistroji
TOC-5000 A, Shimandzu Corp., Rakousko.

Testovani fotokatalytické aktivity oxidu titani¢itého

V nékterych  pracich™®?  se pfed samotnym

ozafovanim roztok s barvivem a suspenzi TiO, ponechal
za stalého michani ve tmé, aby se ustavila adsorpéni

14 ¢
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1 F

— 08

=

< 0.6 -
04 -
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200 300 400 500 600 700
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Obr. 4. Absorpéni spektrum MM, méteno pii koncentraci rozto-
ku 2.10° mol I''
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Obr. 5. Zatizeni k testovani fotoindukovanych samocisticich
vlastnosti materiali méienim fotokatalytického rozkladu
Acid orange 7 s chlazenim v temperované komiirce

rovnovéha pted zahajenim pokusu, proto byl vliv doby
michani za nepfistupu svétla na pribéh degradace
predbézné ovéfen. Za jinak zcela stejnych podminek jako
pri degradaci svétlem, avSak s vypnutou lampou, tedy za
tmy a s oxidem titani¢itym, k zddnému odbourani barviva
nedoslo.

V samotném experimentu bylo nejprve 50 ml roztoki
barviv vystaveno samotnému UV zéafeni bez pfitomnosti
TiO,, pii¢emz koncentrace AO7 ¢&inila 5-10° mol I
a koncentrace MM 1,5-10° mol 1", a tak byly ziskany
referencni zavislosti vzhledem k G¢inklim samotného UV
zateni. Nasledné byly fotokatalytické ucinky praskové
anatasové formy oxidu titanicit¢ho testovany nejprve pod
UV lampou bez chlazeni apoté pii teplote 25°C
s vyuzitim temperované komurky. V piipadé pokusu bez
chlazeni dochazelo k pribéznému ohtivani vzorku, teplota
roztoku barviva ovSem neprekrocila 40 °C. Poslednim
experimentem bylo paralelni méfeni zmény absorbance
barviva a soucasné ubytek celkového organického uhliku
pii degradaci AO7 v roztoku o koncentraci 10 mol I"".

Vsechna méfeni probihala za tmy tak, aby
nedochazelo k ovlivnéni pozorovani fotodegradace barviva
¢i k excitaci elektront fotokatalyzatoru pomoci UV slozky
slune¢niho zatfeni. Experiment proto probihal v digestofi,
pficemz sklo vysuvného okna bylo zevnitf polepeno
alobalem. Vzdalenost vzorku od UV lampy ¢inila 20 cm
a v pribéhu experimentu se velmi mirn¢ zvétsovala, nebot’
odebrané vzorky nebyly vraceny zpét do systému.
Odpatovani vodni pary zhladiny zabranovalo pouZzité
vicko. Beéhem degradace i odbéri vzorkli v ¢asovych
intervalech byla suspenze TiO, v roztoku barviva neustale
michana magnetickym michadlem. Vzorky byly vzdy
odebirany po 5ml stiikackou, prefiltrovany pres
jednorazové  polytetrafluorethylenové (PTFE) filtry
s velikosti porG 0,2 um a zména absorbance méfena na
spektrofotometru. Uspofadani experimentu je zobrazeno
na obr. 5.
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Vysledky a diskuse

Degradace oranze II a methylenové modfi bez
pfitomnosti TiO, pomoci UV zafeni

Prvnim pokusem bylo vystaveni 50 ml roztokd barev
UV zéafeni bez prasku oxidu titanic¢itého. Pocatecni
koncentrace téchto roztokti byly zvoleny tak, aby se
namétené hodnoty absorbance pohybovaly v rozmezi 01,
tomu odpovidaly koncentrace 5-10° mol 1" pro AO7
a1,5:10° mol " pro MM. V pravidelnych &asovych
intervalech pak bylo odebirano 5 ml vzorku. Pribéh
degradaci obou barviv za kontrolovaného chlazeni i bez
néj je naznacen na obr. 6.

Z pribéhu zavislosti je patrné, Ze prii zvolenych
zejména pak pii kontrolovaném chlazeni pti 25 °C. AO7
s kontrolovanou teplotou se tedy jevi jako optimalni
modelova latka, nebot’ samotné UV zafeni na ni nema
takovy vliv. Separace faktoru vlivu samotného UV na
barvivo od vlivu katalyzatoru mtze byt zatizena ptipadnou
synergii, kterd by se objevila az v prib&hu degradace
s katalyzatorem, avS8ak pouzity pfistup je za danych
okolnosti nejlepsi mozny.

Adsorp¢ni rovnovaha mezi TiO, a AO7

Vzhledem k faktu, Zze degradace organickych latek
probiha zejména u povrchu TiO, (cit."), bylo zkoumano,
zda dosazeni adsorpéni rovnovahy mezi barvivem a TiO,
za tmy bude mit n&jaky vliv na pribéh degradace. V tomto
pokusu bylo 15mg oxidu titani&itého (0,300 g1™")
smichano s 50 ml roztoku AO7 o koncentraci 5-10°° mol I"".
Suspenze byla za tmy michéna po dobu 0, 5, 10 a 15 min
apoté byl 30 min sledovan pribéh degradace AO7 pod
UV zafenim. V pétiminutovych intervalech byly odebirany
vzorky, oxid titaniCity odstranén filtraci pomoci PTFE
filtrd a ubytek absorbance AO7 stanoven prfi 485 nm.

t [min]
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o ¢ * o ° T °
A
= & $ »
3 a .
=
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"0t ) .
B AD7 bez chlazeni =
& AD7 s chlazenim
04
B MM bez chlazeni L]
05 - ® MM s chlazenim

Obr. 6. Kinetika fotokatalytické degradace roztoki barviv
AO7 (5107 mol I'') a MM (1,5-10° mol I'") s kontrolovanou
(25 °C) a nekontrolovanou teplotou
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Obr. 7. Kinetika fotokatalytické degradace AO7 (5-10~° mol I'")
v suspenzi TiO, (300 mgI™ ) po 0, 5, 10 a 15 min dosaZeni
adsorp¢ni rovnovahy ve tmé

Jednotlivé prub&hy degradace jsou znazornény na obr. 7.

Z naméfenych  hodnot lze usoudit, Ze pfi
koncentracich AO7 (5-107° mol I') a TiO, (300 mg1™)
nemd doba michéni smési za tmy zadny vliv na prib¢h
reakce, nebot’ ziskana data se od sebe mnoho neli$i. Vétsi
rozdily zpocitku méfeni jsou zplsobeny rliznymi
koncentracemi pfipravovaného roztoku AO7, v pozdni fazi
méfeni, kdy probihd degradace mnohem pomaleji, jsou
body jednotlivych kiivek témét totozné. Vzhledem
k povaze pouzitého prasku TiO, (velikost krystalti 468 nm)
jde vtomto pifipadé o ocekavany vysledek, nicméné
nékteré TiO, nanostruktury vykazuji znacnou adsorpéni
afinitu, diky které je mozné michdnim za tmy a néslednou
filtraci odstranit i desetinu koncentrace barviva'’.

Vliv koncentrace oxidu titani¢itého na kinetiku
fotodegradace roztoku AO7

V tomto testu byl sledovan pribéh degradace AO7
(50 ml AO7 5-10° mol I'") pii réiznych koncentracich
oxidu titani¢itého (150, 200 a 250 mg1"). Nejprve byla
sledovana fotodegradace bez chlazeni suspenze, poté pii
kontrolované teploté¢ 25 °C. Vysledky ukazuji obr. 8, 9
a 10.

Ve vSech pripadech se ukézalo, ze fotodegradace
AO7 prii kontrolované teploté (tzn. za chlazeni) probiha
pomaleji. U vSech meéfeni rychlost odbourdni s casem
exponencialné klesa, coz lze vysvétlit ptibyvajicimi
produkty degradace, které soutézi s barvivem na povrchu
TiO,. Je ovSem také mozné, ze nezanedbatelny podil UV
zateni absorbuji vznikajici meziprodukty, ¢imz by mohlo
dojit ke snizeni aktivity prasku oxidu titanicitého. Smés
meziproduktll a barviva byla stanovena v nasledujicim
pokusu jako celkovy organicky uhlik (TOC).
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Obr. 8. Kinetika fotokatalytické degradace AO7 (5-10~° mol I'")
v suspenzi TiO, (150 mg1™") pii nekontrolované a kontrolo-
vané teploté
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Obr. 9. Kinetika fotokatalytické degradace AO7 (5:10~° mol I'")
vsuspenzi TiO, (200 mgI™") p¥i nekontrolované a kontrolo-
vané teploté

Méteni ibytku celkového organického uhliku pti
degradaci AO7

Podstatou tohoto experimentu bylo posouzeni stupné
GipIné mineralizace zkouseného barviva. Slo tedy o zji§téni
celkového organického uhliku obsaZzeného v mezipro-
duktech degradace. Pro tento experiment byly zvoleny
hodnoty 1-10* mol I'' pro AO7 a 660 mg 1" pro TiO,. Na
obr. 11 je ukéazan ubytek mnozstvi organického uhliku
v celém vzorku (OC v AO7 i vznikajicich meziproduktech
fotooxidativni degradace barviva) a mnozstvi uhliku
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Obr. 10. Kinetika fotokatalytické degradace AO7 (5:10~° mol I'")
vsuspenzi TiO, (250 mgI™) p¥i nekontrolované a kontrolo-
vané teploté
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Obr. 11. Kinetika ubytku organického uhliku z AO7 (AO7
1:10 mol 1", TiO, 660 mgI™) a celkového organického uhli-
ku (z barviva i meziproduktii jeho degradace)

v zlstatku barviva AO7 v prib&éhu experimentu. Rozdil
téchto hodnot odpovidd koncentraci organického uhliku
vyhradn€ z meziproduktti.

Jak vidno, i kdyz za 60 min bylo jiz barvivo témér
vSechno odbourano, trvalo jesté¢ dalSich zhruba 270 min,
nez byly zmineralizovany vSechny organické latky vzniklé
fotooxida¢nimi procesy v suspenzi AO7 a oxidu
titani¢itého. V odebranych vzorcich nebyl detegovan
anorganicky uhlik, coz Ize vysvétlit neustalym michanim
vzorku, ¢imZ dochdzelo k vytésiiovani oxidu uhlic¢itého,
ktery prubézné vznikal. Béhem degradace AO7 dochazelo
k okyselovéni roztoku, z po¢ate¢ni hodnoty 5,81 kleslo pH
na 4,57. Vtakto kyselém pH se na zakladé

Pokrocilé teoretické a experimentalni studie polymernich systému

sl4

0,07

0,06 -
v =0,0256e 0033

=

o=}

L]
1

v [min?]

D T T 1
50 100 150

t [min]

Obr. 12. Graf zavislosti okamZité rychlosti degradace AO7
o poéateéni koncentraci 5-10° molI' na &ase. Koncentrace
TiO, ¢inila 150 mg "'

hydrogenuhli¢itanové rovnovéhy vyskytuje anorganicky
uhlik téméf vyhradné ve formé oxidu uhlicitého.

Stanoveni pocatecni rychlosti reakce

Jak bylo zminéno vyse, rychlost odbouravani barviva
exponencialné klesa kvuli neustalému nartstu koncentrace
produktli degradace. Nabizi se tedy moznost stanovit
rychlost degradace v ¢ase ¢ = 0 min, kdy roztok obsahoval
vyhradné barvivo. Pro vzorovy vypocet bylo pouzito
mefeni  se 150 mg I" TiO, v50ml nadobce sAO7
o koncentraci 5-10° mol I"* s chlazenim, jehoZ pribéh je
znazornén na obr. 8. Z prvni derivace absorbance podle
Casu byl sestrojen graf, jenZ je zobrazen na obr. 12. Tato
zavislost zndzorfuje sniZujici se okamzitou rychlost
degradace AO7. Body této zavislosti byly proloZeny
exponencialni k¥ivkou, jejiz rovnice je vepséna v grafu. Po
dosazeni Casu t=0min do rovnice ziskdme hodnotu
v=0,0256 min', to znamen4, e za minutu degradace
klesne absorbance o 0,0256, coz podle kalibra¢ni kiivky
odpovida 1,29-10° moll'. Na zakladé tohoto udaje
ovSem nelze usuzovat, ze v ptipad¢é neustalého odebirani
meziproduktl by byla rychlost degradace konstantni,
nebot’ snizujici se koncentrace barviva ma také vliv na
pribéh okamzité rychlosti.

Zavér

V této praci byla sestavena aparatura a odzkouSena
metoda k testovani fotokatalytické aktivity praskovych
materiald typu fotokatalyzatorti. Jako standardizovany
katalyzator byl pouzit praskovy TiO, anatasové struktury.
Fotoaktivita zvoleného oxidu titanicitého byla sledovana
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zménou absorbance barviv oranze II a methylenové modie
po ozafeni fokusovanou UV lampou pii 365 nm, teploté
25 °C a ubytkem organického uhliku v suspenzi v danych
casovych intervalech. Po sérii pokust se jako nejvhodnéjsi
modelova latka pro posuzovani ucinnosti praskovych
materiall s fotokatalytickou  aktivitou jevi AO7
o koncentraci 1-10* mol "' za kontrolované teploty (25 °
C), nebot bez pritomnosti TiO, za stalého UV zafeni téméef
nepodléha degradaci. Navic pfi testovani v pritomnosti
standardniho TiO, pfi stdlé teploté dosahuji kiivky
zavislosti ubytku barviva na case hladSich (resp. 1épe
prolozitelnych) priibéha.

Pfi testovani ubytku organického uhliku béhem
oxidativni degradace AO7 vyslo najevo, Ze i po uplném
odbarveni barviva zlstava v roztoku velkd koncentrace
organickych meziprodukti. Pfedmétem dal§iho badani by
tedy mohlo byt jejich stanoveni, potazmo jejich
rozlozitelnost pomoci fotokatalytické oxidace a tim
dosazeni  vyS$i  objektivity = posuzovani  danych
fotokatalytickych ucinkd.

Uvedeny typ zafizeni a vybrand metodika je vhodna
pro posuzovani rizné urovné fotokatalytické aktivity
odlisnych typli materiali na bazi oxidu titanicitého
azineCnatého pripravenych na Centru polymernich
systémt UTB ve Zliné.

Tento prispévek byl vytvoren za podpory Operacniho
programu Vzdeélani pro konkurence schopnost, ktery je
spolufinancovan Evropskym socidalnim fondem (ESF)
a statnim rozpoctem Ceské republiky, v rdmci projektu
Pokrocilé teoretické a experimentadlni studie polymernich
systemii (reg. cislo CZ.1.07/2.3.00/20.0104), a za podpory
Operacniho programu Vyzkum a vyvoj pro inovace, jenz je
spolufinancovan Evropskym fondem regiondlniho rozvoje
(ERDF) a statnim rozpoctem CR, v rdamci projektu
Centrum polymernich systémii (reg. céislo:
CZ.1.05/2.1.00/03.0111).
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(“ Department of Environmental Engineering, Faculty of
Technology, Tomas Bata University in Zlin, * Centre of
Polymer Systems, University institute, Tomas Bata
University in Zlin): Testing Method for Photocatalytic
Activity of Materials

In this study, an apparatus and a testing method for
photocatalytic activity of composite materials based on
TiO, and ZnO were developed. Anatase phase of titanium
dioxide in form of nanopowder dispersed in liquid
medium was used as a standard photocatalyst; dyes Acid
Orange 7 and Methylene blue served as a model
compounds. A focused UV lamp was used as the source of
light at the wavelength 365 nm. Photocatalytic activity of
the TiO, was determined by measuring changes of
absorbance and total content of organic carbon in tested
dyes solutions.
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Abstract

The crystal structure and morphology of solid state
uniaxially oriented isotactic polypropylene (iPP) sheets
was examined by X-ray diffraction, electron microscopy
and DSC. The structure characteristics were influenced
mostly by the sample orientation degree and the annealing
process.

Introduction

Isotactic polypropylene (iPP) is a widely applied
technical material mainly due to its versatility and
relatively low price. The low mechanical strength is often
improved by sample preferred orientation'?. According to
the classical model proposed by Peterlin’, drawn films and
fibers consist of aligned lamellar blocks mutually
connected through non-crystalline molecules or crystalline
bridges. Several reports do not support his model and
transition scheme of crystal lamellae into microfibrils*®.
They describe the melting of crystalline lamellae under
tension followed by the recrystallization into oriented
fibrillar structure. Here we refer to the preparation and
structure characterization of iPP sheets unidirectionally
oriented and subsequently annealed at wvarious
temperatures below the melting temperature and show that
samples annealing taut or free results in a substantially
different structure.

Experimental

Sheets of isotactic polypropylene (iPP) Mosten
TBO002 (Unipetrol, Czech Republic) were prepared in the
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Polymer Institute Brno (Czech Republic). The
characteristics of the basic polymer are 98.3% isotacticity,
number average molecular weight M, = 67 kg mol™". The
sample TB was practically non-oriented, 1D oriented to
extension ratio A = 4,6 and sample 11 to A = 11. Samples
were annealed taut or free at annealing temperature (7,) till
to 172 °C. Magnification in TEM micrographs shows the
1 pm bars and the extension direction the arrow. The
experimental equipment and measurements details were
described in ref.”’.

Results and discussion

Figures 1 and 2 show typical X-ray diffraction spectra
of our non-oriented TB (Fig. 1) and oriented samples 1D
where the X-ray beam was oriented along (Fig.2) to
sample orientation direction. The scans measured in
direction perpendicular to sample orientation direction
were practically identical for the non-oriented sample TB
(Fig. 1) but in the oriented samples measured in
perpendicular direction the intensity was very low (Fig. 2).
The X-ray scans of all oriented samples measured along
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Fig. 1. Typical X-ray diffractograms of TB — iPP o — modifi-
cation original non-oriented and annealed at various 7, meas-
ured along
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Fig. 2. Typical X-ray diffractograms of iPP oriented sample
1D measured along and perpendicular to the orientation di-
rection at various 7,

orientation direction contained only (%4.k,0) reflections,
(h,k,I) were completely missing, in accord with the ¢ —
axis sample orientation in the extension direction. All
samples (except of TB) represent highly uniaxially
oriented iPP material of the most stable o crystal
modification.

The results of the sample crystallinity (X) and crystal
size (Ly19) of the most intense reflection, 110, are listed in
Table I. The tendency for the X and Lo values to increase
with increasing T, is apparent. The L;,o value for the non-
oriented sample, was slightly higher (107 A) than for the
oriented samples indicating that the extension process
decreases the original crystal size or changes tilt of
molecules in the crystals. With increasing 7, the L
values increased for samples TB till to 143 A and 1D to
129 A. In the other oriented samples the L;;o values also
increased with T, but to a lesser extent.

Table I also shows the results of sample orientation
degree on peak width (O;) and 040/110 peak intensity
ratio®. It is evident that the starting sample orientation at T,
= 23°C of our samples was slightly different due to
different A values and the orientation degree was higher at
higher X. Annealing decreased the orientation degree
(increased values of the O, and 040/110) with growing 7.
Sample annealing, mainly above 140 °C, leads to crack
healing (increased density) and recrystallization to highly
oriented and crystalline structure.

Pokrocilé teoretické a experimentalni studie polymernich systému
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Fig. 3. X-ray diffraction scans of the oriented sample 1D, 7, =
23 °C, measured along the orientation direction. a — sample an-
nealed taut at 160 °C, b — annealed free at 7, = 160 °C, ¢ — orient-
ed at 23 °C and annealed free at 170 °C

In summary, it is clear that the sample crystallinity,
crystal size and orientation degree depend on two factors:
sample extension ratio and annealing process. As to the
annealing process, besides the annealing temperatures and
time the decisive role plays the fact whether the samples
are annealed in fixed (taut) or free position. Results in
Fig. 3 and Table II confirm that oriented samples annealed
free lose much of orientation and crystallinity, crystal size,
melting temperatures which are lower than in taut
annealed samples.

The melting scans (Table I) have a different shape
depending on sample A and 7, At T, =23 °C the melting
scans show only one wide melting peak (7}, = 165.4 °C)
for the non-oriented sample TB, but 1-3 peaks or
shoulders below T, for samples annealed at higher 7, both
oriented and non-oriented. The complex multistage
melting confirms that the drawing process has
mechanically splits the original broad crystal distribution
into at least 2—3 different crystal populations with different
Tm- The melting peaks or shoulders have the tendency
shifting to higher T}, with growing A and T, above 150 °C.
The original sample structure is rearranged by drawing
and the oriented chains improve their crystal size,
crystallinity and T;, with increasing 7,. During annealing
at T, approaching the iPP melting temperature, the
recrystallization of the initial structure or crystal size takes
place towards improvement. T,, values of the partially
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Table 1
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X-ray diffraction and DSC melting analysis of the oriented iPP sheets

Sample unoriented TB

T, p Lo V XxX-ray O, 040/110 Ty, AH Xpsc
[°C] [gem”]  [A] [%] (%] [°] [°C, (%0)] Dg'l  [%]
23 0,883 107 0 55 7,4 0,56 165,4 (100) 98,0 47
120 0,884 112 0 65 0,62 165,4 (93,2); 128,3 (6,8) 101,0 48
140 0,886 125 0 72 0,64 165,3 (86,9); 146,8 (13,1) 114,4 55
150 0,892 134 0 73 0,67 165,1 (67,4); 157,2 (32,6) 121,6 58
160 0,894 138 0 78 0,65 167,9 (100) 118,0 56
172 0,896 143 0 79 0,77 176,4 (17,8); 166,1 (82,2) 124,4 60
Sample 1D, A = 4,6
T, p Lo 14 XX-ray O, 040/110 Ty, AH Xpsc
[°C] [gem”]  [A] (%] (7] [°] [°C, (%)] Dg'l  [%]
23 0,881 104 0 48 3,6 0,49 168,4 (100); 154 (s) 106,7 51
120 0,891 129 0 53 3,7 0,50 165,2 (100); 155 (s) 102,9 49
140 0,886 125 0 57 4,0 0,54 167,4 (100); 158 (s) 121,2 58
150 0,895 129 0 59 4,2 0,56 166 (83); 154,6 (17) 111,3 56
160 0,909 124 0 64 4,5 0,65 170,3 (22,6); 167,5 (52,2); 131,0 63
162,7 (25)
172 0,907 129 0 68 4,0 0,81 172, 3 (100) 123,6 59
Sample 11/10, A =11
T, p Lo 14 XX-ray O, 040/110 Ty, AH Xpsc
[°C] [gem”]  [A] (%] (7] [°] [°C, (%)] Dg'l  [%]
23 0,796 101 10 51 3,5 0,34 171,2 (41,5); 167,1 (58,5) 111,3 53
120 0,808 104 9 56 3,6 0,40 170 (s); 165 (s); 168,6 (100) 121,7 58
140 0,827 101 7 49 3.9 0,41 168,3 (100); 162 (s) 118,3 57
150 0,849 104 5 61 3,9 0,41 171,4 (40,2); 167,8 (52,9); 125,0 60
156,5 (6,9)
160 0,867 118 3 68 4,0 0,43 169,8 (78); 163,3 (22) 1253 60
170 0,880 124 2 59 4,3 0,56 180 (10); 168 (90) 131,0 63
23 0,796 101 10 51 3,5 0,34 171,2 (41,5); 167,1 (58,5) 111,3 53

p — sample density, L;;o — crystal size from the 110 peak width, ' — estimated void %, O, — orientation degree where the
azimutal 110 peak intensity decreases to %2 040/110 ratio for unoriented iPP is 0.67 and decreases with sample orientation

recrystallized material increase up to maximum of 173 °C.
In this respect the T}, values increase similar as Lo values.
In Table I the %X were values calculated from the melting
enthalpy (AH) values taking into account the AH, (100%
crystalline iPP) 209 Jg' according to Mezghani and
Phillips®. The crystallinity values X, so calculated, lay in
the range 50-63 % which is usual for iPP samples and
different X measurement methods (Tab.I). The
comparison of crystallinity from melting and X-ray data
(in Tab. I) shows similar trend and the DSC crystallinity
data are close to those measured by X-ray. The data based
on density of highly oriented samples are affected by
cracks and voids and are not presented here.

The structure of the non-oriented films observed by
light microscopy has shown spherulitic structure of
relatively even diameter in the range of 5-10 pm. The
examination of iPP oriented sheets by electron microscopy
disclosed a system of parallel fibrils (Fig. 4). In the sample
11, not annealed or annealed at 7, below 140 °C an
interesting phenomenon was noticed: silvering. Electron
microscopy micrographs in Fig. 5 revealed in this sample
besides wusual parallel fibrils and voids, also sharp
transverse cracks 3—15 um apart which cause the silvering.
After annealing at higher 7, (160, 170 °C) the cracks had
the tendency to healing (Fig. 6) and silvering disappeared.
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Table II
Comparison of annealing sample 1D in taut and free position

T, Annealing type Lo XX-ray 040/110 T AH Xpsc
[°C] [A] [%] [°C, (%0)] Dg'l (7]
23 taut 104 65 0,45 168,4 (100), 154 (s) 98,8 47,3
160 taut 124 78 0,44 170, 167.5, 163 131 63

23—120 Ta — free 104 72 0,62 169.9 (100), 164 (s) 94,1 45

23—140 Ta — free 120 71 0,63 168,7 (95), 156,2 (5) 109,7 52,5
23—160 Ta — free, N.O. 118 67 0,45 167.2 (100), 163 (s) 105,5 50,5
23 —> 170 Ta — free, N.O. 91 66 0,45 177,8 (7), 168.2 (93) 111,3 53,2

s — shoulder, N.O. — not oriented

Fig. 6. TEM micrograph of the sample 11 annealed at 160 °C
showing healed cracks

Conclusions

The results of structure evaluation of iPP uniaxially
oriented sheets can be summarized as follows: the samples
consist of 50-63 % crystalline, highly oriented,
o-modification iPP. The structure and property changes of
the initial unoriented material were due to 1. elongation
and 2. annealing.

The uniaxial extension at 23°C to A = 4.6-11
transforms the lamellar spherulites into fibrils oriented in
the extension direction. During this crystalline block’s
conversion to elongated parallel fibrils also voids and
cracks form. The crystallinity and crystal size values
decreased due to extension only a bit, but the size
Fig. 5. TEM micrograph of the sample 11 not annealed show- distribution of the crystallites changed significantly as
ing transversal cracks shown in melting process. The original smooth crystal size
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distribution, characterized by a single broad melting peak,
divided to 2-3 individual peaks and the whole melting
range narrowed and the melting temperatures increased
with A from 165,4 to 173 °C. The elongation process at
room temperature obviously represents a relatively drastic
breaking of the original lamellar spherulites to smaller
crystalline blocks of different size and T,.

During annealing, further structural changes occurred
and their extent depended on T, for a given A. In the non-
oriented sample the density, crystal size and melting
temperature increased with increasing 7,. A similar
situation was observed also in oriented samples, only the
pertinent structural changes were a bit lower. The situation
concerning density was complicated by voids formation,
mainly in the highly oriented samples. The sample fixation
obviously partially hinders the chain mobility at 7, below
150 °C. At higher T, the segmental mobility increases and
the conformational changes took place similar as in
unoriented sample. The enhanced segmental mobility at 7,
above 150 °C was confirmed by the disappearance of
silvering, which was due to transverse cracks oriented
perpendicular to the extension direction (Fig. 4). At higher
T, the cracks and silvering disappear due to crack healing
(Fig. 5).

Thus for annealing we see the most important
structural changes taking place at 7, above 140 °C.

Our results confirmed that by choice of suitable
conditions of the extension and annealing process the most
important structural properties could be modified but the
changes are rapid mainly above 140°C where the process
is difficult to control.

Pokrocilé teoretické a experimentalni studie polymernich systému
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Abstract

Present work study the effect of high-pressure
crystallization on morphology and thermal behavior of two
different homopolymers of isotactic poly(1-butene). Both
materials were non-isothermally crystallized under
pressure in range from 20 to 200 MPa using a pvT 100
apparatus and thus prepared samples were investigated
using differential scanning calorimetry and polarized light
microscopy. Results showed significant effect of pressure
on formation of metastable phases I’ and II with respect to
material properties on thermal behavior and morphology in
isotactic poly(1-butene)

Introduction

Isotactic Poly(1-butene) (PB-1) belongs to the family
of stereoregular polyolefins. First PB-1 was produced in
1950’s by Nestolen BT Chemishe Werke Hiills in
Germany. It has been used for water pipes since 1960’s
and nowadays it is produced only by LyondellBasell,
Louvain, Belgium. Poly(l-butene) is less common
polymer in polyolefin family due to its crystallization into
different phases and subsequent phase transformation of
metastable phases. During the crystallization at ambient
conditions, phase II is formed and during several days it
gradually transforms to thermodynamically stable phase I,
which results in increase of mechanical properties and also
cause unpredictable shrinkage'~.

Mechanical properties of PB-1 are superior to other
polyolefins, namely low stiffness, elastic recovery and
very high abrasive resistance. In wet conditions, abrasive
resistance is comparable to ultra-high molecular weight
polyethylene.

Polymorphic behavior of the PB-1 is complex since it
crystallizes in five different phases I, I, II, II’ and III.
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Crystal phase I, which crystallizes from melt, have 3/1
twinned helix conformation and hexagonal unit cell®.
During crystallization under high pressure, phase I’
appears with untwined 3/1 helix. Phase I’ has melting
temperature of 90-95 °C however phase I have melting
temperature of 130 °C. Under specific conditions phase |
can crystallize directly form melt, as it was described by

S. Rossa et al.*. This can be achieved by employing
build-in stereodefects into the PB-1 (ref.’).

Melt crystallization at ambient conditions forms
phase II with tetragonal form and 11/3 helix conformation.
Melt temperature is 124 °C (ref’). This phase is
metastable and recrystallizes into the phase I during
several days in dependance on temperature, pressure and
applied stress’. When the PB-1 is crystallized from the
solution, phase III occurs, which is orthorhombic form
with 4/1 helix. Form III is unstable above 95 °C and
quickly transforms into phase II (ref.”).

Mechanism of the phase transformation was
examined by Marigo et al.> by using wide and low angle
X-ray scattering. The transition nucleation is localized on
lamellar distortion points. The transition itself involves
rearrangement of lamellar stacks. Also additional
crystallization from amorphous phase occurs, decreasing
the percentage of amorphous phase. However, this
transformation do not affects the surface morphology of
the sample. During the phase transformation, neither the
crystalinity nor the morphology is changed®.

Despite these facts, the goal this work is to crystallize
two different homopolymers under various crystallization
pressures and investigate how the different crystallization
conditions influences the phase composition and resulting
morphology which can consequently influence practical
applications of PB-1.

Methods

In this study two different commercial-available
grades of isotactic poly(l-butene) produced by
LyondellBasell, were wused. Two homopolymers
DP0401M, density 0.915 gcm™, MFR (190 °C/2.16 kg)
15 g/10 min and PB0300M, density 0.915 gcm™, MFR
(190 °C/2.16 kg) 4 /10 min.

A pvT 100 apparatus (SWO Polymertechnik GmbH,
Krefeld, Germany) was employed for sample preparation
at selected pressures (20, 50, 75, 100, 125, 150 and
175 MPa) at cooling/heating rate of 5 °C/min. For each
pressure one sample was prepared. Prepared samples were
cylinders of diameter 7.8 mm and length of 20 mm. After
Then, the prepared samples were analyzed using
differential scanning calorimetry (DSC) and polarized
light microscopy (PLM).
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Samples for PLM were prepared from cylinders by
using a microtome LEICA RM 2265. Slices with thickness
of 40 um were put onto the glass slide. Silicon oil was
added and samples were covered by slip cover. Used
microscope was Zeiss NU with 40x magnitude for all
samples and photos were taken by digital camera.

From the prepared cylinders were also cut samples for
DSC analyses using microtome with weight approx. 10 mg
and placed to covered alluminium pans. Measurements of
melting curves were carried out on DSC apparatus Mettler
Toledo DSC1 under nitrogen inert atmosphere with flow
rate 20 ml s~ in temperature range from 40 to 180 °C with
heating rate of 10 °C/min.

Results and discussion
Thermal Behavior

Melting curves of material DP 0401M are illustrated
in Fig. 1, where for both 20 and 50 MPa crystallization
pressures, phase [ is shown on melting curve with peaks of
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100 MPa
75

MPa

50 MPa

20 MPa
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Fig. 1. Melting curves of DP 0401M at various crystallization
pressures
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melting temperature at 124 °C and 133 °C respectively.
With increasing pressure, 75 MPa we can assign peak at
temperature of 96.5 °C to the phase I’, which recrystallizes
to phase II with peak at temperature of 117 °C and small
content of phase I is represented with peak at temperature
of 124 °C. With further increasing crystallization pressure
from 75 to 175 MPa no significant changes are not
observed except small peaks belonging to phase I which
are formed after recrystallization from phase I’ to phase II
and phase I. From pressure 100 MPa there are present
small peaks at approx. 90 °C which may be assigned to
phase II’ or it can be also phase I’ — I recrystallization.
This fact can be supported be fact that X-ray spectra does
not shows any relevant peak of phase II but only of phase I
which is also the same for phase I’ (ref.'").

Curves of crystallization pressures at 20, 50 and
75 MPa for material PB 0300M can be seen in Fig. 2 and
they are practically similar. All three curves have peaks of
phase I at 126, 125,1 and 125,9 °C respectively. Peak of
phase I’ is present from pressure 100 MPa to 175 MPa
with significant differences. At pressure 100 and 125 MPa
recrystallization exothermal peak is observed but with
further increase of pressure 150 and 175 MPa it is not
observed. This is completely different behavior compared
to DP 040IM (Fig. 1). Thus the material properties
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i

125 MPa

100 MPa

T

79 MPa

50 MPa
20 MPa
T T T T T 1
60 8o 100 120 140 160 180
T("C)

Fig. 2. Melting curves of PB 0300M at various crystallization
pressures
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namely molecular weight (different MFR) plays important
role in high-pressure crystallization behavior. At these the
highest pressures is observed phase I’ at 95 °C which does
not recrystallize, simultaneously phase II and dominant phase
L

From the comparing of both materials (DP 0401M
and PB 0300M)

(Fig. 1 and Fig. 2), it was found that occurrence of
phase I’ is function of crystallization pressure and
molecular weight, because of according to producer
information, both materials contains the same type of
stabilizers. It would be suitable to perform these analyzes

Pokrocilé teoretické a experimentalni studie polymernich systému

on various grades of PB-1 and compare them. DP 0401M
has a lower molecular weight (higher MFR) than PB
0300M (from measurements of zero shear viscosity, it was
observed that PB 0300M has 3.7 times higher zero shear
viscosity than DP 0401M). This could be a reason why
were observed differences in appearance of phase I’ at DP
0401M from crystallization pressure 75 MPa and at PB
0300M from 100 MPa. Materials also differ at
recrystallization peaks where PB 0300M does not show
recrystallization peaks at crystallization pressures of 150
and 175 MPa and at these pressures peaks of phase I’ are
much smaller compared to those at DP 0401 M.

125 MPa

175 MPa

Fig. 3. Morphology of DP0401M at various crystallization pressures
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Polarized Light Microscopy

Morphology of DP 0401 can be seen in Fig. 3. For
crystallization pressures 20 and 50 MPa, spherulitic
structure is observed with typical Maltese crosses. These
samples contain only phase I. For crystallization pressure
75 MPa which contains phase I’ shows spherulites with
Maltese crosses and areas without large spherulites. Photos
of crystallization pressure 100 MPa show differences to
75 MPa. There is not high amount of large spherulites and
areas without spherulitic structure can be seen.
Morphology of samples with crystallization pressure

Pokrocilé teoretické a experimentalni studie polymernich systému

125 MPa is very similar to those prepared at 20 and
50 MPa. Maltese crossed are found on every part of the
sample. Sample prepared at crystallization pressure of 150
and 175 MPa shows structure similar to crystallization
pressure of 100 MPa with low number of Maltese crosses
scattered across the sample and high number of small
spherulites, again scattered across the sample. It should be
noted that crystallization temperature and cooling rate
have an impact to the morphology of the samples. This
fact combined with a low heat transition of the polymers
could lead to a state, where crystallization temperature is
dependent to a place in the sample.

Fig. 4. Morphology of PB 0300M at various crystallization pressure
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Morphology of PB 0300M is shown in Fig. 4.
Samples prepared at crystallization pressure of 20 and
50 MPa shows almost the same morphology, with Maltese
crosses of the spherulites all over the sample. At
crystallization pressure of 75 MPa, structure is combined
with large spherulites with small ones between them.
Small crystalline structure can be seen at sample prepared
at 100 MPa, with few large spherulites scattered over the
sample. Structure of sample prepared at 125 MPa shows
combination of large and small spherulites. Both samples
prepared at crystallization pressure of 150 and 175 MPa
shows almost the same structure, large number of small
crystals with several large spherulites scattered over the
sample. Appearance of small and large crystals in one
sample could be explained by changing of rate of cooling
during crystallization process. We could be seen, at higher
crystallization pressures where number of large spherulites
is significantly lower. . It can be seen that at higher
crystallization pressures amount of large spherulites is
significantly lower.

PB 0300M shows combination of small quantity of
large crystals and large number of small crystals after
appearance of phase I' at melting curves, which is above
75 MPa. Samples prepared at 20, 50 and 75 MPa shows
mostly large spherulites in the structure. When both
structures are compared, material DP 0401M has smaller
crystals at the same crystallization pressure than material
PB 0300M.

Conclusion

This work describes the effect of high crystallization
pressure of two various grades of PB-1 on the phase
composition and resulting morphology. According to
melting curves of the both materials, appearance of phase
I’ is dependent on material characteristics and
crystallization pressure. It was found that in homopolymer
with higher MFR the phase I’ occurs at lower pressure
compared to material with lower MFR.

Pokrocilé teoretické a experimentalni studie polymernich systému

s25

This contribution was written with the support of the
"Operational Program Education for Competitiveness’ co-
funded by the European Social Fund (ESF) and the
national budget of the Czech Republic, within the project
"Advanced Theoretical and Experimental Studies of
Polymer Systems’ (reg. number: CZ.1.07/2.3.00/20.0104)
and with the support of the 'Research and Development
for Innovations” Operational Programme co-funded by the
European Regional Development Fund (ERDF) and the
national budget of the Czech Republic, within the project
entitled 'Centre of Polymer Systems’ (reg. number:
CZ.1.05/2.1.00/03.0111).

Authors gratefully acknowledge the financial support
of this work by the internal grant of TBU in Zlin, No. IGA/
FT/2012/040, funded from resources of specific university
research.

REFERENCES

1. Kopp S., Wittman J. C., Lotz B.: J. Mater. Sci. 29,
6159 (1994).

2. Benicek L. et al.. ANTEC 2008 Plastics: Annual
Technical Conference Proceedings, Milwaukee, 4-8
May 2008, Conference Proceedings, p. 1340.

3. Maring D., Wilhelm H., Spiess H. W., Meurer B.,
Weill G.: J. Pol. Sci. Phys. 38, 2611 (2000).

4. Rossa C. D., Auriemma F., De Ballesteros O. R.,
Esposit F., Laguza D., Di Girolamo R., Resconi L.:
Macromolecules 42, 8286 (2009).

5. Marigo A., Marega C., Cecchin G., Collina G.,
Ferrara G. : Eur. Pol. J. 36, 131 (2000).

6. Di Lorenzo M. L., Righeti M. C.: Polymer 49, 1323
(2008).

7. Kaszonyiova M., Rybnikar F., Geil P. H.: J.
Macromol. Sci. Phys. 44, 377 (2005).

8. Azzurri F., Flores A., Alfonso G. C., Sics 1., Hsiao B.
S., Balta Calleja F. J.: Macromolecules 35, 9069
(2002).

9. Lauritzen J. L., Jr., Hoffman J. D.: J. Appl. Phys. 44,
4340 (1973).

10. Cooke J., Ryan A. J.,, Bras W.: Nucl. Instrum.

Methods Phys. Res., Sect. B 97, 269 (1995).



Chem. Listy 108, s26-s31 (2014)

Pokrocilé teoretické a experimentalni studie polymernich systému

CHARAKTERIZACE KERATINOVYCH HYDROLYZATU PRIPRAVENYCH

Z KURECIHO PERI

PAVEL MOKREJS™?, SVATOPLUK SUKOP®
a ONDREJ KREJCI®

“ Ustav inzenyrstvi polymerii, Fakulta technologickd,
Univerzita Tomase Bati ve Zliné, nam. T. G. Masaryka
275, 762 72 Zlin, * Centrum polymernich systémii,
Univerzitni institut, Univerzita TomdsSe Bati ve Zliné,
Nad Ovéirnou 3685, 760 01 Zlin, © Ustav chemie, Fakulta
technologickd, Univerzita Tomase Bati ve Zliné,

nam. T. G. Masaryka 275, 762 72 Zlin
mokrejs@jft.utb.cz

Klicova slova: hydrolyza, hydrolyzat, keratin, kufeci pefi,
molekulova hmotnost

Abstrakt

Prispévek se zabyva studiem vlivu technologickych
podminek alkalicko-enzymové hydrolyzy kuteciho pefi na
molekulové  hmotnosti  pfipravenych  keratinovych
hydrolyzati. Molekulové hmotnosti hydrolyzati (M,,) byly
stanoveny gelovou elektroforézou a elektroforegramy
hydrolyzati  byly porovniny s elektroforegramy
proteinovych standardl, technickych zelatin, klihu
a kolagennich  hydrolyzatd. Volbou podminek pfi
hydrolyze 1lze ptipravit hydrolyzaty s pfevazujicim
podilem nizko-molekulovych frakei (M, <20 kDa),
sttedné-molekulovych frakei (M, ~20-70 kDa), ale
rovnéZ vysoko-molekulovych frakci (M, > 70 kDa).

Uvod

Keratinové hydrolyzaty maji Siroké spektrum pouZiti.
Pti rozhodovéani o konkrétnim typu aplikace je nezbytné
znat udaje o slozeni keratinovych hydrolyzatl, jejich
vlastnostech (napf. rozpustnost, filmotvorné vlastnosti,
rheologické vlastnosti, tepelnd stabilita) a molekulové
hmotnosti.

Keratiny maji velmi rigidni strukturu, zejména
v disledku zesitovani disulfidovymi mustky, ktera je
velmi odolnd proti plsobeni chemikalii a enzymd.
K ziskéni rozpustného keratinu (keratinovych hydrolyzatt)
je vétsSinou nutné pouzit vysokych koncentraci roztokl
kyselin ¢i zasad za spolupisobeni vysokych teplot,
pripadné tlaku'?. Zpracovani keratinu timto zpisobem ma
za nasledek znaéné snizeni obsahu nékterych aminokyselin
(methionin, lysin, tryptophan)’. Pro  zpracovani
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keratinovych materialti se proto v posledni dobé vyuziva
enzymova hydrolyza, pfi niz se nepouzivaji vysoké
koncentrace chemikalii a navic cely proces probiha za
niz§ich teplot a atmosférického tlaku. V soucasné dobé je
cena enzymu na takové urovni, Ze cely proces mize byt
levngjsi, nez pii pouziti kyselé ¢i alkalické hydrolyzy*.
Keratinové  hydrolyzaty se  pouzivaji  napf.
v zemé&délstvi (dusikatd hnojiva, rdstové stimulatory,
slozky krmnych smési), v l1€katstvi (tkanové inzenyrstvi)
&i v kosmetice (pripravky péée o vlasy a pokozku)™™'.
Perspektivni  aplikaci  keratinovych  hydrolyzati
predstavuje obalovy primysl. Keratinové hydrolyzaty jsou
vhodné pro pfipravu biodegradabilnich (a jedlych) filmu,
folii, povlakt ¢i vlaken. Biodegradabilita filmut je rovnéz
pfedurcuje pro pouziti vzemé&dé&lstvi jako mulCovacich
folii, secich paskd ¢i obalovych materiald pro (mikro)
kapsule. K pifipravé (mikro)kapsuli lze vyuZzit nckterou
z chemickych metod (napf. koacervace) ¢i fyzikalnich
metod (napf. sprayové suseni). Vlakna a folie se pripravuji
(thermo)plastifikaci. Pro pfipravu filmi a povlaki se
vyuziva liti, maceni, sprayovani'’. V takovych piipadech
je nezbytné po rozpusténi keratinového hydrolyzatu (ve
vod¢) kroztoku pfidat plastifikdtor (napf. glycerol,
sorbitol), aby vysledny film/povlak nebyl kiehky. Pro lepsi
mechanické vlastnosti se filmy a povlaky situji
chemickymi metodami pisobenim sitovacich ¢inidel
(napt. formaldehyd, glutaraldehyd, dialdehyd skrobu)

reagujicich s funkénimi  skupinami proteinu  nebo
fyzikdlnimi metodami (napf. teplem, za&fenim). Pfi
sitovani  dochazi  k vytvofeni  kovalentnich  nebo

nekovalentnich vazeb mezi fetézci proteinu a struktura
nové vzniklého ttvaru se stabilizuje. Volbou podminek pti
sitovani lze regulovat biologickou rozlozitelnost takovych
struktur, jejich bariérové, mechanické a dals$i vlastnosti.
Piipravené filmy jsou nerozpustné ve vétSin€é beézné
pouzivanych organickych rozpoustédel ',

V naSich predchozich publikacich jsme se zabyvali
ptipravou  keratinovych hydrolyzatt kombinovanou
alkalicko-enzymovou hydrolyzou'*'*. Vyuziti hydrolyzati
v praxi vyzaduje zejména znalosti o jejich sloZeni, tepelné
stabilité a molekulové hmotnosti. Udaje o sloZeni a tepelné
stabilit¢ hydrolyzati jsou uvedeny v naSich pfedchozich

publikacich. Cilem tohoto pfispévku je stanoveni
distribuce molekulovych hmotnosti (M,,) vybranych
hydrolyzatid. Dalsim cilem je  posoudit vliv

technologickych podminek pii pfipravé hydrolyzatli na
distribuci molekulovych hmotnosti hydrolyzati. Nakonec
budou navrZzeny optimdlni podminky  piipravy
keratinového hydrolyzatu s ohledem na ucinnost celého
procesu a na jeho kvalitu.
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Experimentalni ¢ast
Materialy

B-Merkaptoethanol (Sigma-Aldrich, USA, Cat. No.
M7154), ledova CH;COOH (Sigma-Aldrich, USA, Cat.
No. A9967), Briliant Blue G (Sigma-Aldrich, USA, Cat.
No. B2025), ninhydrin (Sigma-Aldrich, USA, Cat. No.
724894), tlumici roztok octanu sodného, pH 5,2+ 0,1
(Sigma-Aldrich, USA, Cat. No. S7899), SnCl,- 2 H,O
(Sigma-Aldrich, USA, Cat. No. 243523). Vsechny dalsi
chemikalie p.a. (NaOH, 96% H,SO,, 65% HNO;, H;BOs,
30% H,0,, BaCl,) byly dodany firmou IPL Petr Lukes.
Katalyzator k mineralizaci (Kjeltabs KWS) byl dodéan
firmou Thompson & Capper Ltd. (Cheshire, USA). Novex
Tricine SDS Buffer Kit (USA, Cat. No. LC1677).
Proteinovy nizkomolekulovy standard (Ultra Low Range
Molecular Weight Marker, Cat. No. M3546) 1,060 az
26,600 Da a proteinovy standard s Sirokou distribuci
molekulovych hmotnosti (Wide Range Molecular Weight
Marker, Cat. No. S8445) 6,500-200,000 Da byly dodany
firmou Sigma-Aldrich (USA).

Ptistroje

Ptistroje a vybaveni: programovatelny zdroj Novex
Model-3540, minicela Novex Xcell II, Novex 10-20%
tricin-polyakrylamidovy gel EC6625, spektrofotometr
Helios Epsilon, odparka rota¢ni Hei-Vap G1, pH metr
prenosny SensoDirect 110SET, michacka magneticka MR
Hei Standard, michadlo PTFE 350/8 mm, lazen vodni
Memmert WNE 45 vcetné vika L1, vahy analytické
Denver Summit SI234, topna deska Schott Ceran 93020,
suSarna WTB Binder E/B 28, inkubator WTC Binder B53,
klimatickd komora DISCOVERY250, mineraliza¢ni
pristroj Hach Digesdahl, muflova pec Nabertherm L 9/S
27, destila¢ni pristroj dle Parnas-Wagnera, lednicka
Samsung Calex C 180, Ubbelohde viskosimetr U II
s kapilarou o priméru 1,13 mm.

Kufeci pefi —pi Mileti (< 1 mm)

Metody

Stanoveni dusiku, popela a siry bylo provedeno dle
standardnich metod'**.

Distribuce molekulovych hmotnosti (My)
keratinovych hydrolyzati byla provedena metodou SDS-
PAGE na 10-20% tricine polyakrylamidovém gelu
o rozmérech 8,6 x 8,1 cm pii pH 8,3 v minicele Novex
Xcell I za pouZiti programovatelného proudového zdroje
Novex Model-3540 pii konstantnim napéti 125V
a proudové intenzité na startu 80 mA, na konci 40 mA.
Pred aplikaci na gel byly keratinové hydrolyzaty
rozpustény (1:1) v pufru (Tricine SDS Buffer Kit: 30%
3M Tris-HCI, 24% glycerol, 8% SDS, 0,015% Coomassie
Blue G, 0,005% Phenol Red, pfidano 2,5%
B-merkaptoethanolu a destilovana voda), =zahfaty na
85+0,5°C po dobu 2min. Aplikované mnozstvi
hydrolyzati do jamek gelu bylo 20 ul. Elektroforeticka
separace byla wukonCena pfiblizné za 90 min. Po
probéhnuté gelové elektroforéze byla provedena fixace
frakei v gelu 7% roztokem ledové CH;COOH v 40%
methanolu (v/v) po dobu 1 hodiny. Nasledovala detekce
separovanych frakci barvenim gelu v modrém barvivu
Briliant Blue G dispergovaném ve vodném roztoku
methanolu (1,5 h). Po vybarveni gelu byl pfebytek barviva
odstranén ponofenim gelu do 25% roztoku methanolu (az
24 h) a poté byl vysusen.

Priprava keratinovych hydrolyzatt

Postup ptipravy keratinovych hydrolyzata alkalicko-
enzymovou hydrolyzou je uveden v naSich predchozich
publikacich®®. Blokové schéma piipravy hydrolyzati
z kuteciho pefi je uvedeno na obr. 1. Prehled organizace
faktorovych pokusti pfipravy keratinovych hydrolyzatd,
véetné ucinnosti procesu hydrolyzy (vytézek hydrolyzatu),
jsou uvedeny vtab.Il. Struéné podminky pfipravy
hydrolyzatd jsou nasledujici:

! i Odtuénéni
> e pefi/H,0=1/75
e lipolasa (1,7 % / pefi)

e 10°C,24h

P it A 1. stupen hydrolyzy pommmm- l.' ------
i apravapH | ® peii + roztok KOH «— Susenipii103 °C |
| (HsPOs)=9 147 (1/35) bommmmmmmmeeoeee- !
""""""" ® michani, teplota, doba

l Roztok keratinového

L ! hydrolyzatu
2. stupen hydrolyzy |mmmmmmmmmm o

e michéani. teplota, doba

Obr. 1. Schéma zpracovani kuieciho pefi na keratinovy hydrolyzat
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Tabulka I.

Pokrocilé teoretické a experimentalni studie polymernich systému

Organizace faktorovych pokust pipravy keratinovych hydrolyzati a G¢innost procesu hydrolyzy

Exp. Hydrolyzaty 1 Hydrolyzaty 11 Hydrolyzaty 111
. Sledované faktory n Sledované faktory n Sledované faktory n
At B:e C:t (%) At B:e C:t (%0) At B:e C:t (%0)
(h) (%) (h) (h) (%) (h) (h) (%) (h)
1 4 1 50 35,2 4 1 50 17,6 4 1 30 12,7
2 4 1 70 41,4 4 1 70 20,2 4 1 50 14,6
3 4 5 50 48,1 4 5 50 18,5 4 5 30 14,1
4 4 5 70 51,5 4 5 70 22,9 4 5 50 15,3
5 6 3 60 54,4 6 3 60 20,9 6 3 40 16,1
6 8 1 50 54,6 8 1 50 18,6 8 1 30 16,7
7 8 1 70 42,1 8 1 70 20,7 8 1 50 18,6
8 8 5 50 51,7 8 5 50 20,6 8 5 30 17,9
9 8 5 70 61,0 8 5 70 24,1 8 5 50 20,1
Exp. Hydrolyzaty IV Hydrolyzaty V
. Sledované faktory n Sledované faktory n
At B:e C:t (%) At B:e C:t (%)
() (%) () () (%) ()
1 4 1 50 68,9 4 1 30 71,4
2 4 1 70 70,8 4 1 50 76,9
3 4 5 50 72,1 4 5 30 71,7
4 4 5 70 83,3 4 5 50 84,6
5 6 3 60 79,9 6 3 40 76,4
6 8 1 50 78,5 8 1 30 75,7
7 8 1 70 87,2 8 1 50 83,8
8 8 5 50 88,2 8 5 30 82,3
9 8 5 70 90,8 8 5 50 88,7

Legenda: T — doba 2. stupné hydrolyzy, e — pfidavek enzymu (vztazeno na navazku pefi), t — teplota ve 2. stupni hydrolyzy,

1 — t¢innost hydrolyzy

Hydrolyzaty 1. 1. stupeil hydrolyzy: 0,2 % KOH, 80 °C,
24 h; 2.stupent hydrolyzy: 4-8h (Faktor A), 1-5%
enzymu Savinase Ultra 16L (Faktor B), 50-70 °C (Faktor
O).

Hydrolyzaty II. 1. stupeni hydrolyzy: 0,1 % KOH, 70 °C,
24 h; 2.stupent hydrolyzy: 4-8h (Faktor A), 1-5 %
enzymu Savinase Ultra 16L (Faktor B), 50-70 °C (Faktor
O).

Hydrolyzaty III. 1. stupeni hydrolyzy: 0,1 % KOH, 70 °C,
24 h; 2. stupent hydrolyzy: 4-8h (Faktor A), 1-5%
enzymu Polarzyme 12T (Faktor B), 30-50 °C (Faktor C).
Hydrolyzaty IV. 1. stupeni hydrolyzy: 0,3 % KOH, 70 °C,
24 h; 2.stupenn hydrolyzy: 4-8 h (Faktor A), 1-5%
enzymu Savinase Ultra 16L (Faktor B), 50-70 °C (Faktor
Q).

Hydrolyzaty V. 1. stupenn hydrolyzy: 0,3 % KOH, 70 °C,
24 h; 2.stupenn hydrolyzy: 4-8 h (Faktor A), 1-5%
enzymu Polarzyme 12T (Faktor B), 30-50 °C (Faktor C).
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Vysledky a diskuse

Distribuce molekulovych hmotnosti keratinovych
hydrolyzati

Distribuce molekulovych hmotnosti (M,,) hydrolyzati
ma vliv na jejich primyslové aplikace. Ke studiu vlivu
technologickych  podminek na M,  pfipravenych
hydrolyzatd (I-V) bylo ze série experimentli vybrano vzdy
nékolik hydrolyzati. Aby bylo mozné posoudit kvalitu
pripravenych hydrolyzati, byly jejich elektroforegramy
porovnany se dvéma proteinovymi standardy, technickymi
zelatinami  (vyrobenymi zkize a kosti), klihem,
keratinovymi hydrolyzaty pfipravenymi zov¢i viny
a kolagennimi hydrolyzaty ptipravenymi z hovézich $lach,
hovézi klihovky a chromocinénych postruzin. Nizko-
molekulovy proteinovy standard obsahuje 6 proteini
s molekulovou hmotnosti pohybujici se v rozmezi 1,050
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Obr. 2. SDS-PAGE elektroforegramy vybranych keratinovych
hydrolyzati pripravenych podle podminek I a II, srovnavaci
Zelatiny, klihu, kolagennich hydrolyzati a proteinovych stan-
dardid. Stopa: 1 — proteinovy nizkomolekulovy standard (3,5—
26,6 kDa); 2 — zelatina (extrahovana z kize); 3 — klih; 4 — kola-
genni hydrolyzat pfipraveny z hovézich §lach; 5 — kolagenni hyd-
rolyzat pripraveny z hovézi klihovky; 6 — keratinovy hydrolyzat
ptipraveny dle podminek I, experiment ¢. 4; 7 — keratinovy hydro-
lyzat ptipraveny dle podminek I, experiment ¢. 5; 8 — keratinovy
hydrolyzat pripraveny dle podminek I, experiment ¢. 10; 9 — kera-
tinovy hydrolyzat pfipraveny dle podminek II, experiment ¢. 1; 10
— proteinovy standard s Sirokou distribuci molekulovych hmot-
nosti (6,5-200 kDa)

az 26,600 Da. Proteinovy standard s Sirokou distribuci M,,
obsahuje 12 proteini s molekulovou hmotnosti od 6,500 az
200,000 Da.

Na obr. 2 jsou znazornény elektroforetické profily
vybranych keratinovych hydrolyzati pfipravenych dle
podminek I a II. Stopy 1 a 10 predstavuji proteinové
standardy. Stopy 2—5 jsou elektroforetické profily zelatiny,
klihu a kolagennich hydrolyzatd, slouzicich ke srovnani.
Stopa 6 predstavuje elektroforegram hydrolyzatu 1
z experimentu €. 4. Vidime, ze hydrolyzat vykazuje
Sirokou distribuci molekulovych hmotnosti — obsahuje
nizko-molekulové  frakce (M, <17 kDa), stiedné-
molekulové frakce (M,, = 17-66 kDa), ale jsou zastoupeny
také frakce vysoko-molekulové (97 kDa). Velmi podobna
distribuce M, je také u dalSich dvou hydrolyzati
pfipravenych dle podminek I — experiment ¢. 5 (stopa 7),
resp. experiment €. 10 (stopa 8). Téméet totozny distribucni
profil M,, je také u hydrolyzatu II pfipraveného podle
experimentu ¢.1 (stopa 9). Je ziejmé, Zze vSechny
keratinové hydrolyzaty maji vyrazné zastoupeni nizko-
a sttedné-molekulovych frakei M, naopak je tomu
u zelatiny a klihu, které obsahuji vyrazny podil vysoko-
molekulovych frakei (viz stopy 2 a 3). U kolagennich
hydrolyzati pfipravenych ze $lach, resp. z klihovky (stopa
4, resp. 5) jsou zastoupeny rovnéz stiedné-molekulové
frakce My, nicméné obsahuji také frakce nad 97 kDa.

Na obr. 3 jsou znazornény elektroforetické profily
vybranych hydrolyzatl pfipravenych dle podminek II a III.
Stopy 1 a 10 predstavuji proteinové standardy.
Elektroforegram hydrolyzatu II zexperimentu ¢.4 je
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Obr. 3. SDS-PAGE elektroforegramy vybranych keratinovych
hydrolyzati pripravenych podle podminek II a III a proteino-
vych standardii. Stopa: 1 — proteinovy nizkomolekulovy stan-
dard (3,5-26,6 kDa); 2 — keratinovy hydrolyzat pfipraveny dle
podminek I, experiment €. 4; 3 — keratinovy hydrolyzat pfiprave-
ny dle podminek II, experiment &. 5; 4 — keratinovy hydrolyzat
pripraveny dle podminek II, experiment ¢. 7; 5 — keratinovy hyd-
rolyzat pfipraveny dle podminek II, experiment ¢. 10; 6 — kerati-
novy hydrolyzat piipraveny dle podminek III, experiment ¢. 1; 7 —
keratinovy hydrolyzat pfipraveny dle podminek III, experiment ¢.
4; 8 — keratinovy hydrolyzat ptipraveny dle podminek III, experi-
ment €. 5; 9 — keratinovy hydrolyzat pripraveny dle podminek III,
experiment ¢. 7; 10 — proteinovy standard s Sirokou distribuci
molekulovych hmotnosti (6,5-200 kDa)

znazornén na stop€ 2 a je jasné patrné, ze prevazuji frakce
M, <27kDa. Vyssi frakce (M,, do cca 66 kDa) jsou
zastoupeny malo, vysoko-molekulové frakce chybi. Velmi
podobny pribéh distribucnich kiivek M,, maji hydrolyzaty II
z experimentu €. 5 (stopa 3) a zexperimentu .7 (stopa 4).
Naopak u hydrolyzatu II z experimentu €. 10 (stopa 5) je vyssi
zastoupeni stfedné-molekulovych frakci (M,,= 27-66 kDa), na
rozdil od predchozich tfi hydrolyzatd. Stopy 6-9
reprezentuji elektroforetické profily hydrolyzati III
z experimenttl €. 1, 4, 5 a 7. Distribucni profily M,, téchto
hydrolyzati jsou velmi Siroké, vSechny obsahuji nejvice
nizko-molekulové frakce (M, <27 kDa), mén¢ stiedné-
molekulové frakce (M,=27-66 kDa), ale zejména
u hydrolyzatu zexperimentu ¢.1 (stopa 6) a také
z experimentu €. 7 (stopa 9) jsou zastoupeny také frakce
nad 97 kDa.

Na obr. 4 jsou znazornény elektroforetické profily
vybranych hydrolyzati ptipravenych dle podminek III, IV
a V. Stopy 1 a 10 pfedstavuji proteinové standardy.
Stopa 2 reprezentuje hydrolyzat III z experimentu ¢. 10
aje zfejmé, ze tento hydrolyzat neobsahuje frakce
M,,> 97 kDa, na rozdil od ptedchozich hydrolyzati z fady
I (obr.3). Stopy 3-5 reprezentuji hydrolyzat IV
z experimentti ¢. 1, 5 a 10. Hydrolyzat z experimentu ¢. 5
(stopa 4) obsahuje zejména nizkomolekulové frakce
(My=3,5-27 kDa), stfedné-molekulové frakce nejsou
témet zastoupeny. Hydrolyzaty z experimentd ¢. 1 a 10
(stopa 3 a 5) maji téméft stejné distribucni profily M,,, ale
obsahuji také jisty podil frakci nad 27 kDa. Hydrolyzat
V piipravenych podle experimentu €. 1 (stopa 6) vykazuje,
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Obr. 4. SDS-PAGE elektroforegramy vybranych keratinovych
hydrolyzati pfipravenych podle podminek III, IV a V a pro-
teinovych standardi. Stopa: 1 — proteinovy nizkomolekulovy
standard (3,5-26,6 kDa); 2 — keratinovy hydrolyzat ptipraveny
dle podminek III, experiment ¢. 10; 3 — keratinovy hydrolyzat
pripraveny dle podminek IV, experiment ¢. 1; 4 — keratinovy
hydrolyzat pripraveny dle podminek IV, experiment ¢. 5; 5 —
keratinovy hydrolyzat ptipraveny dle podminek IV, experiment ¢.
10; 6 — keratinovy hydrolyzat pfipraveny dle podminek V, experi-
ment €. 1; 7 — keratinovy hydrolyzat ptipraveny dle podminek V,
experiment ¢. 5; 8 — keratinovy hydrolyzat pfipraveny dle podmi-
nek V, experiment ¢. 10; 9 — proteinovy standard s Sirokou distri-
buci molekulovych hmotnosti (6,5-200 kDa)

kromé nizko-molekulovych podild (M,,= 3,5-27 kDa),
také  stfedné-molekulové podily (M= 30-66 kDa)
a dokonce i Cast podild kolem 97 kDa. Hydrolyzaty V
z experimentd ¢. 5 a 10 (stopy 7 a 8) maji zastoupeni
stiednich frakci o néco mensi, nez-1i tomu bylo u stejného
hydrolyzatu z experimentu €. 1.

Na obr. 5 jsou znazornény elektroforetické profily
vybranych keratinovych hydrolyzat pfipravenych dle
podminek IV a V. Stopy 1 a 10 predstavuji proteinové
standardy. Stopy 6-8 jsou -elektroforetické profily
keratinovych  hydrolyzati  ziskanych zov¢i  viny,
kolagenniho hydrolyzatu z chromocinénych postruzin
a zelatiny, slouzicich ke srovnani. Hydrolyzaty IV
pripravené z experimentii 4 (stopa 2) a 7 (stopa 3) maji
podobné distribucni profily M,,. Nejvyssi zastoupeni maji
nizko-molekulové frakce (M <27 kDa) a také stredné-
molekulové frakce (M= 30-66 kDa). Vysoko-
molekulové frakce nejsou témér zastoupeny. Podobné je to
i u stopy 4, reprezentujici hydrolyzat V z experimentu ¢. 4;
naopak hydrolyzat V pfipraveny podle experimentu ¢. 7
(stopa 5) vykazuje uz zietelngjsi podil frakci nad 97 kDa.
Srovname-li keratinové hydrolyzaty pfipravené z kufeciho
pefi, dosp&eme k zavéru, ze vSechny obsahuji podily
M, >27kDa, zatimco keratinové hydrolyzaty ziskané
z ov¢i viny (stopy 6 a 7) jsou vyloZené nizko-molekulové
(M, <24 kDa). Naopak kolagenni hydrolyzat pfipraveny
z chromocinénych postruzin (stopa 8) je vylozené produkt
sttedné-molekulovy (M,,=20-66 kDa) a zelatina produkt
vysoko-molekulovy.

Pokrocilé teoretické a experimentalni studie polymernich systému

s30

My (kDa)
1 2 3 4 56 7 &8 9 10 200
. g4 / 16
97
66

=
55
M (kDa) . :::-l,
26,6, __,‘Hsﬁ
|?.0\- _\29
14,2 24
6,50 - 20
% 55 \;.3

Obr. 5. SDS-PAGE elektroforegramy vybranych keratinovych
hydrolyzati pripravenych podle podminek IV a V, srovnava-
cich keratinovych hydrolyzati z ov¢i viny, kolagenniho hyd-
rolyzatu, Zelatiny a proteinovych standardi. Stopa: 1 — protei-
novy nizkomolekulovy standard (3,5-26,6 kDa); 2 — keratinovy
hydrolyzat ptipraveny dle podminek IV, experiment ¢. 4; 3 —
keratinovy hydrolyzat pripraveny dle podminek IV, experiment €.
7; 4 — keratinovy hydrolyzat piipraveny dle podminek V, experi-
ment €. 4; 5 — keratinovy hydrolyzat ptipraveny dle podminek V,
experiment ¢. 7; 6 — keratinovy hydrolyzat pfipraveny z ovci
viny; 7 — keratinovy hydrolyzat pfipraveny z ov¢i viny; 8 — kola-
genni hydrolyzat pfipraveny z chromoc¢inénych postruzin; 9 —
zelatina (extrahovana z kosti); 10 — proteinovy standard s Sirokou
distribuci molekulovych hmotnosti (6,5-200 kDa)

Optimalni podminky pfipravy keratinovych
hydrolyzatt

Optimalni  podminky  pfipravy  keratinovych
hydrolyzatd reflektuji jejich distribuci molekulovych
hmotnosti. Proto byly, na zikladé¢ vysledkli stanoveni
distribuce M,,, vybrany hydrolyzaty s nejvyssim podilem
sttednich, resp. vysoko-molekulovych frakci. Prvnim
znich je hydrolyzat pfipraveny podle podminek III
a experimentu ¢. 1 (viz obr. 3, stopa 6). Vzducho-suchy
hydrolyzat obsahuje 10,2 % N, 24,5 % popelovin, 2,9 %
siry a 0,29 mmol g”' -NH, skupin. Druhym je hydrolyzat
pfipraveny podle podminek V a experimentu €. 1 (viz
obr. 4, stopa 6). Vzducho-suchy hydrolyzat obsahuje
11,7 % N, 16,4 % popelovin, 2,2 % siry a 0,32 mmol g’1 —-NH,
skupin. Tretim pak rovnéz hydrolyzat pfipraveny podle
podminek V experimentem ¢.7 (viz obr.5, stopa 5).
Vzducho-suchy hydrolyzat obsahuje 12,0 % N, 14,6 %
popelovin, 1,9 % siry a 0,35 mmol g’1 —NH,; skupin.

Ke snizeni obsahu popelovin v hydrolyzatech, které
je pro nékteré aplikace nezbytné, lze vyuZit napf. dialyzu
nebo iontoménige®’. Dialyzou keratinovych hydrolyzati
pripravenych z ovéi viny jsme se jiz zabyvali*.
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Zavér

U keratinovych hydrolyzati pfipravenych z kufeciho
peti  2-stupiiovou alkalicko-enzymovou hydrolyzou
v prostiedi KOH za rtiznych podminek (koncentrace KOH,
doba 2. stupné hydrolyzy, pfidavek enzymu, teplota ve
2.stupni  hydrolyzy)  byla  stanovena  gelovou
elektroforézou (SDS-PAGE) molekulova hmotnost. Bylo
potvrzeno, Ze technologické podminky pti piipraveé
hydrolyzati maji vyrazny vliv jednak na ucinnost
hydrolyzy a slozeni hydrolyzati a také vyrazné ovliviuji
distribuci molekulovych hmotnosti hydrolyzati. Vhodnou
volbou podminek pii hydrolyze lze pfipravit hydrolyzaty
s prevazujicim  podilem  nizko-molekulovych  frakci
(M, <20 kDa), sttedné-molekulovych frakei (M= 20-70
kDa), ale rovnéz hydrolyzaty, u kterych jsou zastoupeny
vysoko-molekulové frakce (M,,>70kDa). Hydrolyzaty
s podilem stfedné- a vysoko-molekulovych frakei jsou
kvalitativné srovnatelné napf. s kolagennimi hydrolyzaty
pripravenymi ze S$lach, klihovky ¢i chromocinénych
postruzin a také s klihy. Keratinové hydrolyzaty by se
mohly vyuzit napf. pro vyrobu obalovych materialt (filmy,
povlaky, enkapsuldty). Optimdlni podminky pfipravy
keratinového hydrolyzatu jsou nasledujici: v 1. stupni
hydrolyzy piisobit na peti 0,3 % KOH pii 70 °C 24 h, ve
2.stupni hydrolyzy pridat 1% (w/w) proteolytického
enzymu Polarzyme 12T (Novozymes, Dansko) a michat
8h pti 50°C. Za téchto podminek je vysoka ucinnost
rozkladu (témét 84 %) a pfipravi se hydrolyzat s vysokym
podilem stfedné- a vysoko-molekulovych frakei.

Tento prispévek/clanek byl vytvoren za podpory
Operacniho  programu  Vzdélani  pro  konkurence
schopnost, ktery je spolufinancovan Evropskym socidlnim
fondem (ESF) a statnim rozpoctem Ceské republiky,
vramci projektu Pokrocilé teoretické a experimentalni
studie polymernich systemii (reg. cislo
CZ.1.07/2.3.00/20.0104), a za podpory Operacniho
programu Vyzkum a vyvoj pro inovace, jenz je
spolufinancovan Evropskym fondem regiondlniho rozvoje
(ERDF) a statnim rozpoctem CR, v ramci projektu
Centrum polymernich systémii (reg. cislo:
CZ.1.05/2.1.00/03.0111).
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The paper studies the influence of technological
conditions of alkaline-enzyme hydrolysis of chicken
feathers on molecular weight of prepared keratin
hydrolysates. Molecular weight (M,,) of hydrolysates was
determined by SDS-PAGE and electrophoretic profiles of
keratin hydrolysates were compared with electrophoretic
profiles of protein standards, technical-grade gelatine and
collagen hydrolysates. With the suitable choice of
conditions during hydrolysis it is possible to prepare
hydrolysates with prevailing portion of low-molecular
weight fractions (M,,<20 kDa), medium-molecular weight
fractions (M=20-70 kDa) as well as high molecular
weight fractions (M, >70 kDa).
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Abstract

Centrifugation method is employed for testing of
rheological effectiveness of sulphonated melamine-
formaldehyde condensate plasticizer in calcium carbonate
suspensions. It was found that yield values (critical normal
and shear stresses) are governed by the dose of additive
through the sorption of additive molecules on calcium
carbonate particles. Moreover, critical normal stress
increases with decrease of inter-particle volume of
suspensions.

Introduction

Ceramic materials are typically fabricated from
particles of the fine size range (i.e. less than 40 pm).
Concrete and mortar are classified as ceramic materials,
although containing a considerable wide range of particle
sizes — from less than 1 pm up to 20 mm. This size range
results from heterogeneous composition, which includes
cement (5 to 60 um), mineral fillers (1 to 100 um), fine
aggregates (0.1 to 5mm) and coarse aggregates (4 to
30 mm or higher in some special concretes) or stones'.

It might be expected that the rheology of such
complex material as concrete would be more complicated
than that of one of its constituent materials — cement
suspensions, but in fact fresh concrete provided to be
simpler. Considerable practical progress has been made in
concrete, and more recently, in mortar rheology”.

In the respect of concrete rheology, test methods are
divided into two groups in regard to whether the output of
the experiment gives one or two parameters’. Slump,
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penetrating rod and K-slump tests are related to the yield
stress because they measure the ability to start flowing.
Ve-Be time or remolding, LCL-apparatus, vibration, flow
cone, filling ability and Orimet apparatus tests are
connected to the viscosity since they determine the ability
of concrete to flow after the stress exceeds the yield stress.
Combining these two variables should give a better
description of the concrete flow properties’.

Tentative steps have been made to develop a method
that can measure both parameters at the same time. These
tests are provided using rheometers (BRTHEOM, IBB,
BML) which allow shearing at various rates, or a modified
slump cone test'.

Mortar can be considered to be fresh concrete without
the coarse aggregates and its testing has attractions for the
study of the effects of ingredients at small scale”.

Rheological properties of cement suspensions are
very important in terms of their influence on mechanical
properties of concrete and the methods used for concrete
are generally used in the cement suspensions rheology as
well. Because of the reactive complexity of hydration,
phase segregation and the influence of organic additives
there are many problems in the rheological measurements
of cement suspensions” 2.

The rheological studies of suspensions with mineral
fillers are not as complicated as cement suspensions
without fillers, because there is no influence of hydration
on testing conditions. However, in spite of concentrated
effort of many scientists, there is still anumber of
questions to be answered"”.

This paper presents the results obtained by
a centrifugation method the principle of which is to
determine the rheological (deformation) characteristics of
suspensions and inter-particle volume after the action of
external forces in a glass cell. Very fine quasi inert filler is
used to avoid the influence of chemical reactions on the
results.

Theory of method

The principle of centrifugation and parameters for
method evaluation is described in detail in ref.'*".

After the action of external (centrifugal) forces,
sedimentation of temporarily suspended solid particles
(bleeding) starts, and a quasi-equilibrium state sets in after
a certain period of storage. Grainy particles come into
contact with each other and form a skeleton with gaps
filled by an inter-particle solution. Its volume responds to
the volume of gaps (inter-particle volume); the remaining
amount of water is separated above the surface of the
specimen'*. Accordingly, the proportion of inter-particle
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volume (M) can be calculated using the following
relationship:

VI_Vd

__h-v (1)
V.+,-v,)

-100

V4 — volume of separated water (additive solution) after
centrifugation (cm3), Vs, V1 — volumes of solid and liquid
phases in suspensions before centrifugation (cm?).

Experimental

Calcium carbonate used contained 98.8 % CaCOs,
035% MgCO;, 045% SiO, and 03% ALO;.
Suspensions for centrifugation measurements were
prepared by mixing 13.5 grams of calcium carbonate and
13.5 grams of different concentration melamine-
formaldehyde condensate based additive solution. The cell
with suspension was immersed in an ultrasonic bath
Laboratory 10 (2 THETA ASE, s.r.o, model PS-40 made
in China ) for 15 minutes and centrifugation of the cells
with suspensions was conducted immediately after
homogenization (centrifugal maschine Rotofix 32, Hettich
Zentrifugen, diameter of glass cell 2cm). After
centrifugation, the separated water fraction was carefully
poured into a Petri dish. The weight of the cell with the
remaining amount of the specimen and that of the Petri
dish with separated solution (containing a small amount of
ultrafine particles and dissolved CaCO3) were determined.
The weight of separated water and the solid content in it
were calculated from the weights of the Petri dish before
and after 25 minutes of drying at 105 °C. Accordingly,
inter-particle volume was calculated using Eq. (1).

After centrifugation, sorption measurements followed.
In this case, separated water was used for UV spectra
analysis (Cecil CE 3041). The sorption was calculated
using the relationship:

_ V(co ~ Cl)
m

¢

Sr @

Sr — adsorbed amount of organic molecules on the surface
of solid phase after 15 minutes of interaction (mg g’l), V—
volume of additive solution (cm?®), ¢, — initial additive
concentration in the solution (mg ecm”), ¢, — additive
concentration in the liquid phase of suspensions after
centrifugation (mg cm ), m, — calcium carbonate mass ().

Further, size exclusion chromatography (Ultra-
hydrogel™ guard column from Water, Eschborn,
Germany; liquid system containing 0.05 % water solution
of sodium azide, and refractive index detector — RI 2414,
Waters, Eschborn, Germany) revealed two main fractions
of sulphonated melamine-formaldehyde condensate
additive: 55 % of fraction with a molecular weight of
350,000 gmol ™' and 30 % of fraction with a molecular
weight of 9,000 g mol ™.
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Results and discussion

In the respect of the testing additive effectiveness in
calcium carbonate (CaCOs;) suspensions, the impact of
critical normal stress o, and additive dose/additive sorption
on inter-particle volume M was followed. The correlation
characteristics obtained showed that the inter-particle volume
is from about 90 % (R* = 0.903) influenced by ox and
additive dose (MF dose), and from 92 % (R* = 0.917)
governed by oy and additive sorption (Figs. 1 and 2). As
revealed from the figures, the increase in additive dose and
oy leads to decrease in the inter-particle volume. For
example, the curve of M = 50.2 % shows the possibility of
reduction of critical normal stress (o) from 400 kPa (0 %
of MF dose) to 120 kPa (0.6 % of MF dose).

Experimental verification of the critical shear stress t
decay with increasing of additive dose and sorption of
additive molecules on CaCOj particles are demonstrated in
Figs. 3, 4. Moreover, the regression analysis of the testing
variables (influence of inter-particle volume and additive
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Fig. 1. Contour plot for inter-particle volume (M) as a func-
tion of critical normal stress (o) and MF dose (each contour
line is labeled with a number corresponding to M value)
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Fig. 2. Contour plot for inter-particle volume (M) as a func-
tion of critical normal stress (oy) and MF sorption (S,) — each
contour line is labeled with a number corresponding to M value
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Fig. 3. Contour plot for critical shear stress (t) as a function of
inter-particle volume (M) and MF dose (each contour line is
labeled with a number corresponding to t value)

dose/sorption on ) displayed a good correlation (R* was
68 %).

Decrease of T is in a certain relation with adsorption
of organic molecules on CaCOs; particles, changing the
zeta potential of particle surface to the negative values,
deflocculation and improving suspension fluidity. In this
respect, critical values of © can be used for rheological
characterization of suspensions as well.

Conclusions

Rheological effectiveness of calcium carbonate
suspensions modified with different doses of sulphonated
melamine formaldehyde condensate based additive was
tested using centrifugation. The impact of normal stress
and additive dose/additive sorption on inter-particle
volume as well as influence of inter-particle volume and
additive dose/additive sorption on limiting shear stress was
investigated using regression analysis.

Regression analysis showed very good correlation
characteristics between dependent and independent testing
variables. On one hand, it was found that inter-particle
volume of suspensions decreases with increase of normal
stress on the frontal surface and additive dose/additive
sorption; on the other hand, critical shear stress decreases
with additive dose/additive sorption.
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Abstrakt

V ¢lanku jsou popsany moznosti piipravy rizné
strukturovanych povrchii na bazi kiemiku (Si) s cilem
pfipravit  materidl sco  nejvétsi  hydrofobitou.
Strukturované povrchy s rozdilnym stupném drsnosti byly
pfipraveny metodou neizotropniho leptdni. Pfipravené
vzorky s riznymi povrchovymi profily byly modifikovany
monovrstvou organosilanti a nasledné charakterizovany
pomoci méfeni kontaktnich whlii smacéeni, mikroskopie
atomarnich sil (AFM) a skenovaci elektronové
mikroskopie (SEM). Bylo zjisténo, ze vhodnou volbou
podminek leptaciho procesu lze pfipravit povrchy s rtiznou
vyskou a symetrii leptaného reliéfu, coz v konecném
disledku  determinuje  spolu  stypem  pouzitého
organosilanu hydrofobitu povrchu. Dale bylo zjisténo, ze
nejvyssi hydrofobity dosahuji modifikované homogenni
povrchy s pyramidalni strukturou a vyskovymi
nerovnostmi okolo 5 pm.

Uvod

V ptirodé¢ se vyskytuje fada povrchi, které se
vyznacuji hydrofobnimi az superhydrofobnimi
vlastnostmi. Mezi nejcastéji zminované patii povrch
lotosového listu tvofeny bradavkovitymi utvary pokrytymi
voskem, ktery zajistuje nizkou energii volného povrchu.
Listy lotosu vyuZivaji vysokou hydrofobitu a z ni plynouci
antiadhezni  ucinky  jako  zaklad  samodisticiho
mechanismu. Podstata samoc¢isténi spociva ve sklouzavani
kapky vody po povrchu za soucasného nabalovani
necistot. Tento princip Upravy povrchu se dnes hojné
vyuziva v fadé pramyslovych aplikaci**'2.

Jednim z vhodnych substrati pro piipravu
hydrofobnich povrchil jsou kiemikové desticky, pouzivané
v elektrotechnickém primyslu. Metodou anizotropniho
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leptani  lze  jednoduchym  zpisobem  pfipravit
strukturované povrchy na bazi Si s rozdilnym stupném
drsnosti.

Pro leptani se vyuzivaji alkalické roztoky (KOH,
NaOH) s dalsimi slozkami, jako jsou alkoholy nebo
povrchové aktivni latky. Vyska nerovnosti vznikajicich na
povrchu zavisi na pouzitych podminkach leptani: leptacim
¢inidle, jeho koncentraci, teploté, dob& trvani procesu,
obsahu ptimési v leptaném materialu atd.® "

Jak bylo uvedeno vySe, pouhd zména drsnosti neni
dostacujici pro zvyseni hydrofobity. Nezbytnd je chemicka
modifikace povrchu, ktera vyrazné ovlivituje hydrofobni
chovani. Proto byva provadéna modifikace
strukturovaného povrchu pomoci organosilanu, ktery musi
byt na povrchu co nejlépe organizovan bez piitomnosti
nezadoucich agregata'!.

Cilem této prace je demonstrovat moznosti vyuziti
materiald na bazi Si pro pfipravu vysoce hydrofobnich
substrati a dale prostudovat vazbu mezi mirou nerovnosti
a typem vazaného organosilanu.

7 wr

Experimentalni ¢ast
Materialy

Pro experiment byly pouzity kfemikové ,,wafery*
s orientaci krystalu 100 (Si 100) a 111 (Si 111) dopované
borem, zakoupené od firmy ON SEMICONDUCTOR
Czech Republic, s.r.0.

Déale byly v experimentu pouZivany dva typy
chemickych modifikatori oktadecyltrichlorsilan (ODS)
a trichloroperfluorooktylsilan ~ (FAS), zakoupené od
spolecnosti Sigma-Aldrich. Z diivodu eliminace vzdusné
vlhkosti, byly vSechny kroky modifikace povrchu
provadény v hexanu (p.a.).

Ptiprava vzork

Cisténi Si-waferti

Z povrchu Si-waferi bylo nezbytné odstranénit
necistoty, které by pozdéji mohly mit nezadouci vliv na
samotny prubch leptdni. V prvni fazi Cistictho procesu
byly Si wafery ponechany 30 min v lazni sloZené
zNH4:H,0,:H,O0 v poméru 1:1:8. Nasledné¢ byly
oplachnuty de-ionizovanou vodou a vlozeny do lazné
HCLI:H,0,:H,O v poméru 1:1:8 na dalSich 30 min.
V poslednim kroku byly tyto substraty oplachnuty de-
ionizovanou vodou a ponofeny na 15 min do ¢istého H,O,,
s koneCnym  oplachnutim  de-ionizovanou  vodou
a vysuSenim. Tento postup Cisténi je standardn€¢ vyuzivan
k eliminaci negistot v primyslové praxi'. Temperace byly
provadény s vyuzitim termostatické 14zné¢ Mnistat 240-CC
NR Huber.
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Leptani Si-wafera

Proces anizotropniho leptdni probihal ve specidlné
zkonstruované leptaci cele za presné stanovenych
procesnich parametrii (teplota, slozeni a koncentrace
leptaciho Ccinidla, doba leptani, atd.) Pfed samotnym
leptanim byla kiemikové desticka oplachnuta ¢istym lihem
(p-a.) a osusena dusikem. Nasledné bylo do cely vstiiknuto
leptaci ¢inidlo slozené z KOH, isopropylalkoholu (iPAL)
a H20

Modifikace Si-wafert

Vyleptané kiemikové substraty byly modifikovany
pomoci 5 mM roztoku ODS v hexanu po dobu 30 min.
V dalS$im kroku byly vlozeny na 20 min do hexanu, po
vytazeni byly oplachnuty v kadince s hexanem a osuSeny
dusikem. V posledni fazi byly pfipravené substraty
vlozeny na 60 min do susarny nastavené na teplotu 150 °C.
Dalsim modifika¢nim c¢inidlem leptaného kiemiku byl
FAS. Modifikace pomoci FAS probéhla za stejnych
procesnich parametrii jako pro ODS. Uvedeny postup
pfipravy monovrstev organosilanem na povrchu Si byl
pievzat z literatury'.

Metody charakterizace povrchové topografie
a chemického slozeni

Charakterizace povrchti pomoci AFM

Topografie povrchii byla studovana mikroskopii
atomarnich sil od firmy Nanosurf, typ easyScan?2.

Pro méfeni byly pouzity nasledujici parametry
nastaveni statického rezimu AFM: skenovana plocha cca
50 x 50 mm, rychlost snimani 1 linie za 1,5 s, obrazové
rozliSeni 512 x 512 pixelt. Pro méfeni byla pouzita sonda
Silikon (CONTR-10) s konstantou tuhosti 0,2 N/m,
zakoupena od spole¢nosti Nanoworld.

Meéfteni kontaktnich 0thld smaceni

Kontaktni uhly smaceni vody byly stanoveny
metodou sedici kapky. Meéteni z pocatku probihalo na
pristroji SEE-System (Surface energy evaluation system),
vyvinutém na Masarykoveé Univerzit¢ v Brné€ (viz obr. 1a).

a)
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Pozd€ji pokracovalo meéfeni kontaktnich uhla
smaceni na nové vyvinutém systému DropCA, nové
vyvinutém na UTB ve Zlin€ (viz obr. 1b).

Metici systém DropCA je slozen z kamery
s makroobjektivem, difuzniho zdroje svétla,
manipula¢niho stolu, kryciho plasté a softwaru pro
automatické vyhodnocovani kontaktnich thli smaceni.
Prednosti nové vyvinutého systému jsou jasné patrné
z porovnani obrazovych zaznaml sedicich kapek (viz
obr. 2).

Jednotlivé kapicky vody byly nandSeny na povrch
mikropipetou vzdy ve stejném objemu (3 pul) a méteni
probihalo pfi laboratorni teploté 24 = 0,5 °C za konstantni
vlhkosti.

Vysledky a diskuse

V pfipad¢ vhodné zvolenych podminek leptani
(teplota, Cas, sloZzeni a koncentrace ¢inidla) lze pfipravit
diametralné odlisné povrchy. Na obr.3 je zndzornén
povrchovy reliéf pro lesténou stranu kiemikového
»waferu“ (Si 100). Zobrazovana oblast 5 x 5 pum byla
vybrana zadmérné, aby zdlraznila mikrostrukturu takového
typu povrchu. U kazdého z obrazkid jsou rovnéz uvedeny
naméfené hodnoty kontaktnich whlli smaceni pro ODS
a FAS.

Néznak vznikajicich pyramidalnich struktur Ize
pozorovat na obr. 4. Kiemikovy substrat byl vyleptan
pomoci roztoku obsahujicitho 20 hm.% KOH a 10 obj.%
isopropylalkoholu (iPAL) v de-ionizované vode pfi teploté

a) b)

Obr. 2. Sedici kapky (a) SEE-system, (b) DropCA system

Obr. 1. a) SEE-systém pro méieni kontaktnich ihli smaceni (vlevo), b) DropCA-systém (vpravo)
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Obr. 3. Topografie povrchu leSténého Siwaferu modifikova-
ného FAS. 3D obrazek (vlevo), 2D nahled (vpravo)

Tabulka I

Hodnoty kontaktnich thli smaceni v zavislosti na pouzi-
tém typu organosilanu a stfednich vyskovych nerovnos-
tech strukturovanych povrchii

Typ Si-wate ODS FAS Vyska reliéfu
[pm]

Si 100 108,0+0,3 109,4+0,2 0,01

Silll 98,4+0,3 112,5+0,5 0,12

Si 100 116,9+0,4 122,2+0,5 2

Si 100 119,2+0,3 125,240,3 5

Si 100 - 120,8+0,3 7

50 °C a dobé leptani 120 min. Tento strukturovany povrch,
modifikovany pomoci organosilani FAS nebo ODS
dosahoval nejvyssich hodnot kontaktnich whli smaceni
(viz tab. I).

Topografie prezentované na obr. 5 bylo dosazeno za
podobnych podminek jako v pfipad€ na obr. 4, nicméné

Pokrocilé teoretické a experimentalni studie polymernich systému

Sum

Hem  Gons=(119,2£0,3)°
0.0 = (12524 0,3)*

Obr. 4. Povrchovy reliéf Si100 leptany roztokem o sloZeni 20
hm.% KOH a 10 obj.% iPAL (2 h pii 7= 50 °C). 3D obrazek
(vlevo), 2D nahled (vpravo)

Cas leptani byl o 40 min kratsi a leptaci roztok obsahoval
pouze 5 hm.% KOH.

Z obr. 4 a 5 je patrna i zména maximalni heterogenity
povrchu z 5 na 2 um a zména hodnoty kontaktniho uhlu
smaceni o cca 3° v obou srovnavanych piipadech (ODS
nebo FAS modifikované povrchy). Rozhodujicim
faktorem pro dosazeni maximalni hydrofobity povrchu je
rovnomérné pokryti povrchu pyramidalnimi strukturami
(s nerovnostmi okolo 5 um, viz tab. I).

Pokud jsou podminky leptani nastaveny optimalné,
lze pripravit heterogenni substrat s velkymi nerovnostmi
(viz obr. 6). Ziskanim pyramidalni struktury a naslednou
modifikaci FAS bylo dosazeno kontaktniho uhlu smaceni
120,8 £ 0,3°. Z tohoto vysledku plyne, Ze rozhodujicim
faktorem neni maximalni nerovnost, ale jeji statisticky
vyznamna ¢etnost (viz srovnani obr. 4 a 6).

Kfemik vyznacujici se t€sné&jSim uspofadanim atomt
a minimem defektd se jen stéZi leptd pomoci neizotropnich
leptacich ~ ¢inidel>. Na obr.7 je demonstrovan
mikrostrukturné jemny substrat ptipraveny z Si 111.

o
s
4
A |
v
-
b

-

Obr. 5. Povrchovy reliéf Si100 leptany roztokem o sloZeni 5 hm.% KOH a 10 obj.% iPAL (80 min pti 7= 50 °C). 3D a 2D obrazek z

AFM (vlevo), 2D néhled ze SEM (vpravo)
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Obr. 6. Povrchovy reliéf Si100 leptany roztokem o sloZeni 5 hm.% KOH a 7,5 obj.% iPAL (35 min pfi 7= 60 °C). 3D a 2D obrazek

z AFM (vlevo), 2D néhled ze SEM (vpravo)

onm

Obr. 7. Povrchovy reliéf Sil1l leptany roztokem o sloZeni 2,5
hm.% KOH a 16,6 obj.% iPAL (80 min pii 7'=50°C). 3D
obrazek (vlevo), 2D nahled (vpravo)
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Jak bylo uvedeno vySe, topografickd struktura
a chemické slozeni povrchu jsou kli¢ovymi faktory pro
dosazeni superhydrofobnich vlastnosti povrchu. Proto je
nutné povrchové reliéfy ziskané pomoci leptani
modifikovat fluorovanymi organosilany, kdy —CF;—
skupiny na povrchu snizuji volnou povrchovou energii,
coz vede k zvySeni hodnot kontaktnich thlt. Pozadovany
organosilan by mél byt co nejlépe organizovan na povrchu
(viz obr. 8a, vpravo), tak aby bylo dosazeno maximalni
repelence vodni kapky. Dale by také nemél agregovat (viz
obr. 8b), proto je nutné nevystavovat ho vzdusné vlhkosti
a optimalné volit podminky povrchové modifikace™”.

CHy

b} CHs

CH\
TN CHy
HD’S'
é CH;
C CH: HO\s; OH
ol CHy

F

Obr. 8. Schematické navazini —CFs— skupiny na povrchu®® (a) organizace fluorovaného organosilanu na povrchu oxidovaného
substratu, (b) agregace (polymerace) monomernich jednotek na povrchu u nefluorovaného organosilanu
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Zavér

Metodou neizotropniho leptani byly pfipraveny rizné
strukturované povrchy s pyramidalnimi strukturami.
Z vysledkt méteni vyplynulo, ze hodnoty kontaktnich thli
smaceni se meéni s rozdilnym stupném drsnosti povrchu,
jak plyne z teorie™®'!. Nicméné samotna topografie
povrchu (vyska) neni jedinym rozhodujicim faktorem pro
dosazeni superhydrofobnich vlastnosti. Pro ziskani co
nejhydrofobnéjsiho  povrchu je nutné kontrolovat
homogenitu povrchového reliéfu a provést vhodnou
chemickou modifikaci pomoci organosilanu. Nejvyssi
hodnoty kontaktntho uhlu smaceni bylo dosazeno
urovnomérné vyleptanych a chemicky modifikovanych
povrchil s mirou nerovnosti okolo 5 pm, v pfipadé Si 100.
Naopak u kiemiku Si 111, ktery se po vyleptani vyznacuje

v

kontaktnich thlt smaceni.

Tento prispevek byl vytvoren za podpory Operacniho
programu Vzdélani pro konkurence schopnost, ktery je
spolufinancovan Evropskym socidlnim fondem (ESF)
a statnim rozpoctem Ceské republiky, v ramci projektu
Pokrocilé teoretické a experimentalni studie polymernich
systémii (reg. cislo CZ.1.07/2.3.00/20.0104), a za podpory
Operacniho programu Vyzkum a vyvoj pro inovace, jenz je
spolufinancovan Evropskym fondem regiondlniho rozvoje
(ERDF) a statnim rozpoctem CR, v rdmci projektu
Centrum polymernich systémii (reg. cislo:
CZ.1.05/2.1.00/03.0111). Ddle byl tento vyzkum
podporovan  specifickym  vyzkumnym  programem
Univerzity TomdSe Bati ve Zline (TBU No. IGA/
FT/2013/015).
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M. Rafajova®, A. Mina#ik™, P. Smolka™,
A. Mracek™", J. Maslik®, and M. Machovsky® (* Centre
of Polymer Systems, University Institute, Tomas Bata
University in Zlin, * Department of Physics and Materials
Engineering, Faculty of Technology, Tomas Bata
University in Zlin): Factors Determining
Hydrophobicity Silicon-Based Materials

The article describes the possibilities of preparation
of  differently textured silicon (Si) based surfaces,
providing a material with high hydrophobicity. Structured
surfaces with different degrees of roughness were prepared
via non-isotropic etching method. The organosilane
monolayer was deposited on the prepared samples with
different surface profiles and the surfaces were
subsequently characterized with goniometric methods
(sessile drop measurement), atomic force microscopy
(AFM) and scanning electron microscopy (SEM). It was
found, that the choice of the appropriate etching process
conditions can lead to surfaces with a different height and
symmetry of the etched relief, which together with the
type of wused organosilane defines the surface
hydrophobicity. Furthermore, it was found that the highest
hydrophobicity was achieved in organosilane modified
homogeneous surfaces with the pyramidal structure and
the roughness of about 5 pm.
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MOZNOSTI VYUZITI TENZIOMETRICKYCH METOD PRO CHARAKTERIZACI
SAMO-ORGANIZACNICH SCHOPNOSTI POLYSACHARIDU NA FAZOVEM
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Abstrakt

V ¢lanku  jsou  popsany  moznosti  vyuziti
tenziometrické Wilhelmiho metody pro charakterizaci
samo-organizacnich schopnosti polysacharidi na fazovém
rozhrani kapalina/vzduch. Pro ucely tohoto studia byl
zvolen vodny roztok 2 hydroxyethylcelulosy (2-HEC)
o riznych molekulovych hmotnostech a koncentracich
polymeru. Z vysledkt vyplynulo, ze Wilhelmiho metoda je
vhodné pro charakterizaci flexibility a mobility polymeru
na fazovém rozhrani. Nicméné tuto metodu lze brat pouze
jako relativni a to zejména kvili nemoznosti zachyceni
pocéatecnich zmén v procesu reorganizace polymeru na
fazovém rozhrani.

Uvod

z nejbéznéjsich typt
Nejcastejsi stavebni

Polysacharidy patfi mezi jeden
makromolekularnich latek v pfirod€.
jednotkou téchto makromolekul je monosacharid (-D-
glukosan. Tento typ makromolekuldrnich latek se
vyznaCuje schopnosti snizovat hodnotu povrchového
napéti na fadzovém rozhrani kapalina/vzduch, a to jiz pfi
malych koncentracich polymeru v roztoku=’. Naproti
tomu zakladni stavebni jednotky polysacharidid, jako je
sacharosa, glukosa, maji tendenci ke zvySovani hodnoty
povrchového napéti®®. Nutno dodat, Ze polysacharidy
neméni hodnotu povrchového napéti okamZité, ale jedna
se o Casove zavisly jev spojeny zejména s nasledujicimi
kroky:  difuzi  polymeru  k fazovému  rozhrani,
rozprostiranim a rozbalovanim polymeru na fazovém
rozhrani a vposledni fdzi sesamotnou reorganizaci
polymernich molekul na fizovém rozhrani>*‘. Rychlost
poklesu povrchového napéti je zavisld na celé fade
parametrti, jako jsou typ polymeru, jeho koncentrace,
molekulova hmotnost, viskozita, difuzni koeficient,
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mnozstvi hydrofobnich a hydrofilnich substituenti na
polymernim fetézci, flexibilita polymerniho fetézce, atd.*®.
Standardné jsou zmény povrchového napéti studovany
zejména metodou visici kapky. Mezi hlavni vyhody této
metody patii pouziti malého mnozstvi vzorku s moznosti
sledovat dynamické procesy na fazovych rozhranich od
jejich prvopoéatku bez nezadoucich vlivi>.

Cilem této prace bylo prostudovat samo-organizacni
schopnosti  polysacharidii, jmenovité¢ 2-hydroxyethyl-
celulosy na fazovém rozhrani za pouziti tenziometrické
Wilhelmiho metody, kterd zatim neni pro tyto ucely
dostatecné vyuzivana. Tento pfistup byl zvolen zdmérné
ve snaze demonstrovat moznosti zminéné metody.

Experimentalni ¢ast
Materialy

Jako modelovy systém byla pouzita 2-hydroxy-
ethylcelulosa (2-HEC) o stfedni molekulové hmotnosti
v rozsahu 90 000 Da az 1300 000 Da (Sigma-Aldrich).
Roztoky byly pfipravovany z de-ionizované vody
s vodivosti nizsi nez 0,08 uS cm™'.

Ptiprava vzork

Pro pripravu roztokll byly pouzity sklenéné lahve
vycCisténé pomoci kyseliny chromsirové, kyseliny
chlorovodikové, peroxidu vodiku, de-ionizované vody,
ethanolu a nasledné sterilizované pii teploté¢ 120 °C po
dobu 20 min. Rozpousténi polymeru probihalo v tempe-
racni lazni HUBER CC-130A Visco 3 pfi 30 °C za
neustalého michani na magnetickém michadle po dobu
3,5 hodiny. Nasledné byly roztoky filtrovany pies fritu
s velikosti pord 40-100 um. Takto pripravené roztoky
byly skladovany pfi teploté 5 °C.

M¢teni povrchového napéti

Meéfeni povrchového napéti bylo provadéno na
pristroji Kriiss K12 (Kriiss GmbH). Byl studovan vliv
koncentrace a stfedni molekulové hmotnosti na
povrchovém napéti. Pfed zapocetim kazdého méfeni byla
ovéfovana Cistota jednotlivgych misek a pouzitého
platinového plisku. Do takto pfipravenych misek byl nalit
vzorek pro naslednou temperaci trvajici 30 min. Pred
samotnym méfenim byl vzorek intenzivné michan po dobu
30 sekund, pak byl ponechéan v klidu 30 sekund a nasledné
byl méfen platinovou sondou po dobu 60-600 sekund pii
teplot¢ 30 °C. Jednotlivd meéfeni byla minimalné 3x
opakovana zdivodu ovéfeni  reprodukovatelnosti
ziskanych vysledkd.
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Vysledky a diskuse

Byl studovén vliv koncentrace a stiedni molekulové
hmotnosti na samo-organiza¢ni schopnosti 2-HEC na
fazovém rozhrani kapalina/vzduch. Pro ucely, tohoto
studia byla zvolena Wilhelmiho metoda, jako alternativni
piistup k metodé visici kapky’. Nutno dodat, Ze
Wilhelmiho metoda je extrémné citlivd na piesnost
provedeného méfeni. Ztohoto divodu bylo tieba
optimalizovat celou fadu parametri (pfiprava vzorku,
michani, temperovani) pro dosazeni reprodukovatelnych
vysledkli. Porovnani ziskanych zavislosti povrchového
napéti roztoki 2-HEC na c¢ase pomoci dynamické
Wilhelmiho metody s vysledky z metody visici kapky
prezentovanymi v literatufe’ ukazuje, Ze piitomnost
platinového plisku nema zasadni vliv na reorganizaci
polymeru na fazovém rozhrani kapalina/vzduch. To
znamena, ze nami ziskané vysledky koreluji se zavéry
prezentovanymi v literatute' . Nicmén& nami zvolend
Wilhelmiho metoda ma jednu zasadni nevyhodu. Pomoci
této metody nelze sledovat rychlé zmény povrchového
napéti u systémid srelativné nizkou molekulovou
hmotnosti cca 100 000 Da a vysokou koncentraci
polymeru v roztoku (obr.1). To je dano casovymi
prodlevami mezi vySe diskutovanymi kroky michani
a ustalovani rovnovahy v roztoku. Dale je tfeba dodat, Ze
sledovani rychlych zmén povrchového napéti v pocatcich
experimentu je nezbytné hlavné u vysokych koncentraci
polymeru.

Vlastni zména povrchového napéti v Case je v ptipadé
roztokli polysacharidii spojena s tfemi faktory: difuzi
polymeru  na  fazové  rozhrani,  rozprostiranim
arozbalovanim s naslednou reorganizaci na fazovém
rozhrani (obr.2). Voprvni fazi celého procesu je
rozhodujici difuze, tj. kritickymi parametry jsou
koncentrace polymeru a jeho difizni koeficient. Proto byly
pro zjednoduseni v prvotnich experimentech srovnavany
dva systémy o stejném hmotnostnim podilu polymeru
v roztoku (obr. 1). U polymeru s nizkou molekulovou
hmotnosti (M,,=90 kDa) dochazi pouze k pozvolnému
poklesu hodnoty povrchového napéti oproti polymeru
s vysokou molekulovou hmotnosti (M, = 1300 kDa).
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Obr. 1. Rychlost zmény povrchového napéti roztokia 2-HEC

pro rizné stiedni molekulové hmotnosti v zavislosti na ¢ase,
pFi stejném hmotnostnim podilu polymeru
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Obr. 2. Proces reorganizace polymeru na fazovém rozhrani
v Case

U polymeru s nizkou M, =90kDa dochazi k velmi
rychlému obsazeni fazového rozhrani molekulami
polymeru v pocatcich experimentu. Po tomto rychlém
procesu dochazi pouze k pozvolné reorganizaci polymeru
na fazovém rozhrani, jak je vidét na obr. 1. Naopak
u polymeru M,,= 1300 kDa je proces difuze, rozbalovani
a rozprostirani polymeru mnohem pomalejsi. Diky tomu
muizeme pozorovat vyrazngjs$i zmény povrchového napéti,
a to zejména pro vyssi koncentrace polymeru v roztoku

(obr. 3).
U roztoki snizkou molekulovou hmotnosti
(M, =90kDa) nepozorujeme  vyrazn¢j§i  zmény

povrchového napéti v Case s rostoucim podilem polymeru
v roztoku, tyto vysledky jsou zndzornény na obr. 3a.
Usystétmli s vyS$imi  molekulovymi  hmotnostmi
(My =720 kDa a M,,= 1300 kDa), obr. 3b a obr. 3c, se
mnohem vice projevuje vliv hmotnostniho podilu kvuli
pomalejsi difuzi, rozprostirani/rozbalovani a reorganizaci
polymernich klubek na fdzovém rozhrani kapalina/vzduch.
Diky témto faktorim muizeme sledovat vyrazngjsi pokles
hodnot povrchového napéti v dlouhych ¢asovych
intervalech. Pfi porovnani systému s vySsi stiedni M,
arozdilnym hmotnostnim podilem polymeru lze
vysledovat, ze pfi nizkém hmotnostnim podilu polymeru
(w 0,1 hm.%) nedochazi k vyznamnému poklesu
povrchového napéti. Naopak systémy s vysokym
hmotnostnim  podilem  polymeru  (w=10,5 hm.%
aw=1hm%) se vyznaCuji vyraznym poklesem
povrchového napéti. Tento fakt je dan skutecnosti, ze pii
nizkém hmotnostnim podilu nerozhoduje o zméné
povrchového napéti jen hodnota difuzniho koeficientu, ale
také pocet polymernich klubek vroztoku a jejich
schopnost reorganizace na faizovém rozhrani. Tyto zavéry
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Obr. 3. Zména povrchového napéti roztoki 2-HEC v zavislosti
na hmotnostim podilu polymeru v roztoku pro rizné stiedni
molekulové hmotnosti: a) M, = 90 kDa , b) M,, =720 kDa, c)
M,, = 1300 kDa

koresponduji s praci B. Perssona’ zroku 1999. Naopak
u roztokli s hmotnostnim podilem polymeru nad 0,5 hm.%
je pocet polymernich klubek v roztoku dostatecné velky
a o hodnot¢ poklesu povrchového napéti rozhoduji
vzajemné interakce polymerniho fetézce spolu s jejich
velikosti, coz je nejlépe vidét v obr. 3c, kdy u roztoku
s w=1hm.% byla zména povrchového napéti 7,2 mN m™'
za 60 sekund.

Zavér
Byl studovan vliv hmotnostniho podilu polymeru

vroztoku a stfedni molekulové hmotnosti na samo-
organiza¢ni schopnosti polysacharidii na fazovém rozhrani
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kapalina/vzduch. Pro méfeni byla zvolena Wilhelmiho
metoda. Z vysledkti vyplynulo, ze tato metoda je zejména
vhodnd pro systémy o vys$Sim hmotnostnim podilu
polymeru a vy$s$i molekulové hmotnosti. Dale z vysledkt
vyplynulo, ze Wilhelmiho metoda je vhodna spise jako
srovnavaci a neni uréena k ziskani absolutnich hodnot
povrchového napéti v pocatenich fazich experimentu.
Tato skuteCnost je déna velmi rychlou organizaci
polymeru o nizké M,, na fazovém rozhrani pred vlastnim
zapoCetim méfeni. Naproti tomu systémy s vySSi
molekulou hmotnosti potfebuji mnohem delsi ¢as pro
obsazeni fazového rozhrani a Wilhelmiho metoda
poskytuje daleko vice informaci o chovani makromolekul.

Tento prispevek byl vytvoren za podpory Operacniho
programu Vzdélani pro konkurence schopnost, ktery je
spolufinancovan Evropskym socialnim fondem (ESF)
a statnim rozpoctem Ceské republiky, v ramci projektu
Pokrocilé teoretické a experimentalni studie polymernich
systémii (reg. cislo CZ.1.07/2.3.00/20.0104), a za podpory
Operacniho programu Vyzkum a vyvoj pro inovace, jenz je
spolufinancovan Evropskym fondem regiondlniho rozvoje
(ERDF) a statnim rozpoctem CR, v rdmci projektu

Centrum polymernich systémii (reg. cislo:
CZ.1.05/2.1.00/03.0111). Ddle byl tento  vyzkum
podporovan  specifickym  vyzkumnym  programem
Univerzity Tomdse Bati ve Zline (TBU No. IGA/
FT/2013/015).
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E. Rajnohova™, A. Minafik™®, P. Smolka™”,
A. Mraéek™, and P. Urbanec” (“Centre of Polymer
Systems, University Institute, Tomas Bata University in
Zlin, " Department of Physics and Materials Engineering,
Faculty of Technology, Tomas Bata University in Zlin):
A Study of Tensiometric Methods for Characterization
of Self-Organizational Polysaccharides Abilities on the
Phase Interface

This article describes the use of tensiometric Wil-
helmi plate method for characterization of self-
organization abilities of polysaccharides at the phase
boundary liquid/air. Aqueous solutions of 2-hydroxy-
ethlycellulose (2-HEC) with various polymer molecular
weight and polymer concentration were studies. Results
revealed that the Wilhelmi plate method is suitable for
characterization of the polymeric chain flexibility and mo-
bility at the phase boundary. Nevertheless, this method
should only be considered as comparative, for it does not
cover the very initial changes in process of polymer reor-
ganization at the phase boundary.
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CHARAKTERIZACE REOLOGICKEHO CHOVANI SMESI HMW-PP/HMS-PP

PRO PRiPRAVU PLASTOVYCH PEN

PONGPRAPAT PIYAMANOCHA?, TOMAS
SEDLACEK®, PETR FILIP” a PETR SAHA®
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Klicové slova: polypropylenova péna, morfologie pény,
reologické chovani, tlakové zavisla smykova viskozita,
deformacni zpevnéni

Abstrakt

Morfologie polymernich pén vyjadiena velikosti pora
a hustotou je ovliviiovdna jak reologickymi vlastnostmi
vychozich polymernich materialli, tak i zpracovatelskymi
podminkami. V této praci bylo pro urceni smykové
viskozity a tlakové zavislého tokového chovani pouzito
modifikovaného  kapildrntho  reometru s regulaci
protitlaku. Elongac¢ni viskozita testovanych materialti byla
meéfena na rotatnim Sentmanatové extenziondlnim
reometru. Smési polypropylend o vysoké molekularni
hmotnosti a vysoké pevnosti taveniny byly chemicky
lehéeny za soucasného vytlacovani na dvouSneku se
soubéznym smyslem otaceni. Pro extruzi bylo vyuZito
specialné navrzené hlavy se slit kapilarou vybavené
restrikénim  vadlcem  umoznujicim  zvySeni  tlaku
v polymerni taveniné. Smykové chovani, deformacni
zpevnéni a tlak pdsobici na taveninu byly vyhodnoceny
jako klicové faktory pro optimalizaci procesu pripravy
pén. Vysledna morfologie polypropylenovych pén je pak
dana  nejen  koalescenci a  nukleaci  bublin
souvisejici s pomérem vstupnich materialovych slozek, ale
také nastavenim vhodnych zpracovatelskych podminek.

Uvod

Atraktivni polymerni material nachazejici stale vétsi
uplatnéni v oblasti mediciny je polypropylen (PP). Mize
za to predevsim jeho biokompatibilita, odpovidajici tuhost
arazova houzevnatost, vyborna chemicka odolnost
a sterilizovatelnost v kombinaci s pfijatelnou cenou.
VétSina produktd z homo-PP je nicméné pfipravovana
v kompaktni pevné formé spiSe nez ve formé pén, coz
souvisi s obtizemi pfi zpracovani pén v disledku
vyznamného vlivu elongaéniho chovani'. Bé&zny linearni
PP ma pomérné nizkou elongacni viskozitu a pevnost
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taveniny, z toho diivodu je tak nachylny k lomim tenkych
Casti b&hem zpracovani, a to obzvlasté pfi koalescenci
a praskani bublin. Jako vhodna modifikace se jevi vyuziti
komerc¢né dostupného polypropylenu s vysokou pevnosti
taveniny (HMS) PP. Jelikoz vSak tento material ma vyssi
cenu nez linedrni PP, dochézi pak obecné k hledani
kompromisu skrze michani obou materiald. Podle
Miinstedta® deformaéni zpevnéni zvy3uje odolnost tenkych
vrstev materiali béhem zpracovani. Také dalsi autofi’
poukazuji na to, ze deformacni zpevnéni a pevnost
taveniny maji tendenci zabrailovat koalescenci bublin pfi
procesu jejich rdstu. Pfi optimalizaci pfipravy pénovych
produktd je tedy dulezité optimalizovat reologické
vlastnosti vychozich materiali. Do dne$niho dne byla mala
pevnost taveniny PP kompenzovédna napf. pouzitim
nanoplniv®’, nebo bylo zvyieno deformaéni zpevnéni PP
pouzitim smési linearniho a rozvétveného PP (cit.*?). Bylo
prokazano, ze pouzitim smési rtiznych PP miuze byt
dosdhnuto lepSich reologickych vlastnosti nez pii pouZiti
¢istého PP.

Obecné je viskozita klicovou charakteristikou tavenin
polymeri. Jeji zavislost na teploté je bézné brana v uvahu.
V kontrastu s timto je tlakovy efekt na vlastnosti toku
polymerni taveniny ¢asto opomijeny. Toto zjednoduseni je
dostatecné pro standardni nizkotlaké technologie, jako
napf. extruze, vyfukovani nebo odlévani. Nicméné
v ptipadé vytlaCovani polymerni pény hraji tlakové
podminky kli¢ovou roli pro finalni morfologii pény.
Z tohoto pohledu je potifeba do popisu reologického
chovani zavadét také vliv tlaku a odvodit odpovidajici
matematické modely'* ">,

V této praci byly pouzity dva druhy polymerd a to
linearni vysokomolekularni (HMW) a rozvétveny (HMS)
polypropylen.  Zpracovani prob&éhlo na  specidlné
upraveném zafizeni zajiStujicim moznost popsani jak
smykového toku, tak i efektu tlakové zavislosti viskozity
taveniny. Oba typy PP byly smichdny v riznych
koncentracnich pomeérech, coz umoZnilo optimalizaci
vysledného materialu pro pripravu polymernich pén a bylo
rozsiteno  zpracovatelské okno HMW-PP (cit.'4).
Morfologie pripravenych pén byla urCena s vyuzitim
optické mikroskopie a navzajem porovnéna.

Experiment
Materidly

Pro experimentdlni prace byly pouzity dva typy
polypropylentt od spole¢nosti Borealis Polyolefine,
Rakousko. Prvni znich byl linearni HMW typ (BES52)
s molekularni hmotnosti 1 300 000 g mol ™" a indexem toku
taveniny 0,3 gmin'; druhy pak rozvétveny HMS typ
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(Daploy WB130HMS) s indexem toku taveniny 2,0 g min .
Jejich smési 30/70 (zkracuje se HMW/HMS 3/7) a 70/30
(HMW/HMS 7/3) v hmotnostnich % byly pfipraveny na
dvousnekovém vytlacovacim stroji Brabender TSE 20/40
(Brabender GmbH & Co. KG, Némecko). Pro ucely
dalsich experimentd byly takto pfipravené smési
vylisovany do desek o tloustce 1 mm. Pro urceni
misitelnosti a stanoveni charakteristickych teplot tavenin
bylo vyuzito diferencidlni skenovaci kalorimetrie (DSC,
Pyrisl, Perkin Elmer, USA) v teplotnim rozpéti 20 az
210 °C pii rychlosti ohievu a chlazeni 10 °C min™', ktera
byla za ucelem snizeni teplotni degradace testovanych
materiali provedena v dusikové atmosféte. Teploty tani
a krystalizace byly urCeny zpozice pikG pfi druhém
skenovani, coz eliminovalo efekt tepelné historie vzorkd.

Reologicka studie

Smykova  viskozita byla stanovena  pomoci
kapilarniho  reometru  (Rosand RH7-2, Malvern
Instruments, Velkd Britanie) modifikovaného zafizenim
pro regulaci protitlaku, umoziiujicim tak urceni tlakoveé
zavislého tokového chovani viskozity, detailné popsano ve
¢lanku Sedlactka a spol.'”. Pro ureni tlakové zavislé
smykové viskozity polymerni taveniny byly pouzity kapilary
o priméru 1 mm spomérem délky apriméru (L/D) 20
a 0,14. Zdanlivd smykové viskozita byla uréena v rozsahu
rychlosti smykovych deformaci od 35 do 3500s™ pfi
teploté¢ 210 °C (teplota zaru€ujici provedeni meéfeni
v celém rozsahu pro vSechny vzorky). Skute¢na rychlost
smykové deformace byla spoctena spomoci Rabino-
witchovy korekce.

Elongaéni viskozitni chovéni bylo ureno pomoci
rotatniho extenzionalniho reometru typu Sentmanat
(MCR501 Physica, Anton Paar, Rakousko), u né&jz jsou
vzorky mezi dvéma proti sob¢ rotujicimi valci namahany
jednoosym namahanim. Méfeni probihalo pfi rychlostech
deformace od 0,1 do 10 s™ pti 190 °C (teplota pti pripravé
polymerni pény) v atmosféte dusiku.

Vytlacovani pény
PP péna byla pfipravena na dvouSnekovém

vytlaCovacim stroji se stejnym smyslem otaceni (KETSE
20/40, Brabender), coz zarucovalo optimalni efektivitu

¢ Dvousnek
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Tlakové ¢idla

zamichani pouzitych nadouvadel. Napénéni bylo dosazeno
pouzitim chemického nadouvadla azodikarbonamidu
(Sigma-Aldrich Co. Ltd) o koncentraci 0,5 hm.%.
Vytlacovaci hlava byla opatiena kapilarou (navrzenou na
UTB Zlin) s obdélnikovym kanilem o prifezu 25 x 2
(8§ xv) o délce 100 mm. Podél kapilary byla v rozestupu
30 mm instalovana tii tlakova cidla. Vytlacovaci hlava
dale obsahovala nastavitelny uzaviraci ventil (viz obr. 1)
umoznujici zménu tlaku polymerni taveniny na vstupu do
hlavy (P, obr. 1), zatimco na vystupu (P,, obr. 1) zlstaval
tlak pfiblizné stejny.  Pouzity redukcni ventil byl
v pribéhu vytladovani nastaven do tfi riznych poloh: plné
otevieno, otevieno na pul aplné uzavieno. Timto
zpusobem bylo umoznéno uréeni tlakového efektu na
tokové chovani v prubéhu vytlatovani. Rychlost otaceni
Sneku se meénila vrozmezi od 20 do 50 ot/min
a v souvislosti stim, tak mohl byt vyhodnocen vliv
rychlosti smykové deformace na vyslednou morfologii
pény. Vytlacovaci teplota profilu smérem od nasypky
k hlavé byla nastavena nasledovné: 175/180/185/190/190 °C.
Pripravena  extrudovana péna byla po  vystupu
z vytlaCovaci hlavy ochlazovdna proudem studeného
vzduchu pfi pokojové teploté. Morfologie pény byla
charakterizovdna pomoci digitdlniho mikroskopu Leica
DVM2500 (Leica, Némecko) a dale u ni byla stanovena
objemova hustota podle normy ASTM D792.

Vysledky a diskuse

Misitelnost  testovanych PP smési mize byt
vyhodnocena z vysledktt DSC analyzy. HMW-PP a HMS-
PP reprezentuji misitelny par polymert diky rozdilnym
teplotam tani (163,7 °C a 160,2 °C) i krystalizace (124,4 °C
a 129,7°C), zatimco jejich smési vykazuji stfedni
hodnoty. Rozdily v teplotach téni a krystalizace u PP jsou
zpasobeny efektem rozvétvenych struktur v HMS-PP
a pomérn¢ vysokou molekularni vahou HMW-PP.

Tokové kiivky urcené z dat ziskanych jak pfi extruzi
¢istych PP, tak jejich smési, jsou zobrazeny na obr. 2.
Muzeme zde vidét zékladni monotoénni pokles skutecné
viskozity s rostouci rychlosti smykové deformace u vSech
testovanych vzork (pseudoplastické chovani). Nulova
smykové viskozita 1y a smykové viskozita HMW-PP je
vyrazné¢ vy$si nez u HMS-PP v celém rozsahu rychlosti

Uzaviratelny ventil

I/ L
Lt

Obr. 1. Naért experimentalniho zafizeni
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Obr. 2. Smykova viskozita polypropylenovych vzorki jako
funkce rychlosti smykové deformace p¥i teploté 210 °C

smykovych deformaci, coz souvisi s vy$§i molekulovou
hmotnosti. Viskozity jednotlivych smési pak lezi mezi
viskozitami obou Cistych polymert, coz naznacuje, Ze plati
aditivni pravidlo.

Tlakova  zavislost smykové  viskozity  byla
ohodnocena pomoci tlakového koeficientu viskozity B
vypocteného pomoci fitovani experimentalnich

viskozitnich dat pfi rlznych tlakovych podminkéach
modifikovanym Carreaovym modelem:

S
1+ (kr 27 ]

kde 7(7) reprezentuje viskozity jako funkci rychlosti
smykové deformace, 1, pfedstavuje viskozitu pfi nulové

(1)

n(7)=

1=
a

rychlosti smykové deformace, 7 je rychlost smykové

=
-
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deformace, K;, n, a a jsou empirické konstanty a f
zastupuje exponencialni rovnici:

f=e 2
kde B je tlakovy koeficient viskozity a P pfedstavuje tlak.

Obecné je tlakové =zavisla viskozita HMS-PP
vyznamné vys$§i nez u HMW-PP (viz obr. 3). Jak je patrné
z tab. I, smykova viskozita pfi nulové rychlosti smykové
deformace se v pfipadé porovnani obou ¢istych materiall
pri 210 °C 1isi vice nez desetinasobné. Z této tabulky je
také zfejmd platnost aditivniho pravidla v pfipadé¢ PP
blendi. Z dosazenych vysledku je ziejmé, ze rozvétvené
molekuly HMS-PP jsou téméf 1,5x citlivejsi k tlakovym
zménam nez molekuly linedrntho HMW-PP, coz je
v souladu s diivéjsi vyzkumem provedenym na
rozvétveném nizkohustotnim polyetylenu (LDPE), jak
popsal Sedlacek a spol."”.

Na obr.4 je zobrazeno elongacni tokové chovani
testovanych materialti. Z vysledkd je patrné, Zze zatimco
HMW-PP vykazuje linearni viskoelastické chovani
v celém rozsahu rychlosti smykovych deformaci, HMS-PP
a testované blendy obsahujici HMS-PP vykazuji
deforma¢niho zpevnéni, coZ je unikatni chovani pro
polymery s rozvétvenou strukturou. Lze si v§imnout, Ze po

Tabulka I

Nulova smykové viskozita 1 a parametry tlakové senziti-
vity viskozity B urceny z tokovych dat ur¢enych pomoci
Carreauova modelu pfi teploté 210 °C

Material Mo [Pa s] B [GPa']
HMS-PP 2240 55,2
HMW/HMS 3/7 5650 52,3
HMW/HMS 7/3 13600 50,1
HMW-PP 39200 38,2
b 4

10

Smykova viskozita (Pa.s)

10t

10°
Rychlost smyk. deformace (s™)

107

Obr. 3. Tlakové zavisla viskozita vs. rychlost smykové deformace pro HMS-PP (a), a HMW-PP (b) pFi teploté 210 °C. PIné ¢ary
reprezentuji fitovani experimentalnich dat pomoci modifikovaného Carreauova modelu
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Obr. 5. Hustota bublin a priumérna velikost bublin PP pén
jako funkce % HMS-PP p¥i riznych rychlostech otaceni Sne-
ku a plné otevieném uzaviracim ventilu

prekrogeni rychlosti smykové deformace s hodnotou 15
dojde u cisttho HMS-PP k ndhlému zvySeni elongacni
viskozity ve srovnani s HMW-PP. Dale je z vysledku
ziejmé, ze uroven deformacniho zpevnéni je umérné
mnozstvi HMS ve smési. S timto zvySenim viskozity
béhem protazeni (deformacni zpevnéni) souvisi omezeni
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koalescence vznikajicich bublin béhem expanze polymerni
pény.

Pres skuteCnost, ze polymery s linearni strukturou
maji ve srovnani s rozvétvenymi polymery vyssi tendenci
k nukleaci bublin®'®, tak z ddvodu absence deforma&niho
zpevnéni, maji stény pravé vznikajicich bublin, i pres
dostatecné vysokou smykovou viskozitu taveniny HMW-
PP, nedostatecnou pevnost proti jejich poruseni. Tento
fakt se nasledné projevi vyznamné nizsi hustotou porQ
u HMW-PP v porovnani s pénou HMS-PP jak je ziejmé
zobr. 5. Tento vliv je patrny stejné tak u blendd
obsahujicich rozvétveny HMS-PP.

Na obr. 5 je mozné porovnat i vliv rychlosti otaceni
$nekii. Na zadkladé dosazenych vysledki mlzeme
konstatovat, ze hustota bublin se zvySuje se zvySujici se
rychlosti otaCeni snekd. Tento fakt se da vysvétlit
snizenim viskozity taveniny pii zvySené rychlosti
smykové deformace, jez souvisi se zvySenim rychlosti
nukleace'”'®. Z tohoto divodu mize byt i pii zvySovani
produkce pén, za podminky zpracovani odpovidajiciho
slozeni vstupniho materialu, dosazeno vyssi hustoty
bublin. Na obr. 5b je znizornéna dosazend primérna
velikost bublin. Zatimco velké bubliny koresponduji
s nizkou hustou bublin, malé bubliny odpovidaji hustoté
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Obr. 6. Hustota bublin a priumérna velikost bublin PP pén
jako funkce % HMS-PP pii riiznych pozicich uzaviraciho
ventilu p¥i 40 rpm
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Obr. 7. Hustota pény PP jako funkce % HMS-PP pfi riiznych
rychlostech otaceni Sneku a pozicich ventilu

vysoké. Z vysledku je ziejmé, Ze ze smési obsahujici
vysoké mnozstvi HMS-PP jsou ziskdny homogenni pory
o malé velikosti.

V obr. 6 je skrze vliv polohy redukéniho ventilu (plné
otevfeny, otevieny na pul, pln¢ uzavieny) predstaven vliv
tlaku na velikost pori a jejich hustotu pfi rychlosti otaceni
$neku 40 ot/min. ZvySeni smykové viskozity taveniny PP
zpusobené zvysSenim tlaku zde patrn€ souvisi s linedrnim
poklesem rychlosti nukleace bublin, coz se projevuje vetsi
velikosti poérG s mensi hustotou. Naméfené hodnoty
hustoty PP pén jsou zobrazeny v obr.7. Jak je vidét
z téchto vysledkd, u pén s vysokym obsahem HMS doslo
ke zvySeni hustoty pény pii vysSich rychlostech otaceni
Snek.

Snizeni rychlosti nukleace bublin u HMS-PP spojené
sniz8i tendenci bublin ke koalescenci, vede u tohoto
materialu k tvorbé vysoko-hustotnich pén, zatimco pény
sniz§i hustotou jsou ziskany pfi pouziti smési HMW
a HMS polypropylenu. Kombinace téchto dvou materiali
tak pomoci rizného poméru rozvétvenych a linearnich
molekul s vysokou molekulovou hmotnosti poskytuje
polypropylenovou smés s nastavitelnymi reologickymi
vlastnostmi pro ptipravu pén s fizenou strukturou.

Zavér

Linearni  polypropylen s vysokou molekulovou
hmotnosti (HMW), rozvétveny polypropylen s vysokou
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pevnosti taveniny (HMS) a jejich smési byly hodnoceny
v této studii. Reologické chovani studovanych materialti
bylo hodnoceno s ohledem na jejich nasledné vyuziti pro
pfipravu polymernich pén. Standardni méfeni smykové
aelongacni viskozity bylo doplnéno vyhodnocenim
tlakovych zavislosti smykové viskozity. Vysledky
ukézaly, Ze zatimco HMW-PP mé4 vy$§i nulovou
smykovou viskozitu, HMS-PP s rozvétvenymi molekulami
vykazuje deformacni zpevnéni. Tlakové koeficienty
viskozity urené pomoci modifikovaného Carreau modelu
z dat ziskanych na kapilarnim reometru prokazaly, ze
viskozitni chovéani rozvétveného PP (HMS) je v porovnani
s linearnim PP mnohem vice =zavislé na tlakovych
podminkach toku. Pfi extruzi polypropylenovych pén bylo
zjisténo, ze morfologie pén souvisejici s optimalizaci
rychlosti  koalescence bublin mize byt u¢inné
kontrolovana nejen pomoci optimalizace poméru
vychozich slozek, ale také nastavenim vhodnych
procesnich teplotnich a tlakovych podminek. Bylo
prokdzano, ze pevnost taveniny podpofend pfitomnosti
deformacniho zpevnéni PP taveniny je béhem procesu
zpéhovani dilezitym faktorem eliminujicim protrzeni
stény vznikajici bubliny, naslednou koalescenci vice
bublin a tim se pevnost taveniny stavd stézejnim
parametrem fidicim velikost pora a hustotu extrudovanych
pén.

Tento prispévek/clanek byl vytvoren za podpory
Operacniho  programu  Vzdélani  pro  konkurence
schopnost, ktery je spolufinancovan Evropskym socialnim
fondem (ESF) a statnim rozpoctem Ceské republiky,
vramci projektu Pokrocilé teoretické a experimentalni
studie polymernich systémii (reg. cislo
CZ.1.07/2.3.00/20.0104), a za podpory Operacniho
programu Vyzkum a vyvoj pro inovace, jenz je
spolufinancovan Evropskym fondem regiondlniho rozvoje
(ERDF) a statnim rozpoctem CR, v ramci projektu
Centrum polymernich systémii (reg. cislo:
CZ.1.05/2.1.00/03.0111).
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P. Piyamanocha®, T. Sedlacek®, P. Filip®, and
P.Saha® (“Centre of Polymer Systems, University
Institute, Tomas Bata University in Zlin, " Institute of
Hydrodynamics, Academy of Sciences of the Czech
Republic):  Foaming of Polypropylene Blends:
A Rheological Study

In order to obtain any desired morphological structure
of polypropylene foams by extrusion process followed by
foaming, a rheological study of the original materials and
compounds is an inevitable prerequisite. Series of blends
made from high molecular weight linear and high melt
strength branched polypropylenes were prepared using
a twin screw extruder, and foamed by the use of CO,. The
shear-flow behaviour and strain hardening during
elongation were identified as the key factors for
controlling of the foaming process. The results of pressure
dependent shear-flow studies with the aid of capillary
rheometer equipped with backpressure chamber were used
as input information for tailoring of compounds suitable
for the foaming. The basic morphological parameters as
the size of the bubbles and their density might be
controlled by an interplay of material composition and
processing conditions which both influence the degree of
bubble coalescence and nucleation rate.
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Abstract

Volume relaxation of a-PMMA and a-PMMA/carbon
black composites during heating has been analyzed from
the heating scans. It concerns two ways of physical aging
initiation, temperature down-jump and cooling. Samples
were heated and v(7) dependency measured after
annealing at various aging times bellow T, Relaxed
volume was evaluated from peaks of o(7) dependencies,
derivated from v(7) curves. Good agreement between
isothermal relaxation measurements and relaxed volume
from heating has been found out. Presence of filler
particles in composite lead to reduction of relaxation
response and rate of relaxation changes in PMMA.

Introduction

The phenomenon of physical aging is connected with
the glassy materials and can be observed as a time-
dependence of the material properties at constant
temperature at ambient pressure. Microstructural or
molecular arrangement results, during the physical aging
process, in changes of macrostructural properties as
volume, V, enthalpy, H, mechanical and dielectric
properties. The term of physical aging can be also named
as a structural relaxation'.

Mostly used method of physical aging initiation is
cooling of the material bellow the glass transition
temperature, T,. This temperature is defined on particular
volume dependence on temperature during cooling as a
disruption, when the slope of the decrease changes from
liquid to glass value. Initiated physical aging in the
material is followed by the contraction of the volume or
enthalpy in the time. This decrease is preceded until the
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new equilibrium state is established' ™. Glass transition is
usually considered a second-order thermodynamic
transition, but there are some thoughts that it is a kinetic
effect only™’. The second-order transition concept is
supported by the fact that decrease of the temperature will
cause a disruption change in the temperature dependence
of basic thermodynamic functions (volume and enthalpy)
at the transition temperature. This also includes a step
change of their first derivative — the coefficient of thermal
expansion, o, and specific heat, c,. The theory, which
introduces glass transition as a kinetic effect, is based on
the fact that glass transition temperature 7, is not an
independent material constant, but instead of it is
a function of cooling conditions. Some authors*® present
another hypothesis: they assume that glass transition is
a first-order thermodynamic transition, their idea is based
on the dilatometric and calorimetric observations. The
characteristic effect appears when slowly-cooled or
annealed glassy specimens are heated through the
transition range, where showing an abrupt, almost
discontinuous increase in volume and enthalpy
temperature dependence before approaching the steady
state regime above T,. Consequently, o(7) and cp(7)
dependencies show a peak in the transition area before
reaching, at high temperature, values characteristic for the
liquid state’™. These peaks can be characterized by their
size, temperature of the peak maximum, 7in.x, and values
¢y and o at the top of the peak, ¢pmax OF Omax, respectively.
These parameters, commonly used for characterization of
the relaxation process, are affected by several factors: rate
of heating scan and an initial state of the glass, i.e. its
thermal history’ ". The increase of the heating rate shifts
the T to higher temperature in volume”® and enthalpy®
"1 The influence of thermal history is rather complex and
it is necessary to separate individual effects — annealing
temperature (distance from 7,), annealing time and initial
departure from an equilibrium. Decrease of the annealing
temperature below 7, leads the T« first to small reduction
(Ty — 4 < T < Ty and then to grow up significantly’*.
Longer annealing time and higher initial departure from
equilibrium cause shift of the T« to higher temperatures
of volume”®'? and enthalpylo’“’u. Values of Olmax O Cpmax
are influenced in the similar way as Ty, higher heating
rate increases values of Olpax (ref.7‘8), Cp,max (ref.lo"”‘m), as
well as longer annealing time in case of Gy (ref.”®) and
2,313,15

Cpmax (Tef. ).

Generally most observed characteristic of peaks is its
size on temperature dependency of c,. Usual literature
reviews” * represent size of the peaks as energy need to be
added to the sample to transfer it into a liquid state. This
additional energy corresponds to the energy disappeared
during the re-arrangement of molecules during the
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relaxation process. Moreover, calculation of relaxed
enthalpy is based on the changes of energy added to the
sample after previous relaxation. Enthalpy, which relaxed
at the time ¢ from the beginning of relaxation process is
usually calculated from:
T, T,
AH, = jcm (T)dT - jcpu (T)dT @

T h

where ¢, (7) is temperature dependence of specific heat of
relaxed sample at time f#, and cp(7) is temperature
dependence of specific heat of sample without relaxation,
representing only cooling/heating cycle of the sample and
temperatures 7', T, representing the begin and at the end of
the transition peak, respectively™.

According to some literature sources”™'? the
calculation of relaxed enthalpy from heating scans can be
adapted also for evaluation of relaxed volume from the
oT) dependency. Hutchinson et al. find and defined area
below peak in thermal expansion as relaxed volume. Based
on this assumption relaxed volume, AV, can be calculated

analogically to relaxed enthalpy, AH:

AV, =V, ja (T)dT -V, j a,(T)dT @

L L

where V, presents sample volume, o(7) is thermal
expansion coefficient of relaxed sample and o,(7) stands
for thermal expansion coefficient of sample without
relaxation, representing only cooling/heating cycle, 7 is
temperature bellow 7, (T7<7T,), and 7, is temperature
above T, (15>Ty).

Physical aging process is usually studied on pure
amorphous materials, but small number of works deals
also with influence of a filler dispersed in an amorphous
polymer matrix'®**?*. Before the influence of filler on
physical aging can be discussed, some basic remarks must
be mentioned concerning arrangement of filler in
composites and thermal properties of composites. It is well-
known that an addition of solid particles to a polymer is
accompanied by the formation of boundary polymer layer
near the solid surface of the particle. The thickness of the
boundary layer depends on the properties of solid surface,
characteristics of polymer phase, and also on the filler-
polymer interaction'®'®. It has been reported, that filler
addition changes thermal properties of pure polymers'® .
Solomko and Pas’ko reported decrease of the difference
between the values of specific heat in glass, ¢, and liquid,
¢pl, and increase of the 7, of 15 °C for the nanofiller of
specific surface of 175 m?g "' added in PMMA, while it
had no effect on 7, when PS was used as polymer matrix".
Their findings were later confirmed by Privalko'®* also
for polyurethane, and polydimethylsiloxane. In another
work Privalko® reports smaller increase of T, « by 5°Cin
PMMA, for the filler of micrometers size. A filler effect on
relaxation behavior of polymers arises from the slower
molecular motion in the interface zone'® ™, and results in
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longer relaxation time scale in filled systems at equal
temperatures, but shorter time scale at corresponding
temperatures  equidistant from the T, (ref.'822725)
Moreover, broadening of the relaxation time spectra®**
and decrease of volume relaxation rate” have been
reported in the literature.

The present paper presents the evaluation of relaxed
volume from the heating, analogically to the calculation of
the relaxed enthalpy, using a down-jump technique.
Evaluated relaxed volumes are compared with the
isothermal relaxation measurements. Moreover a filler
effect on the thermal behavior of polymer/carbon black
composites is investigated.

Experimental
Materials

Poly(methyl methacrylate), e-PMMA, Plexiglass 6N,
Rohm GmbH, density 1.19 g cm ™, M,, 90 kg mol ™, mid-
point enthalpic Ty,enn 94 °C which was blended with
acetylene Carbon Black filler (density 1.8 g cm™, mean
diameter 35 nm, average surface area 63 m’g ') to prepare
PMMA/CB composites. a-PMMA and CB were vacuum
dried for 12 hours before mixing, compounds with 10 and
20 vol.% content of CB in PMMA matrix in a laboratory
kneader (Plasticoder Plasticoder PL-2000-6) with W 50E
mixer type at 30 min' for 15 minutes at temperature
180 °C.

Experimental set-up

The volumetric measurements were carried out using
a Mercury-in-Glass dilatometry (MIG) constructed
according to ASTM Standard D 864-52 in our laboratory.
The accuracy of this method fluctuated slightly with each
specimen according to the appropriate amount of sample
and mercury in each dilatometer and dilatometer capillary
bore from 1.2x10° cm’/cm’ for pure PMMA, 2.0x10°
em’/em® for 10 % CB and 3.0x107° cm?/ecm’ for 20 % CB
content in PMMA, respectively. The appropriate
specimens were prepared by compression molding and
grinded to a bar with the cross-section approximately
(6x6) mm, and whole volume of specimen in units of cm’.
Before inserting of specimens into dilatometer, each of
them was annealed in a furnace at temperature slightly
above appropriate 7, in order to erase internal stress build
up during preparation procedure. Then the samples were
inserted into the dilatometers, dilatometers were sealed
and filled with filtrated high purity (>99.999 %) mercury
filled under vacuum. During filling procedure temperature
of the specimens was kept close above their 7, All
temperature programs were performed with help of two
precision thermostatic baths (GRAND W14, JULABO
HP-4) filled with silicon oil were used by immersing of
dilatometers into.

For enthalpic measurements differential scanning
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calorimetry, DSC, was used. Samples for DSC analysis
were prepared in the mass of about 6 mg. The temperature
program was carried out by a technique similar to the
dilatometric part. The samples were covered in aluminium
foil and placed into thermostatic bath HUBER CC-130A
Visco 3 in a strainer basket.

Procedures

Thermal analysis of PMMA and tested composites
was done during uniform cooling of the dilatometers from
equilibrium liquid state of the appropriate materials to
glassy state by cooling with rate 0.5 °C/min. 7,’s were
estimated from volume temperature dependences as
intersection of equilibrium liquid line with asymptotic
glassy line. Thermal expansion coefficients in liquid and
glass were calculated as slopes from the portion of the
curves, where volume varies linearly with temperature.
Densities of the samples were measured by weighting at
ambient temperature. Calorimetric analysis was performed
after previous annealing.

Enthalpic T,‘s of PMMA and its composites with CB
were evaluated from the heating scans at rate 10 °C/min
after previous cooling at 10 °C/min from equilibrium
liquid stat using instrument software.

Structural relaxation was initiated by temperature
change of the materials from their equilibrium state above
T, to temperatures below T, followed by isothermal
relaxation at relaxation temperature, 7,. Annealing
temperature, before temperature change, was chosen
approximately 7, + 20 °C for 20 min. Two ways of
solidification were used; first, temperature ramp of
thermostatic bath of rate 0.33 °C/min, and second, manual
transfer of the dilatometer from one to another bath
(temperature down-jump technique). After an appropriate
time of relaxation each dilatometer was heated to record
volume temperature dependence. Conditions of announced
procedures are summarized in Table I.

Temperature up-scans of annealed dilatometers were
performed by their heating through the 7, region by
constant rate of heating of 3 °C/min using temperature
ramp of thermostatic bath.

Final calorimetric —measurements of annealed
enthalpic samples were carried out using Perkin-Elmer
DSC 1 Pyris analyser. The temperature scans of samples
relaxed for time ¢, were performed on DSC at the heating
rate of 3 °C/min from 60 °C to 120 °C. Temperature and

Table I
Experimental conditions of temperature down-jumps
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heat flows of DSC were calibrated on heating at 10 °C/min
using indium standard.

Results and discussion

In the first part of this work, composites of a-PMMA
with CB were prepared. In these composites PMMA
creates continuous polymer matrix with distributed CB
particles. The typical character of CB distribution in
polymer matrix is shown in TEM micrographs, Figs. 1,2,
demonstrating the view on particles distribution in
a-PMMA/10%CB composition and a-PMMA/20%CB one
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Fig. 2. TEM image of a-PMMA/CB 20

Material T, [°C] Temperature change Relaxation times [hours]
PMMA 75;81 cooling ; T down-jump 0,14,192,520,1204;
0,22,47,97,282,812
PMMA/10%CB 75 cooling 0,14,192,520,1204
PMMA/20%CB 75 cooling 0,14,192,520,1204

s52
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Table 11
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Volumetric thermal properties of a-PMMA and its compositions with CB

Materials composition Tovol O o AoaF Immobilized matrix x,
[°C] [K™] [K™] (K] [%]
a-PMMA 84.3 2.22 5.92 3.85 0
a-PMMA/CB10 85.6 1.93 5.26 3.33 3.5
a-PMMA/CB20 87.2 1.38 4.28 2.97 4.6

respectively. CB particles are fluently distributed through
the composite in form of isolated carbon black particles,
but also they create agglomerate or CB chains. There was
not found any significant difference in particle distribution
between both compositions.

The macroscopic thermal properties of a-PMMA
matrix are changed by CB content, in more details
presented in Table II. Glass transition temperature increase
by presence of CB content from 84.3 °C for pure
a-PMMA, 85.6 °C for composite with 10 vol.% of CB, and
to 87.2 °C with 20 vol.% of CB composite, measured
during cooling by 0.5 °C/min. The error of evaluated glass
transition temperatures was calculated to be around + 0.2 °C.
This effect can be explained by different thermal
properties of PMMA interface on CB particles. The same
influence of CB particles on 7, of PMMA matrix was also
detected by DSC measured by cooling/heating cycle 10 °C/
min and evaluating appropriate values of 7;’s as the mid-
point of heat flow-temperature records during sample
heating presented also in Table II.

Thermal expansion coefficient above T, a,, and also
below T, o, are diminished by presence of CB. It leads to
decrease the value of difference in thermal expansion
coefficient in glass transition defined as Ao=oy—o. It is
caused by smaller value of thermal expansion coefficient
of CB comparing to PMMA, where measured macroscopic
properties seem to result not only from simple addition of
appropriate properties of the component, but also from an
immobilization of PMMA molecules on CB surface. This
effect is even more pronounced for higher CB content in
composition. Further, densities of the samples are
modified by the same additive principle. From such
thermal data one can calculate amount of immobilized
polymer by interface with CB particles using modified

Table 111

equation, which was presented by ref.'” for specific heat
measurements by analogy with thermal expansion
Ac

coefficient:
x:{l— —wf.]z(l—Aa—va
A ' Aa,

where wr and v represent weight and volume proportion
of filler in polymer matrix, respectively, Ac,stands for
difference in specific heat and Aa in thermal expansion
coefficient between liquid and glass of pure polymer
(denoted with subscript 0) and the same quantities
representing data for filled polymer without a subscript.
Applying a data in Table II one can obtain the amount of
immobilized polymer matrix 3.5 and 4.6 vol.% for
compositions containing 10 and 20 vol.% of CB,
respectively. The corresponding values of Ac, (Table III)
give results 2.2 % and 3.3 wt.% of immobilized polymer
for 10 and 20 vol.% of CB in PMMA matrix.

In the next experimental section the dependences of
volume on temperature during sample heating was
investigated. In this case the materials were heated from
temperatures below T,, where they are generally in non-
equilibrium glassy state, through glass transition region,
where they are melted and reach equilibrium liquid state.
Typical heating and cooling curves are presented in
Fig. 3a for PMMA measured by heating/cooling at rate 1 °
C/min. The material was maintained to anneal at 60 °C for
140 hours before heating. Comparing both curves, during
sample cooling and heating, one can clearly identify
typical hysteresis arising in glass transition region. Here
one can observe the typical behavior of glassy substances
during heating through T7,, almost step change in v(7)
dependency'™'***?* In the first step of heating, the

()

P

ch

Enthalpic thermal properties of a-PMMA and its blends with CB

Materials composition g.ent Ac, Immobilized matrix x,,
[°C] Dg'K'] [%]

a-PMMA 93.7 0.33 0

a-PMMA/CB10 96 0.28 2.2

a-PMMA/CB20 96.4 0.23 33

s53



Chem. Listy 108, s50—s58 (2014)

0.89
0.885 L cooling 1K/min ;j
¢ heating 1 K/min !

[=11]

C Vi
3, 0.88

-

O

£

= ,\f

= 0,875 o

ot o

= ,’cpé’o

‘S FT

2 oan 2>

& 087 ey

o
P
-,
&
T
10 T T

-
= 5 Lcooling 1K/min %

= 4 . A \

= ¢heating 1 K/min e

e [

B s 4

= | w%

: i

o ¥ By

2 6 I et asemaecn s
g L

»

g &

-] -

S. #/

5 4 3

= 2

£ &

E -

2 '%‘ﬁ:&:;w‘w

2 T ,
60 80 100 120

Temperature [°C]

Fig. 3. Isobaric volume (a) and thermal expansion coefficient
(b) cooling/heating curves of a-PMMA after isothermal an-
nealing at 40 °C for 130 hours

material follows glassy line and continues indeed through
T, measured by cooling. Then, after sufficient overheating
of the material through the extended liquid line, volume
change abruptly finds its equilibrium liquid state.
Derivation of w7) dependency according to
temperature gives course of thermal expansion coefficient
on temperature during sample heating, Fig. 3b. One
obtains peak in thermal expansion coefficient with
significant overshoot through values of expansion
coefficient in liquid state. In this case the maximum value
of the thermal expansion coefficient, o,.x, Which belongs
to the inflexion point of volume temperature curve, is
found to be 8.23x10* K™ at temperature Ty = 97 °C
comparing to a; = 5.90x10™ K. Finally, there was found
a significant shift of T, values determined by cooling and
heating. The 7, from cooling, usually evaluated as
intersection of equilibrium liquid line with asymptotic
glassy line, gives the value 84.3 °C for a cooling rate 1 °C/
min while from heating at the same rate it reaches the
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value 97 °C as an inflexion of volume abrupt, resulting in
13 °C difference. It is necessary note that such a difference
between these two T,’s results partly from shift of
transition zone by sample annealed for 4 months at the
room temperature.

Fig. 4 represents example of the DSC measurements.
One can observe the results similar to those shown in
Fig. 3b, which are typical for the methodology of
calorimetric measurements with adequate dependence of
a specific heat on temperature in glass transition region
during heating™'***. This experimental tool is usually used
for classical DSC calculation of the position of material’s
T, as well as for evaluation of relaxed enthalpy as
a enthalpy lost during samples annealing in glassy state by
integrating of the area below the peak according
temperature, between points where peak overlaps an
instrument baseline.

Figs. 5, 6, 7 and 8 (parts a) represent heating of
a-PMMA and both composites after different time of
annealing below T, while parts b of the same figures show
temperature  dependences of  thermal expansion
coefficients. Figs. 5 and 6 stands for pure a-PMMA
annealed at 81 and 75 °C, Fig. 7 for composition with
10 vol.% of CB annealed at 75 °C and in Fig. 8 the results
obtained for composition with 20 vol.% of CB annealed at
75 °C are demonstrated. Overall, (parts a) characteristic
abrupt on volume curves is shifted to higher temperatures
together with its increasing by extending annealing time.
This effect is manifested also in the case of thermal
expansion coefficient with annealing time (parts b).

The tests of pure a-PMMA were performed after
annealing at two different temperatures, in the first case at
81 °C = Tyvo1 — 3.3 °C, and in the second one at 75 °C =
Tovot — 9.3 °C, for annealing times up to 812 and 1204

4.5
Relaxation time t
< 1) hours
@ 65 hours
4 1 & 192 hours 'ﬁ

= 555 hours '
T e 1204 hours e "
> S
lC'-U 3.54 Tk
— it B
= s
[5] ah. B "
- & "} v
8 . & 3
= 4 st
=) 4 5 r:
= = Pa
(=9

o= ’
85

95 100
Temperature T ['C)

90

Fig. 4. DSC thermograms measured during heating after
aging at 75 °C for various times #,, as indicated
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Fig. 5. Isobaric volume (a) and thermal expansion coefficient
(b) heating curves of a-PMMA after isothermal annealing at
81 °C for various times ¢, as indicated. Cooling 7, curve is
added for comparison

hours, respectively, see Fig. 5 and Fig. 6 and a slight
influence of annealing temperature was observed. It was
found that shift of transition zone, measured by
characteristic points such as inflection point in v-7 records
or as a peak maximum, 7}y, in o-T dependence, are linear
in respect to logarithm of annealing time. Shift of the Tj,.x
with time of annealing can be quantified as a slope of
(dTmax/dlogt) dependency. This parameter gives value of
(2.61+0.43) °C/decade of annealing time for relaxation at
81 °C, slightly higher value for temperature 75 °C as
(2.69+0.28) °C/decade of annealing time. For
compositions with CB it gives values of (2.47+0.14) °C/
decade of annealing time for 10 vol.% of CB annealed at
75 °C, and (2.02+0.22) °C/decade of annealing time for
composition with 20 vol.% of CB annealed at the same
temperature. The effect of annealing on the maximum of
the thermal expansion can be also quantified, (dotya/
dlogf), giving values for a PMMA (5.97+0.97)x10™Y
K.decade for 81 °C and (5.72+1.12)x10 */K.decade at 75 °C.
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added for comparison

This calculation gives of (3.96 £0.67)x10 */K.decade for
composition containing 10 vol.% of CB value and
(3.06£1.41)x10*/K.decade for 20 vol.% of CB based
compound.

Analyzing parts b of Figs. 5 and 6 it was found that
thermal expansion coefficient in liquid, o, gives value of
oy = 5.85x107 for a-PMMA, close to the one from cooling
experiment according ASTM standard, o, = 5.92x10°* K.
Calculation of the thermal expansion coefficient in glass,
oL, gives slightly lower value from heating, approximately
2.05x10% K, than value obtained from cooling
experiment, 2.22x10*K™'. This is caused by original
course of volume, which in this region has a slope lower
than the measured during cooling. This result in higher
difference in oyanda, in heating scans, one can calculate
value of Ao around 3.80x10™* K" in comparison to
3.70x10* K for cooling experiment. The thermal
expansion coefficient was found to be nearly four times
higher in the maximum of o(7) dependency than thermal
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Fig. 7. Isobaric volume (a) and thermal expansion coefficient
(b) heating curves of a-PMMA with 10 vol.% of CB after
isothermal annealing at 75 °C for various times #,, as indicat-
ed. Cooling T, curve is added for comparison

expansion coefficient measured for liquid state; maximum
value of o(7) achieve 23.29x10* K at T,,=105 °C,
calculation of o coefficient in liquid gives a;=5.85x107* K.

Figs. 7 and 8 present data for CB composites annealed
at 75 °C, and subsequently reheated above 7,. The same
phenomenological aspects were found also in this case,
transition region is more pronounced and shifted to the
higher temperature by relaxation. Values of o, for both CB
compositions are the same as those from cooling: o=5.23x
10* K' for 10 % and ay=4.3x10* K" for 20 % of CB in
PMMA. The difference of thermal expansion coefficients
in liquid and glass is also higher when calculated from
heating Aa=2.02x10"*K™" for 10 % and Aa=1.73x10"*K
! for 20 vol.% of CB than from cooling Aa=1.73x10*K"
" for 10 % and Ao=1.58x10*K ' for 20 vol.% of CB.

The peaks in a(7) dependencies in Figs. 5, 6, 7 and 8
were integrated according to Eq. (2) and calculated relaxed
volumes are presented in Fig. 9. As can be seen, relaxed
volume increases linearly with logarithm of time. The
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isothermal relaxation curves at 81 °C and 75 °C are also
shown in Fig. 9 for comparison, exhibiting very similar
courses.

Another way of comparison measured and calculated
relaxed volumes is volume relaxation rate, (,, which is
also capable to compare relaxation kinetics in various
types of relaxed materials at temperatures well below 7,
following temperature down-jumps. This variable is
defined as slope of the contraction isotherms in the region,
where the specific volume varies linearly with the
logarithm of aging time™>'®, expressed by the following

dv

equation:
1
vidlogt, ). .

where f, represents relaxation time.
The calculation of B, using Eq. (4) gives value of
4.72+0.66x10* for the volume relaxation curve calculated

)

By =
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Fig. 9. Isothermal relaxation curves at 81 C for a-PMMA and
75 °C for a-PMMA and its blends with CB and its comparison
with calculated relaxed volume at appropriate temperatures

from heating experiment after relaxation at 81 °C,
exhibiting a good agreement with the 4.44+0.10x10°*
value evaluated from the isothermal measurement. Similar
result can be obtained also for relaxation measurement in
PMMA at 75 °C, where one can find B, = 4.10+0.42x107
from relaxed volume calculated from heating experiment,
and 4.27+0.25x10™* for isothermal relaxation. All these
values are close to those reported for a-PMMA in
literature: 4.3x107 (ref?’), 4.2x107* (ref.?®), 4.6x107*
(ref.>") and 3.7x10°* (ref.*?).

Presence of CB in PMMA lowered volume relaxation
rate; PMMA/CB system containing 10 vol.% of CB
achieves value 3.37£0.71x10™* in case of relaxed volume
calculated from heating experiment, and isothermal
relaxation measurements for the same material shows
3.68+0.23x10*. Addition of 20 vol.% of CB to PMMA
matrix results in higher decrease of both values of f,,
3.30+0.42x10™* for heating experiment and 3.21+0.21x10*
for isothermal relaxation.

Analysis of isothermal volume relaxation curves
(Fig. 9) and volume relaxation rate (Eq. 4) of PMMA/CB
composites, and its comparison with results obtained for
pure polymer, revealed the same effect; reduction of
relaxed volume and relaxation rate, caused not only by the
simple addition of appropriate properties of both
components, but also by immobilization of PMMA
molecules. This might be simply revealed by recalculation
of relaxation response to the pure a-PMMA; by its increase
by 10 and 20 % one may get the amount of immobilized
layer 3.7+1.1 % in blend with 10 vol.% of CB and 5.0+1.2
in 20 vol.% of CB in PMMA.
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Conclusion

The isobaric changes of volume and volume thermal
expansion coefficient during heating, after previous
annealing bellow 7, have been investigated. It has been
shown, that peaks in temperature dependence of thermal
expansion coefficient are analogous to those of specific
heat and integration of these peaks allows to evaluate
relaxed volume. Volume relaxation curve evaluated from
heating has been found to be equivalent to isothermal
relaxation measurement, although it brings higher scatter
of results.

Presence of carbon black particles in PMMA results
in changes in thermal properties, such as increase in T,
smaller Ac, and Ao. From the point of view of volume
relaxation, filler particles cause reduction of relaxation
response and relaxation rate. This finding points to the
presence of amorphous phase with modified properties by
proximity of filler as immobilized polymer layer on their
interface.
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Abstract

The relaxation and consolidation processes
accompanying the glass transition are linked in this paper
with an induction mechanism introducing a cooperative
character of relaxation into those processes. The induction
mechanism supplements the proposition underlying the
internal energy material clock used in a recently developed
thermodynamically consistent non-linear viscoelastic
theory modeling thermal and mechanical behavior of
amorphous polymers in the glass transition range'?. The
mechanism is introduced into the constitutive theory
framework where it replaces the stretched exponential
relaxation functions. The proposed modification is used to
describe the dilatometric behavior of PMMA during
heating from the glassy state after varying aging times.
The modified theoretical approach is found to produce
a fairly good description of the peaks in thermal
expansivity, both with regard to their intensity and position
along the temperature axis. The length of the aging period
in the glassy state is found to affect the material time scale
while the relaxation functions are unchanged.

Introduction

During cooling below the glass transition region
amorphous polymers undergo complex time-dependent
changes of volume, enthalpy and stress reaching a glassy
non-equilibrium state. Owing to this complexity, the glass

s59

transition is difficult to deal both experimentally and
theoretically. The investigation is thus mostly limited to
independent tests specifying, e.g., the stress response to
strain, the volume change with temperature, etc. Recently
a thermodynamically consistent non-linear viscoelastic
formalism has been proposed to describe the behavior of
amorphous polymers in terms of parameters determined in
such independent tests'?. According to this theory the
nonlinearities associated with the glass transition are not
aresult of using of nonlinear parameters, but rather they
are a consequence of the developed thermodynamic
constitutive framework. The transition employs a material
clock based upon the potential energy and the stretched
exponential representation of relaxation functions.

In contrast to the initial equilibrium of a rubbery
polymer, the non-equilibrium glassy state is associated
with time dependent processes known as physical aging.
Basically, aging is the approach to equilibrium of
adisturbed system accompanied by changes in
thermodynamic, mechanical and other physical properties.
Changes in volume, enthalpy and the time dependent
response to mechanical stresses at different stages of the
aging process are important for all users of polymeric
materials. The time dependence of the glass transition
appears to provide a natural link to aging processes,
a circumstance often reflected in the models used to
describe such phenomena. A natural consequence of this is
a pronounced dependence of the melting process (solid to
liquid transition) on the degree of structural consolidation
reached during the aging process.

During aging following a simple cooling or
quenching step the volume of the sample decreases in a
monotonic fashion, reflecting the change in molecular
mobility due to closer molecular packing’. Dilatometric
measurements thus appear to represent a suitable tool to
follow the extent of the consolidation process. In the
present paper we use this method to study the glass-liquid
transition in atactic poly(methyl methacrylate), a-PMMA,
during constant rate heating of glassy samples aged for
various periods of time. The influence of aging is reflected
in the intensity and position along the temperature axis
(t-axis) of the peaks in thermal expansivity appearing at
glass transition. For quantifying the melting process, the
thermodynamic formalism proposed in ref.'” is used. The
stretched exponential function applied in ref.'? in
connection with the material clock mechanism is in our
calculations replaced by a relaxation function based on
a simple cooperative mechanism® .
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Thermodynamic formalism
Nonlinear viscoelastic model

The set of thermodynamic constitutive equations,
which has been proposed recently to capture the wide
range of behavior observed in amorphous polymers, are
determined from the Helmholtz free energy using the
rational mechanics and the material time scale”. The
Helmholtz free energy is approximated by a Frechet
expansion in the temperature and strain histories about the
equilibrated state at the current temperature and strain. The
resulting Piola-Kirchhoff stress is given by

(1)
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The details of the constitutive theory as well as all
symbols are introduced in the cited papers. The basic
features of the above constitutive equations represent the
Hencky strain measure H, Iy the first invariant of H, the
material time ¢ and the prefactors i (k=1,2,3,4). The
Taylor series coefficients of the equilibrated stress Sy, and
entropy 1. as well as the prefactors yy define a relationship

to the glassy bulk modulus K ;f, the equilibrium bulk
K’é?f

modulus K7, the glassy shear modulus G;f, the
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equilibrium shear modulus G/, the glassy coefficient of
thermal expansion (CTE) a:f , the equilibrium CTE a7

the glassy heat capacity C;LZ and the equilibrium heat

capacity CZ/ at the reference temperature T, and

temperature change AT = T — Tl (ref.?). The Taylor series
coefficients used in the calculations are,

Y= (K ;ef - ZGo’:f / 3)/ Prg  Vir = _K:ff'a;‘ff‘ / Pres
Vo == pr /Trcf + K;/ (a;ﬁf )2 /pn’f

Yur = (l/pref XaKoo /aT)p

()

Vi = _(Kf//pmf X@aw /aT)p - (205;6/‘ /pmg/‘ XaKoo /6T)p

The used prefactors are given by,

g o= -2 {2
Pres 3 3 , )
; (ow, Y
v, = l/’zw +(%J
i, where (5)
ref ref
vi(T)=ys” +(a‘”3j AT+(8W3J I,
8T Iy a11-1 T . where (6)
ref _ ref _ re ref _re
l//3 __(ngagf _ijaoof)/ple’f s
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ref2
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The normalized relaxation functions fi(f'—s", ¢—u")
(k=1,2,3,4) depend upon two backward looking material
times and decay from one in the unrelaxed stay at (f'—s") =
(f—u") = 0 to zero in the fully relaxed state when either
argument goes to infinity. After the separation of the de-
pendence on two material times, the relaxation functions
are represented by a stretched exponential (Kohlrausch-
Watt-Williams, KWW) function

¢

)

t—s"

Tk

fk(t* —s*): exp —(
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where 1 denotes the relaxation time and Py the stretched
exponential.

The material time

The introduction of the material time { into the
rational mechanics framework postulates that the polymers
in the course of phase transition relax on this scale.
Contrary to the normal laboratory time, the material time
scale incorporates the effect of temperature and density on
the rate of polymer transition. The material time is defined

as ' = jdx/a(x) ,

where the viscoelastic shift factor a acts to compress or
expand the apparent timescale as compared to the actual
time interval measured in the reference state’. The factor
for the equilibrated system reduces to a form similar to the
WLF equation and is less than its equilibrium value as the
temperature decreases below 7.

The shift factor is expressed by means of the potential
energy that is used to define the configurational energy U,
log a = C,(U;*/U~1). The definition is associated with the
physical picture that the relaxation rates slow due to an
increase in the number of monomers in the smallest
cooperative region required to produce a transition®. Thus
as the configurational energy decreases, the number of
monomers involved in the transition increases. At low
temperature where the configurational energy is small, an
extremely large cooperative motion of many monomers is
required.

The above relaxation mechanism is associated by way
of the material time with the relaxation functions (Eq. (8)).
Those functions themselves reflect a kind of inner units
cooperativity. The distribution of relaxation times, T,
describing various types of time-dependent behavior of
solids or semi-solids are known to cover range of several
decades of logarithmic scale. Cooperative effects are
usually assumed to play a key role in this context. The
stretched exponential (KWW) functions are frequently
used to describe the observed time variation. Nevertheless,
such a description is basically a formal approach, since the
connection between the exponent of this function f,
defining the extent of stretching along the log f-axis, and
the cooperativity of the underlying elementary processes
has not been clarified.

The cooperative mechanism

The distributions of relaxation time relaxation times,
T, describing various types of time-dependent behavior of
solids or semisolids are known to cover a range of several
decades of logarithmic time. Cooperative effects are
usually assumed to play a key role in this context. The
KWW (stretched exponential) function is frequently used
to describe the observed time variation. Such a description
is basically a formal approach, since the connection
between the exponent of this function, defining the extent
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of stretching along the log t-axis, and the cooperativity of
the underlying elementary processes has not been
clarified.

In the present paper we make an attempt to replace
the KWW function in the normalized relaxation functions
in Egs. (/) and (2) by an expression formally representing
the time domain equivalent of a Bose-Einstein (B-E)
distribution. This expression, to be wused for

£(£.0)= 1, (£,0) = dn, (1,0)/dt _ =123 4, reads as follows

A I ©)
‘ by (1+/lk/bk)exp(/lkt)_l >

where A, denotes the rate of the relaxation, A =1/7y, and by
is related to the degree of cooperativity of the elementary
events. In contrast to the KWW function, which stretches
the 1 spectrum to both sides of the t — value entering the
exponential, Eq. (9) yields a spectrum extending towards
times shorter then t = 1/A. This is a consequence of the
mechanism underlying B-E statistics, implying that apart
from single elementary transitions, involving only one
relaxing unit, also double, triple, etc. transitions can take
place, leading to correspondingly shortened t values. For
double transitions the relaxation time is t/2, for triple t/3,
etc. Eq. (9) thus leads to a discrete T — spectrum with
a limiting T, value related to the parameter b in this
equation. To a high degree of approximation, such
adiscrete T — distribution is equivalent to a box-type
spectrum of T as used in describing various viscoleastic
responses.
Eq. (9) is the integral of the following relation

dy (10)

. b, .
’ :—/lknk[1+/11nk] ,

where the parenthesis contains the enhancement factor
appearing in the same way in a B-E energy distribution.
The notion that a similar mechanism can be applied to the
time evolvement of a system of discrete relaxing units
may need some comments. It may suffice here to note that
the basic idea behind statistical distributions of B-E or
Fermi-Dirac (F-D) is of a rather general type and not
limited to phenomena involving quantum mechanics. For
instance, when analyzing sorption phenomena the
exclusion principle of F-D statistics appears to be a useful
tool taking into account the effect of occupational sorption
sites’. In contrast to this there appears to be no attempts to
exploit the equally plausible inclusion mechanism of B-E
statistics in modeling time dependent phenomena in solids,
where independent processes are unlikely to occur and
where such a mechanism seems to offer an appropriate
statistical picture of the cooperative motion of the relaxing
units about which there is a general agreement.
Considering the limitations imposed on the motion of
these units by the free volume, it certainly is not
unreasonable to assume that a successful activation of
aunit leads not only to single transition, but facilitates
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simultaneous transitions of other units in its vicinity. This
is a basic idea behind Eq. (/0) leading in a natural way to
the formation of multiple elementary transitions
(relaxational clusters regions). The size distribution of the
clusters emerging from Egs. (9) and (/0) has been
calculated in ref.g, where it has been shown that simple
transitions are still the most numerous ones, and that the
frequency of larger clusters decreases as 1/size. If n
denotes the total number of units in a relaxing system, then
the relaxation rate expressed in terms of the decreasing
number of clusters, 7, is simply m =—An , implying that
the total number of relaxing units, n, is partitioned among
a smaller number of successful activations. From ref.®
further follows the expected result that the clustering
tendency decreases with time.

A stochastic treatment of the evolution of
a macroscopic ensemble in terms of the master equation
accounting for the B-E enhancement has been presented in
ref.’.

For stress relaxations in solids, including both
polymers and metals, the relation bny = 10 was found (b
determined from the inflexion slope of the stress-log time
plots, ny the initial effective stress). This corresponds to an
average cluster size taken over the entire process of 6, that
is my/ny = 6. By translating this into the formalism of the
stretched exponential one obtains § = 0.27 (= ¢/10) as the
value of the stretching exponent.
dn/dn =ii/n the

Introducing into

integration gives

Eq. (10),

n= %[exp(bn)— 1] , ()

where n denotes the number of unrelaxed units at a given
time, relaxing one by one or in clusters of varying size.
This is largely equivalent to the expressions obtained for
thermally activated processes where the activation energy
is assumed to depend in a linear manner on the relaxing
quantity.

With regard to the expectancy of clusters of
differential size a similarity can also be found with the
approach of Adam and Gibbs® starting from the
assumption that the rate R depends on the size z as

R~ exp(- zAu/kT) , (12)

where Ap is the energy barrier and z denotes the number of
units in a “cooperatively rearranging region”.

Experimental

The polymer used is Poly(methyl methacrylate),
a-PMMA, Plexiglas 6N, Rohm GmbH, density
p=1190 kg m>, M,, = 90 kg mol”', M,/ M, = 1.97. The
polymer contains 6 mol.% of methyl acrylate distributed at
random as determined by BC NMR (ref.').
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The dilatometric measurements were done with help
of Mercury-in-Glass Dilatometry (MIG) constructed
according to ASTM Standard D 864-52. The PMMA
specimen was prepared by compression molding and
grinded to form of bar with the cross-section
approximately 6x6 mm. The volume of the specimen was
3.24 cm’. Before inserting of specimen into dilatometer
the specimen was annealed in the furnace at temperature
close above T, to erase internal stress build up during
preparation procedure. Then it was inserted into the
dilatometer, dilatometer was sealed and filled with
filtrated high purity (> 99.999 %) mercury under vacuum
of about 2 Pa. During filing procedure temperature of the
specimen was kept close above its 7,. The accuracy of
volume change measurement by this method in respect to
the amount of PMMA, mercury and dilatometer capillary
bore achieve value of about 1.2x107° cm’/cm’. The
temperature programs were done with help of precision
thermostatic baths (HUBER CC-130A Visco 3, and
GRAND W14, Grand Instrument, Shepreth, UK). The
bath was filled with silicon oil where the dilatometer was
immersed into. The temperature fluctuations of the bath
reported by the manufacturer are £0.004 °C. Experiments
like temperature scans and isothermal annealing were
done. Cooling rates was selected to be 0.3 °C/min and
heating rates 3.0 °C/min. Erasing of thermal histories of
the PMMA was done by isothermal annealing at
temperature well above T till equilibrium. Temperature
up-scans were performed after cooling from equilibrium
state above T, to temperature 75 °C where PMMA was
allowed to isothermally relaxed for different period of
time, that is, 0 and 14 hours.

The calorimetric measurements were carried out
using Perkin-Elmer DSC 1 Pyris analyzer. Temperature
and heat flow were calibrated using indium standard. The
value of specific heat was calibrated on sapphire standard.
Temperature program, cooling and isothermal stages, of
PMMA were done in the thermostatic bath together with
dilatometer so at the same thermal conditions. For this
case a set of specimens for DSC was prepared, each
sample of the mass of cca 6 mg. The samples were
covered in aluminum foil and placed into thermostatic
bath in a strainer. Final calorimetric temperature up-scans
of annealed samples were performed in DSC apparatus
again as in volumetric measurements by rate 3 °C/min.

The values of bulk modulus were extracted from
cooling volume-temperature isobars recorded at 20—
120 MPa using piston-die type of pvT instrument
(PVT 100 analyzer, SWO Polymertechnik GmbH,
Krefeld, Germany) extrapolated on atmospheric pressure.
The temperature range was from 150 to 60 °C, the isobaric
cooling rate 5 °C/min.

Results

The effect of the physical aging time on the physical
properties of PMMA represented here by CTE in the
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course of the isobaric heating at the rate 3 °C/min and
zero-pressure is shown in Fig. 1. The symbols denote the
computed values from the corresponding temperature
dependence of the specific volume and the solid lines only
connect them. The aging time increases a diverseness of
CTE manifested by characteristic peaks corresponding
presumably to conformation changes of polymer chains.

The evaluated values of glassy CTE o, and
equilibrium CTE a., (Table I) are in good agreement with
values published in literature. Greiner and Schwarzl"
found for PMMA at cooling experiments with different
cooling rates ranging between 2.0-0.05°C/min, the
equilibrium CTE, o= 5.76x10*K™" and the rate dependent
glassy CTE values below T, o= 2.46-2.35 x10* K" The
published CTE values for the identical type of PMMA as
used in the present work are, o, = 2.17x107* K, o= 6.14x
10* K" (ref.””) and o, = 2.04x10* K, o= 6.07x10* K
(ref."). Finally, CTE values for glassy PMMA at T < T, were
found in the range 2.25-2.72x10™* K™ and the equilibrium
CTE at T > T, in the range 5.60-5.80x10 K" (ref.'*).

Isobaric variation of volume during heating of the
sample and its consequent conversion into the temperature
dependence of CTE are very rarely presented in literature
and only some works done by Hutchinson et al. can be
found"™"”. These mainly theoretical papers present results
of the heating scan of annealed PS sample at 80 °C for 256
hours and the heating rate ~ 1 °C/min which shows an
abrupt volume increase in the glass transition region. The
evaluated CTE peak value was about 3.4 times higher than
equilibrium CTE value measured at temperatures well
above 7.
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Fig. 1. The comparison of the experimental CTE values
(symbols) and the calculated predictions (dashed lines) using
Eqs.(1)-(7), (13) and (14). a/ no aging time prior to heating, b/
the aging timel4 hrs
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The Tablel summarizes the measured physical
properties and the model parameters in Egs. (/) and (2)
used to predict CTE. The reference temperatures 7T.r are
chosen to correspond to the CTE peak temperatures of
corresponding samples aging for different times. That
choice is made to find the optimal representation of CTE
data. Consequently, the glassy values and parameters are
identified for each scan corresponding to the aging time
history.

The computation is done with Mathematica Version
4. The iterative solution of Eq. (/) when setting the stress
to zero follows the same procedure as used in ref.” with an
exception that the relaxation functions are not represented
by the KWW functions (8). Instead of that there is used
the function emerging from the cooperative model of
relaxation discussed in section The cooperative
mechanism (Eq. (9))

Ca A 1 (13)
fk(t - )_a(l+/1k/bk)explﬂk(t*—s*)J—l ’

for k= 1,2,3,4 where by and Ay are positive constants and

ref
loga = Cl(U" —1] (14)
U(‘

where C;, U!? denotes the first and second WLF
coefficient, respectively, and U, the configurational energy

Uo=U, +W-v.)+T(1-1.) (ref'?). The double
integral terms associated with the Helmholtz free energy v

contribution to U, are negligible for isobaric tests'. Thus in
our case U, very nearly equals to the configurational

entropy U. =U. +T(7-7.,). The “glassy” limit for the

configurational energy Uoo,,,,, (Eq. 66 in ref.") is used in
computation.

The results of iterative evaluation of CTE are
presented in Fig. 1 together with the experimental data.
The relaxation parameters which were optimized in order
to provide the best data representation are listed in Table L.
The reference state temperature T is above the glass
transition temperature T,. Its chosen value is close to the
CTE peak temperature.

and

e . ¢odx
t —s =!m

Conclusion

The purpose of this paper is to examine the effect of
the aging time on the glass transition. The polymer
consolidation proceeds for various lengths of time before
the heating. For quantifying the transition process, the
thermodynamic formalism'? is used. The formalism is
modified by introduction of the relaxation functions (Eq.
(13)), which represent the assumed cooperative character
of relaxation. The material parameters used in the
computation are physically defined and determined from
the independent experimental measurements. The
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Table I
Material and relaxation parameters
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Constant Units All samples Relaxation aging times [hours]
0 14
T, °C 85
Tt °C 97 97
Clyof K 7.6 9.3
Cp Jkg'K 2400
Pret kgm™ 1128
o K' 0.00032
g
o K' 0.0006
K ref’ Gpa 2.6
g
K Gpa 2.1
cr Jkg'K 2200
Pg
c Jkg'K 2.300
P
C, unitless 30 30
U Jkg'! 8000 8000
Vi Jkg! 1.83x10°
yir JKkg' ~1.01x10°
Vit JK* kg -5.82
Vit J Kng *5.05)(103
Vit JK* kg 6.03
gy Jkg' 3x10° 5.05x10°
A JKkg' 279 349
T JK’kg 0.6 0.69
( ov, jf JK’kg™! -15 -9.04
or ),
ow V" JK* kg 0
3
( 6IH jT
b, unitless 0.0002 0.0003
M s 15000 15000
bs unitless 0.0003 0.0003
A3 s 50000 50000
by unitless 0.0001 0.0001
A s! 5000 5000
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agreement between the predictions and experiments is
reasonably good what indicates that the constitutive theory
captures the glass transition changes of the coefficient of
thermal expansion of PMMA.
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Abstract

Polymeric matrix with carbon based nanoparticle
nanocomposites based on Poly(methyl methacrylate)/
Multi-wall carbon nanotubes (MWCNT) were prepared by
solution/precipitation method. In the course of procedure
dispersions of MWCNT in PMMA methyl ethyl ketone
solution were sonicated followed by dispersions
precipitation pouring into non-solvent, water. Both types
of CNT materials were used such as pure MWCNT and
the same MWCNT after their adequate surface treatment
with help of oxidation/grafting of binding element/radical
polymerization. The aim of treatment was to covalently
attach organic material onto surface of CNT to process
their better dispersion in polymeric matrix leading to more
effective CNT reinforcement effect. The state of CNT
dispersion =~ was  characterized thought rheology
measurements with help of parameters like elasticity and
viscosity of the melt. Also the effect of sonication onto
pure PMMA matrix was analyzed.

Introduction

Carbon nanotubes (CNT) can be considered as very
promising filler for polymeric matrixes. It is mainly due to
their very high Young modulus reaching values of about
1TPa together with very high aspect ratio up to 10°~10°,
the promising is also their excellent electrical and thermal
conductivity. Although they have been already practically
used, substantial technological problems remain. At first, it
is very problematic to disperse CNT in a polymeric matrix
due to their insolubility in organic materials and also due
to strong tendency to agglomerate'”. Thus, it is very
difficult to de-agglomerate the bundles or ropes (in the
case of MWCNT* or SWCNT®, respectively) using
conventional methods of melt processing. Practically, in
the nanocomposites prepared by convectional melt mixing
methods agglomerates of nanotubes of micrometric size or
larger can be observed in the matrix, e.g. PP (ref.®),
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PMMA (ref’), HDPE (ref”®) or PA6 (ref’). The
aggregates of CNT considerably reduce the aspect ratio of
the tubes, and thus the reinforcing effect. Also load
transfer can be limited because of the bundles of
nanotubes; when some of the tubes are not bonded to the
matrix, they slip within the bundles, and it is easier for
them to slide out of the bundle than to break'®'!. Another
critical point referring to polymeric/CNT composites
seems to be the issue of a good adhesion between
a polymeric matrix and CNT surface. Generally, their
good compatibility is not expectedlz"13 although some
experimental works disprove this'*'>. Therefore the
development and innovation of CNT/polymeric
nanocomposites preparation methods is still a current
issue. Commonly used methods, such as mixing in the
polymeric melt, are being replaced by more efficient
methods using e.g. ultrasound as a stirring element. Other
efficient way to improve CNT dispersion in the polymeric
matrix and to increase transfer of tension through polymer/
CNT interface is chemical functionalization of CNT when
covalent bond of organic molecules or polymeric
fragments on CNT surface is being created. Probably the
most progressive method seems to be the process of CNT
oxidation'®'"” leading to creation of carboxyl and hydroxyls
groups which become a binding element for different
polymeric molecules'®?% The state of CNT dispersion in
polymeric matrix and interaction between CNT and
polymer matrix can be powerfully analyzed thought
rheology measurements™ >, It is relatively easy and
prompt indirect method.

Experimental

Multi-wall carbon nanotubes, functionalization and
PMMA matrix nanocomposite

MWCNTs produced by chemical vapor deposition of
acetylene were supplied by Sun Nanotech Co. Ltd., China
(diameter 10-30 nm, length 1-10 um, purity >90 % and
volume resistivity 0.12 Qcm according to the supplier). To
complete information about the MWCNTSs investigated,
we refer to our previous paper’™?’, where the results of
TEM analysis are presented in detail. Via micrography the
diameter of individual nanotubes was determined to be
between 10 and 60 nm (100 measurements) with the
average diameter and standard deviation of 15+6 nm, and
their length from tenths of micron up to 3 um. The tubes
consist of about 15 to 35 rolled layers of graphene, with
the interlayer distance of ca 0.35 nm. The functionalization
yielding oxidized functional groups covalently detached
onto surface of MWCNTSs were performed according to
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procedures described in previous studies for the mixture of
HNOs-H,SO, (ref.lé). The functionalized MWCNTSs are
denoted in the following as MWCNT (HNOs-H,SO,). The
functional groups detached on MWCNT (HNO;-H,SOy)
surface act in the next process as binding elements.
MWCNT (HNOs-H,SO,) were then functionalized by 4,4'-
methylenebis(phenyl isocyanate) (MDI) and metha-
crylamide (MAAm) to synthetize so called “CNT-
mer” (ref.?®). In this course active polymerizable vinyl
groups on CNT surface is incorporated finally used as an
element for growing of PMMA polymer chain during
consequential radical solution polymerization. Amount of
0.2 g of MWCNT (HNO3-H,S0,) were added in a 250 ml
round-bottomed flask filled with 50 ml of anhydrous
dimethylformamide (DMF) and 0.36 g of MDI and stirred
mechanically at 80 °C for 4 hours under N, atmosphere.
Finally 0.29 g of MAAm was added and stirred for another
8hours at RT. Two different MDI and MAAm
concentrations were used as in the first case mentioned
0.36 g of MDI and 0.29 g of MAAm and in the second one
larger excess of MDI compared to amount of expected
functional groups detached onto MWCNT (HNO;-H,SOy)
like 3.78 g of MDI and 2.83 g of MAAm. Prepared surface
treated filler was then again separated by
ultracentrifugation and added to 15 wt.% solution of
methylmethacrylate (MMA) in DMF with 1.5 wt.% of
AIBN as an initiator of polymerization and the mixture
was polymerized at 70 °C for 4 hours, both further denoted
as treated CNT filer like CNT/PMMA I and CNT/PMMA
I1, respectively. Final CNT based filer was again separated
by ultracentrifugation and finally mixed into PMMA
commercial polymer (DELPET 80N, Asahi Kasei
Corporation) by solution method. The CNT dispersion in
methylethyl ketone (MEK) with concentration from 0.1,
0.5, 1.0 to 2.0 wt.% of CNT on total concentration in
PMMA matrix were prepared by sonication using
thermostatic ultrasonic bath (Bandelin electronic DT
103H) at 70 °C for 4 or 8 hours followed by additional
2 hours using ultrasonic homogenized (Homogenizer UZ
Sonopuls HD 2070 kit) at 60 °C. The coagulation was
performed by pouring of prepared dispersions into mixer
filled by antisolvent — water and prepared composites were
vacuum dried at 60 °C till constant weight.

Characterization

MWCNTs (pure) were observed with the help of
scanning electron microscope (SEM) Vega LMU,
produced by Tescan Ltd. The samples were deposited on
carbon targets and covered with a thin Au/Pd layer. For the
observations the regime of secondary electrons was
chosen. Treated and separated tubes CNT/PMMA 1 were
analyzed via transmission electron microscopy (TEM)
using microscope JEOL JEM 2010 at the accelerating
voltage of 160 kV. The sample was deposited on 300 mesh
copper grid with a carbon film (SPI, USA) from MWCNT
dispersion in acetone prepared by ultrasonication, which
was deposited on the grid and dried.
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Thermogravimetric analyses (TGA) of the nanotube
samples like pure CNT, acid treated MWCNT (HNO;-
H,S0,), functionalized filers CNT/PMMA 1 and CNT/
PMMA 11, and pure PMMA matrix were carried out using
thermogravimeters Setaram Setsyt Evolution 1200 and TA
Q500. The samples were examined under inert atmosphere
of helium (5.5 purity, SIAD TP); the gas flow was
30 cm’ min ' at the pressure of 101.325 kPa (i.e. 30 sccm)
for all experiments. A platinum crucible was used for the
sample, the weight of which was about 4 mg. The
temperature was increased from 25 °C up to 950 °C at the
rate of 10 °C/min. CNT/PMMA 1 and CNT/PMMA 1II
materials were before measurement two times refluxed in
excess of MEK and centrifuged to remove residual
chemicals and non-bonded organics material to CNT
surface.

The states of prepared PMMA matrix with dispersed
CNT/PMMA 1 filer and influence of sonication onto
rheological parameters of PMMA solution were
characterized thought rheology measurements using the
Advanced Rheometric Expansion System (ARES 2000)
Rheometrics rheometer in terms of complex viscosity and
recoverable shear. It should be mentioned that the
recoverable shear, Srt, is the measure of the shear elasticity,
which is given by the following equation:

Nl
2t

Xy

Sr= ()

where N, is the first normal stress difference and t,, is the
shear stress. Considering the Cox-Merz rule” and the
similarity between N,/2 and storage modulus G’ (ref®),
Eq. (1) can be rewritten into the following form:
Sr= ?
no

)

where n* is the complex viscosity and o is the frequency.
In this work, the recoverable shear shown in Figures 4-5
was calculated by wusing rotational rheometry data
according to Eq. (2).

Results and discussion

SEM analyses in Fig. 1 part a) demonstrates class of
used tubes which are organized into bundle of entangled
tubes. Their diameters and length were determined
together with help of additional TEM analyses to be
15+£6 nm and up to 3 um, respectively. The TEM images
of CNT/PMMA 1 treated filer are shown in Fig. 1 b—c).
The TEM micrographs clearly confirm the presence of
organics material layer adhering onto the MWOCNT
surface. Here two different structures can be observed.
The first represents core-shell structure of MWCNT with
organics material layer on CNT surface, the second
represents organics material with shape of lamellas firmly
adhered on CNT surface. These materials were not solved/
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Fig. 1. a) SEM analyses of used MWCNT material as a bundle of tubes, b) and ¢) TEM morphology of MWCNT surface treated

tube like CNT/PMMA I

separated from CNT material during washing procedure so
it is considered to be covalently bonded to CNT surface.
These organic material originates from oxidized groups
(mainly -COOH) coupled with MDI and MAAm finally
with detached PMMA macromolecular chains. It is
considered that this material should be also partially cross
linked when several reaction sites on surface of CNT can
be in close vicinity.

Fig. 2 shows TG analyses of pure CNT, acid treated
MWCNT (HNOs;-H,SO,), functionalized CNT like CNT/
PMMA I and CNT/PMMA 1I, and of pure PMMA matrix.
As can be seen, pure MWNT shows hardly any
degradation in the used range of heating, here displayed up
to 700 °C; only very small mass loss of ca 3 wt.% at the
700 °C was observed. This decomposition is probably
caused by amorphous carbon contained in the original
material together with decomposition of functional groups
like O-C=0 or C-O also included in crude material®®. On
the other hand, oxidized tubes, MWCNT (HNOs-H,SOy,),
shows higher weight loss achieving at mentioned 700 °C

100

801

601

-action [%o]

Weight fi

300 500 700

Temperature, T [°C]

Fig. 2. Thermogravimetric analysis of as-received MWCNT
(a), HNO3-H2S04 oxidized MWCNT (b), functionalized CNT
filer denoted as CNT/PMMA 1 (¢) and CNT/PMMA 1I (d),
pure PMMA matrix (e)
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about ca 12 wt.%. This increase is probably due to higher
content of functional groups, mainly acidic sites (but also
—OH or C=0 groups) which should be expected to be
introduced during oxidizing process. Traces for CNT/
PMMA 1 and CNT/PMMA 1II, (line c¢) and d),
respectively) clearly shows two decomposition events.
The beginning of the first one for both specimens are
located at ca. 300 °C (47.8 wt.% mass loss), next smaller
one at ca. 410 °C (11.1 wt.% mass loss for CNT/PMMA 1
and 26.1 wt.% mass loss for CNT/PMMA II). The first
event probably represents decomposition of binding
elements like oxidized groups/MDI/MAAm bonded to
CNT surface. The second event should represent
decomposition of incorporated PMMA chains. There was
found relatively high amount of groups/MDI/MAAmM
detached on surface of CNT, for both specimens nearly the
same, but lower amount of PMMA in CNT/PMMA 1
compared with CNT/PMMA 1I. It is probably because of
higher amount of isocyanate groups free for bonding with
MAAm when higher excess of MDI was used leading to

10%
[ PMMA, T=220°C
=
©
o,
Pang
2 10t
Ix] [
L]
=
=
@
=
£
8 —— No sonification
—=— Sonification time = 4 hours -
———— Sonification time = 8 hours
3 1 1 1
1010'1 10" 10" 104
Frequency [rad/s]

Fig. 3. Effect of the sonication time on the frequency depend-
ent complex viscosity for PMMA polymer melt
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more mono MDI functionalized CNT. Line e) represents
decomposition of pure PMMA with initial temperature in
range of ca. 365 °C and fully decomposed at 450 °C.

In the first step, the effect of sonication time on the
complex viscosity of PMMA has been investigated (see
Fig. 3). It is clearly visible that increase in the sonication
time leads to decrease in complex viscosity which can be
taken as evidence that the PMMA degradates during the
sonication process. In the second step, the effect of CNT
content in the PMMA melt on its elasticity (recoverable
shear) has been investigated (see Fig.4). Obviously, the
increase in the CNT level in the PMMA matrix leads to

107 T=220"C

Sonification time = 8 hours

—4+— PWMA + 2% CNT
PhbAL + 1% CNT
[/ / ——+—— PWMA + 0.5% CNT
’ PMMA + 0.1% CNT
' —e—— PMMA,

Recoverable Shear [-]

1 1 ]
10" 10’ 10°

Frequency [rad/s]

107

Fig. 4. Effect of the CNT content in the PMMA melt on the
recoverable shear
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Fig. 5. Effect of the CNT surface modification on the recover-
able shear for CNT+PMMA composite
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increase in the PMMA melt elasticity. Finally, the effect
of the CNT surface modification, which is described
above, on the PMMA melt elasticity has been analyzed
through recoverable shear (see Fig.5). In this case, the
surface modified CNT in the PMMA matrix enhances the
melt elasticity more than no surface modified CNT which
suggest that the suggested CNT surface modification
might be good tool to improve the interaction between
CNT and PMMA polymer matrix.

Conclusion

Based on the rheological evaluation of the tested
polymer samples, it has been found that, firstly, sonication
of the PMMA can lead to degradation of PMMA
macromolecules. Secondly, the increase of the CNT
content in the PMMA/CNT nanocomposite may leads to
enhanced melt elasticity and finally, modification of the
CNT surface can increase the PMMA/CNT melt elasticity
more than no surface modified CNT.
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Polymer Systems project (reg. number:
CZ.1.05/2.1.00/03.0111).

REFERENCES

1. Ham H. T., Choi Y. S., Chung L. J.: J. Colloid Interf.
Sci. 286, 216 (2005).

2. Narh K. A., Jallo L., Rhee K. Y.: Polym. Compos. 29,
809 (2008).

3. Slobodian P., Lengalova A., Slouf M., Séha P.: J.

Reinf. Plast. Compos. 26, 1705 (2007).

Kathyayini H., Willems I., Fonseca A., Nagy J. B.,

Nagaraju N.: Catal. Commun. 3, 140 (2006).

5. Thess A., Lee R., Nikolaev P., Dai H. J, Petit P., et.
al: Science 273, 483 (1996).

6. Manchado M. A. L., Valentini L., Biagiotti J., Kenny
J. M.: Carbon 43, 1499 (2005).

7. Zhang Q. H., Rastogi S., Chen D. J., Lippits D.,
Lemstra P. J.: Carbon 44, 778 (2006).

8. Tang W. Z., Santare M. H., Advani S. G.: Carbon 4/,
2779 (2003).

9. Meincke D., Kaempfer H., Weickmann C., Friedrich

M., et. al: Polymer 45, 739 (2004).

Ajayan P. M., Schadler L. S., Giannaris C., Rubio A.:

Adv. Mater. 12, 750 (2000).

Schadler L. S., Giannaris S. C., Ajayan P. M.: Appl.

10.

11.



Chem. Listy 108, s66—s70 (2014)

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

Phys. Lett. 73, 3842 (1998).

Schulte K., Windle A. H.: Compos. Sci. Technol. 67,
777 (2007).

O. Schadler L. S., Giannaris S. C., Ajayan P. M.:
Appl. Phys. Lett. 73, 3842 (1998).

Wagner H. D.: Chem. Phys. Lett. 361, 57 (2002).
Wong M., Paramsothy M., Xu X. J., Ren Y., Li S.,
Liao K.: Polymer 44, 7757 (2003).

Rasheed A., Howe J. Y., Dadmun M. D., Britt P. F.:
Carbon 45, 1072 (2007) .

Hernadi K., Siska A., Thien-Nga L., Forro L., Kiricsi
I.: Solid State Ionics 741, 203 (2001).

Ramanathan T., Liu H., Brinson L. C.: J. Polym. Sci,
Part B - Polym. Phys. 43, 3269 (2005).

Kim M. H., Hong C. K., Choe S., Shim S. E.: J.
Polym. Sci., Part A - Polym. Chem. 45 4413, (2007).
Ha J. U., Kim M., Lee J., Choe S., Cheong 1. W.,
Shim S. E.: J. Polym. Sci., Part A - Polym. Chem. 44,
6394 (2006).

Xiong J. W., Zheng Z., Qin X. M., Li M., Li H. Q,,
Wang X. L.: Carbon 44, 2701 (2006).

Pokrocilé teoretické a experimentalni studie polymernich systému

s70

22.

23.

24.

25.

26.

217.

28.

29.
30.

Ramanathan T., Fisher F. T., Ruoff R. S., Brinson L.
C.: Chem. Mater. 17, 1290 (2005).

Zhang K., Lim J. Y., Choi HJ H. J.: Diam. Relat.
Mater. /8, 316 (2009).

Lalko M. P., Rakesh L., Hirschi S.: J. Therm. Anal.
Calorim. 95, 203 (2009).

DuF. M., Scogna R. C., Zhou W., Brand S., Fischer J.
E., Winey K. I.: Macromolecules 37, 9048 (2004).
Slobodian P., Riha P., Lengalova A., Saha P.: J.
Mater. Sci. 2010; DOI: 10.1007/s10853-010-5202-0.
Slobodian P., Riha P., Lengalova A., Saha P.: J.
Mater. Sci. 2011; DOI: 10.1007/s10853-010-5202-0.
Licea-Jimenez L., Henrio P. Y., Lund A., Laurie T.
M., Perez-Garcia S. A., Nyborg L., Hassander H.,
Bertilsson H., Rychwalski R. W.: Compos. Sci.
Technol. 67, 844 (2007).

Cox W. P., Merz E. H.: J. Polym. Sci. 28, 619 (1958).
Bird R. B., Armstrong R. C., Hassager O.: Dynamics
of Polymer Liquids, vol. 1. Wiley, New York 1987.



Chem. Listy 108, s71-s77 (2014)

Pokrocilé teoretické a experimentalni studie polymernich systému

FOCUS ON FUTURE TRENDS IN EXPERIMENTAL DETERMINATION OF CRACK

INITIATION IN REINFORCED RUBBER

RADEK STOCEK™”, ONDREJ KRATINA®,
and Ivo KURITKA®

“ Centre of Polymer Systems, University Institute, Tomas
Bata University in Zlin, Nad Ovcirnou 3685, 760 01 Zlin,
b PRL Polymer Research Lab., Nad Ovéirnou 3685, 760 01
Zlin, © Department of Polymer Engineering, Faculty of
Technology, Tomas Bata University in Zlin
stocek@cps.utb.cz

Keywords: crack propagation, fatigue analysis, fracture
mechanics, vulcanized rubber

Abstract

We concentrate our work to the description of the
state-of the-art and future trends in experimental
laboratory characterization concerning structure-property
relationship of unfilled and filler reinforced elastomers
with respect to the micro-crack’s initiation and its
propagation under the behavior simulating the real loading
conditions in practice. We theoretically describe the
fracture mechanism leading to the micro-crack initiation
and summarize the criterions, which are available for
experimental characterization of rubber fracture. We
describe  how the micro-crack initiation could
experimentally be analysed with common testing
equipment. Finally we show how the experimental fracture
analysis and surface investigation could contribute to
a description of the interaction between micro-cracks
initiation, fatigue and fracture crack propagation in rubber
under the real dynamic loading conditions.

Introduction

The fracture of materials is mostly an undesirable
process that reduces the service life of structural
components. Defects on nano- as well as micro-scale
commonly exist or arise due to exceeding of critical value
of structure toughness in every real material and are the
reason for creations of cracks on macro-scale. The fracture
mechanics investigates the behaviour of an existent crack
in a test specimen of a given material, whereas the
theoretical background is given as well as for initiation of
micro-crack but not supported with any experimental
methodology in comparison to the macro-crack behavior.
It is an important branch of material science and much
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effort has been already made to modify materials with the
objective of preferably high fracture toughness at specified
requirements with respect to other material properties.

Rubber materials are weakly cross-linked polymeric
materials. Due to the high internal flexibility, rubbers
exhibit large deformations even under weak external
forces above the glass transition temperature. The rubber
exhibit excellent damping behaviour and thereby the
rubber has a broad using in industry and technique.
Therefore the rubber is at most used in the application
where high dynamically loading is applied on the rubber
product. The most important high dynamically loaded
technique rubber parts are e.g. tire, timing belt, pressure
tube, rubber sealing, air shock absorber etc. Thus the
dynamical loading the rubber are exposed to strong fatigue
behavior leading to micro-crack initiation as well as its
critical propagation. Thus the rubber materials are usually
filled with hard nano-structured particles in order to
enhance different mechanical properties such as strength,
hardness, stiffness or abrasion resistance. The resulting
multi-scale structural hierarchies due to the phase
morphology, the distribution and dispersion of filler and
the multi-scale structure of filler itself influences the
fracture mechanical behaviour of rubber. Particularly these
characteristic behaviours are based on the filler network
build with the nanoparticles, size of filler cluster,
interaction of filler-filler- and polymer-filler-bonds and the
specific surface of filler under the identical compounding
conditions'?. Increased reinforcement of the rubber has
been according to the fracture mechanics defined as
increased crack growth or fatigue resistance”.

Fracture mechanics of rubber on micro-scale

There are two known different effects in filled rubber,
where the fracture of rubber matrix depends on the filler
cluster breakdown. The breakdown process is termed as
Mullins effect and is characterised due to stress-softening
in rubber at large dynamic deformations®. Similar to large
rubber test specimen deformations the breakdown process
proceeds at small-strain dynamic deformations in
dependence on dynamic viscoelastic properties of filled
rubber and is termed as Payne-effect'. Raab at all showed
in ref” that the carbon-black or silica consist of particles
with a rough surface forming aggregates in the 50—100 nm
range and these lead to formation of filler agglomerates
generally larger than 10 um and are termed filler clusters.
The filler cluster could be schematically substituted by
circle of the same diameter as the largest dimension of
cluster®’. The cluster may be broken down into aggregates,
but aggregates may not be broken down into primary
particle’. Therefore the breakdown of cluster, respectively
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the cluster dimension, hypothetically could define an
initial length of the crack in rubber. Beside the mechanical
energy could cause the rapture of more clusters at once and
thus to initiate the crack over cluster length. To describe
this phenomenon experimentally is a very important aim of
high scientific interest, which will help to understand the
fracture mechanics of rubber on the micro-scale.

For the carbon black filled elastomers differences
between their resistance against crack initiation and
propagation were found'?. The reason for the decreasing
of the crack resistance with higher filler content was found
in the complexity of the filler network and ascribed to
flash temperature effect within crack tip region®’. Reincke
described in ref.’ that the material reinforced with silica
showed a little different crack resistance behaviour
compare to the rubber reinforced with carbon-black. This
means, different mechanisms in carbon-black and silica-
filled rubber must contribute to enhancement of crack
resistance. It is known that due to their adjustable elastic
and viscous properties, especially the fracture mechanics
or crack growth depend on a lot of conditions and
processing parameters, respectively. Thus to gain the
physical understanding of crack initiation, propagation and
tear resistance of elastomers or viscoelastic solids, there is
ahigh scientific and technological potential for
understanding of process influenced fundamental material
specific fracture problems, specially due to the strongly
non-linear deformation behaviour. The micromechanical
mechanisms of crack initiation and propagation in
elastomeric materials are subject of high scientific interest,
because at present it is still not exactly known how these
processes start and how they proceed under quasi-static as
well as dynamic loading conditions. What are the reasons
for the crack initiation, its propagation and what are the
influences for the initiation time, crack growth velocity
and crack growth orientation? These are the main
important subjects of scientific research for investigating
of fracture mechanics of elastomers. Most efforts in this
field are based on the fundamental work of Rivlin and
Thomas'®, whereas the fracture behaviours were
investigated on the macro-scale and generalized an energy
balance criterion for rubber.

Energy balance of rubber fracture

Due to the ability to large deformations, an elastic
crack blunting can be observed, i.e. a crack opens up if the
specimen is loaded. However, this crack tip blunting is
reversible in contrast to the plastic crack blunting in
metallic materials'?.

Generally the fracture theory is based on the crack
propagation in the exact orthogonally direction to the main
stress and describe the energy necessary for the creation of
the new differential crack surface. It proposes, the strain
energy release rate is the controlling parameter for crack
growth and mathematically defined as,
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T =—(0U/0A). (1)
Where, T is tearing energy, U is the elastic strain energy, 4
is the interfacial area of crack and partial derivative
denotes that no external work is done on the system.

Energy balance can be evaluated from both, the
experimental and the numerical side. Experimental
characterization is related to the evaluation of energy
taken from loading and unloading curves, whereas
numerical evaluation can be either taken from loading and
unloading curves or by determining of energy J-Integral'":

)

Ou; )ds
Ox,

Ji = J(Wnk +o,n,
R

Where, W is the strain elastic energy density, » is the outer
normal unit vector of R, ¢ is the stress tensor, u is the
displacement vector and s is the element length.

The path independent of the J-integral allows an
integration path, taken sufficiently far from the crack tip
and thus the fracture parameters calculated with using
J-integral are independent on the direction of the crack
propagation'!. The commonly using of the on- or off-line
calculation of fracture parameters at the fatigue dynamic
fracture tests are not state-of the-art, therefore the tearing
energy criterion is commonly used for the fatigue dynamic
fracture analysis.

R

-
n

ds

Fig. 1. Definition of a contour R encircling the crack tip vicinity

Fig. 2. Schematic diagram of SENT test specimen
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Practice use of tearing energy

Rivlin & Thomas' formulated the tearing energy T
for rubber in single edge notched tensile (SENT) as well as
in pure-shear test specimens. For SENT test specimen (see.
Fig. 2) with a notch on one side, the tearing energy is
determined as follows:

T=2k-w-a (3)
Where w is the strain elastic energy density stored in the
un-notched test specimen, a — crack length and k — strain-
dependent term. An approximate relation for k was
determined by Lake'*:

% __ 4« 4)
Vi Al+e
where A = extension ratio; ¢ = strain and o is a fit

parameter. Furthermore, it was found by Kliippel® that the
parameter o does not agree with the literature value o =n =
3.14 proposed by Gent’. The value of the parameter o has
been determined by Kliippel® for various samples between
1.2 and 3.1. Thus the equation (3) takes than the following
form:

2-a (6)

Vlit+e

T=——w-a

i

w-a

Pure-shear test specimen is schematically visualized
in the Fig. 3 and has been characterized with the notch
length ay, which develops into the crack length a and is
sufficiently long compared to the length of test specimen
Ly. The test specimen can be divided into different regions.
Region A4, is unstrained and region C-D is in pure-shear
state, whereas the region C is identical with the pure-shear
state region C in the un-notched test specimen visualized
in the Figure 1 (right) and is geometrically defined as
follows:

_ "
Ax) = dx, :

) dy L X _ 1 0 ) Xy
l(y)—a—yfo—g(ﬁ“‘l LJ {0 S(y)"‘J L’J

Furthermore, there is an area of complicated strain
around the crack tip in region D, and a region of edge
effect shown as A, that is identical with edge effect region
A of un-notched test specimen. The increasing of crack
length by da, induces the moving of the region D along by
da, but the pattern of strain, and hence the energy stored,
remains unaltered. For a pure-shear test specimen’s
geometry the tearing energy 7 is considered to be

independent of the crack length:
T=wI, ®

Where w is the strain elastic energy density stored in the
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Fig. 3. Schematic diagram of pure-shear test specimen with
the visualisation of regions under different stress conditions

un-notched test specimen and L the length of not strained
test specimen.

Fracture mechanical treatment of failure due to
fatigue loading

Gent, Lindley and Thomas'  determined
experimentally the crack growth rate da/dn in dependence
on the tearing energy 7 for rubber materials. Figure 4
shows the typical relationship for a rubber material on a
double logarithmic plot. Lake and Lindley" divided this
plot into 4 regions which characterise different tear
behaviours. The crack growth rate da/dn depends on the
tearing energy 7 in each of the 4 regions in a characteristic
manner.

As long as the value of tearing energy T is lower than
Ty, crack growth proceeds at a constant rate » and the
crack growth is independent of the dynamical loading, but

I\ yil 1wy -
=
E
< m
L
= 1
g %
da m
y dn B.T
C
T, T,
I
log T

Fig. 4. Double logarithmic plot of crack growth rate da/dn vs.
tearing energy T for rubber material'®
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affected by the environmental attack and the crack does
not initiates.

)

The criterion of crack initiation is situated to the
boundary point between region I and II.

da

(10)

T=T,= AT -T)+r=r

In the region II between 7, and 7; one finds
a transition between a nucleation and propagation of crack
growth. The crack initiates in the range of the instable
crack growth:
(11)

T,<T<T, = %:A(T—TO)Hf
n

After this transient state the crack propagates in
aregion between T and T¢ of stable crack growth which is
denoted as region IIl. The relationship between fatigue
crack growth rate da/dn and tearing energy describe Paris
& Erdogan'® with the power-law:

d 12
T,<T<T, = d—a:B'AT’” (12)
n

where B and m are material constants. The region III was
utilised as the region that corresponds most closely to
crack growth rates found in the engineering fatigue range.

In the last region IV the tearing energy 7¢ proceeds to
the instable state of crack growth and the crack growth rate
will become essentially infinite.
da _

— =0C
dn

(13)

T=T. =

The relationship of crack initiation and crack growth
was demonstrated in ref.'™'” in the dependence of rubber
type and thereby of chemical specification of uncured
rubber components regarding to the experimental fatigue
analysis of NR (natural rubber) and SBR (styrene-
butadiene rubber). The results show, that in strain
crystallising rubber such as NR the crack growth is
delayed somehow by strain-induced crystallization at the
crack tip. On the other hand, non-strain crystallising rubber
like SBR will follow time-dependent crack growth
behaviour. With the next increase of loading amplitude i.e.
increase of tearing energy, the crack growth characteristics
of both analysed elastomers show also a difference of
crack growth increase as well. Gent et al.'* observed by
experimental comparison of NR and BR (Polybutadiene
rubber), that the initiation of cracks in BR starts at higher
tearing energy than in NR. Whereas the follows crack
growth shows a counter phenomenon of more rapidly
propagation of crack in BR in comparison to the rubber
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Fig. 5. Relation between crack growth rate da/dn and tearing
energy 7T of NR and BR"

test specimen based on NR (s. Fig.5). Could than the
strain-induces anisotropy or nature matrix resistivity to the
aging or loading conditions in comparison to the
synthetically matrix be the reason for the significant
different fracture behaviours? The results show the
hypothetically relationship of crack initiation and
propagation of rubber products based on nature or
synthetic rubber. This phenomenon should be investigated
according different fundamental rubbers (natural and
synthetic) based on specific material structures and curing
systems, whereas the localization of initiated cracks could
pointed the structure of rubber matrix predisposed to lower
resistivity to the fatigue failure. Besides the relationship of
crack initiation and instable crack propagation at higher
tearing energy should be investigated.

Crack surface

The crack surface exactly reflects the crack growth
rate. The dissipative processes are governed in
viscoelasticity due to dynamic loading, the material forces
as crack driving forces hast to be applied and the
relationship is focused to the vicinity of initiated crack
tip'®. The increase of tearing energy at high crack tip
velocities in non-crystallising elastomers is due to
viscoelastic dissipation in the vicinity of crack tip outside
of the fracture process zone. This dissipation contribution
can be ascribed to the decrease in the shear modulus in
glass transition. Due to uncompressible behavior in the
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Fig. 6. Fracture surface with denoting of the stable and instable are of crack propagation defined due to the different roughness.

The crack propagation proceeds from the right to the left

vicinity of the crack tip at low crack velocities respectively
at low tearing energy, the volume of the material cannot
increase as consequence of a positive hydrostatic stress
unless cavity are formed. At high crack tip velocities
respectively at high tearing energy, material dilatation is
possible in the vicinity of the crack tip'®. The fracture
surfaces of rubber test specimens created by high velocity
crack propagation are smooth on the macro-scale, whereas
the fracture surfaces created by low crack tip velocity
propagation are rather rough'®. Therefore, the reason for
instability in plot of the tearing energy against the crack tip
velocity seems to be a transition in the fracture mechanism
due to a change in volumetric behavior as a consequence
of different deformation mechanisms of the material at
short and long time. An exemplary fracture surface with
the different roughness in the stable and instable crack
propagation shows Fig. 6. This instability separates the
stable and unstable crack propagation. In order to
understand the processes within the fracture process zone
the topography of fracture surface was by Horst et al.*’
investigated at various length scales. They described the
fracture surface of filled rubber by different roughness
exponents in different directions and denoted the surface
as anisotropic. Horst et al.'® founded the roughness
exponents ¢ = 0,87+0,03 along the crack front and (=
0,70+0,06 along the crack propagation direction within a
certain range of length scale. Whereas Bouchaud et al.>'*
founded the roughness exponents ¢ = 0,80 for brittle
materials. The crack surface observation in the all studies
was performed on test specimen under the quasi-static
loading conditions far from the initiated crack. There is no
publication focused on observation and description of the
crack surface formed under the dynamic loading
conditions in the literature. Could the founded roughness
exponents by Horst et al.'® at quasi-static loading
conditions correspond with the roughness of rubber crack
surface created at dynamic loading conditions? What is the
scale of roughness exponents for the instable crack growth
at initiation of cracks?
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Concept of future experimental analysis of
micro-crack initiation

Firstly, the analysis will be fundamentally described.
It is necessary to establish an experimental measurement,
which firstly is able to localize the micro-cracks in the
structure of rubber test specimen, initiated after the aging
process. Secondarily it is necessary to create a new macro-
crack due to fatigue crack growth analysis. The surface of
created macro-cracks will contain exact localized micro-
cracks. The microscopic description of the crack surface
roughness exponent according to the crack growth rate in
the location outside of micro-cracks in comparison to
roughness exponent in location inside of micro-crack
surface will exact evaluate the crack growth rate of micro-
crack initiation. The microscopic observation of material
structure of the micro-crack tip vicinity will explain the
reason for the micro-crack initiation.

Secondarily we describe the analysis in more details.
The initiation of instability is caused due to more main
processes, which start with the micro-crack initiation. The
aging at oxidative atmosphere is according to the first zone
shown in the Fig. 4, the commonly proceeding process
that influences the micro-crack initiation. The process of
aging is linked to loss of mechanical properties over the
whole life-time of the rubber product”. Huang et al.**
studied the phenomenon of cyclic ageing on NR rubber.
They found, that for NR rubber, aging at lower
temperatures leads to a decrease in modulus, while at
higher temperatures leads to an increase in modulus. Bauer
et al.” studied the mechanical properties of skim tire
based on BR rubber under the oxidative aging with fill
gases 50/50 blend of N,/O, at various temperatures in the
range from 50 to 70 °C. They demonstrated the degreasing
of elongation-to-break and increasing of modulus versus
time of aging in the whole range of temperatures. This
degrading in mechanical behaviour leads to high
inclination of rubber material to the failure and proves the
initiation of micro-cracks. Heinrich et al. in ref.'
characterized the geometry of crack tip independent on the
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crack length in relation to the thickness of the test
specimen as linear line, which is oriented orthogonally to
the main strain according to the fracture theory formulated
by Rivlin and Thomas'’.

Thus for the experimental characterization of micro-
crack initiation the pools of selected test specimens,
according to the used following fatigue, fracture and
impact analysis, shall to be aged in oxidative chamber of
accelerated weathering testing instrument under the
variation of temperature and pre-stress conditions.

X-ray computed tomography (CT) is the most
important technique for a nondestructive visualizing
interior features within solid objects, and for obtaining
digital information on their 3D geometries. The using of
tomography in the scale of micrometer allows to
reconstruct the 3D geometry of test specimen and thus to
localize the micro-crack position and geometry in the aged
test specimens.

Generally the propagation of initiated micro-crack
proceeds during strain at lower tearing energy and could
firstly start with the high dynamic deformation of the
object (for examples the contact of rolling tire with the
profile of the road surface), which has considerable
E-modulus in comparison with the deformed rubber part.
After the proceeding of loading in the timing range of
milliseconds the deformation is enable and strained rubber
zone relaxes. This mechanism repeats in the frequency of
real mechanical dynamic loading. The crack propagation
corresponds with the applied process and is characterized
due to the crack growth rate.

The dynamic crack growth behavior of vulcanized
rubber is presently investigated in the SENT- as well as in
pure-shear test specimens. The SENT test specimen is
used in commercial studies of elasticity and fracture
mechanics of rubber. But in classical studies of fracture
mechanics of rubber the pure-shear test specimen featured
prominently because of the amenability to a simple
fracture mechanics analysis and large crack length used for
characterization of its surface'™. Stotek et al.’®
demonstrated that the values for tearing energies and also
crack growth rates for short crack lengths in SENT- as
well as in pure-shear test specimens are identical. On the
other hand they observed different stable crack growth rate
for short and large crack lengths at edge effect and in the
pure-shear range, where the crack at large length
propagates at higher rate. The definition of the pure-shear
range in dependence of geometry ratio firstly was
published in paper by Stoek et al.?’. Thus a minimal
allowed notch length in the test specimen, independent
from its geometry, could be defined and the simple
fracture mechanics analysis in pure-shear test specimens
was possible effectively to use. The better qualitatively
correlation with the orthogonally crack propagation to the
main stress was evaluated in the pure-shear range of pure-
shear test specimen in the comparison to the crack
propagation in SENT test specimen®’. Therefore the pure-
shear test specimen and this method will also be
recommended for determination of crack growth in rubber
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and characterization of crack surface. There is only one
commonly used test equipment for the quantitatively
description of dynamic crack growth working under the
real dynamic loading conditions concerning to the
independent loading function, based on SENT as well as
pure-shear test specimens — Tear Analyzer manufactured
by company Coesfeld GmbH?®,

According to the aim of the characterization of micro-
crack initiation the fatigue crack growth analysis of test
specimen pool under the real pulse-loading conditions is
necessary to be analysed. The aged pure-shear test
specimen shall to be used for the analysis. The crack
growth rate and tearing energy over the complete analysis
is necessary to observe.

Finally in order to understand precisely the influences
of relationship between crack initiation and growth the
structure of fracture surface, roughness profiles in the
localized zone of initiated micro-crack and the surface far
from this zone shall to be investigated by using of
scanning electron microscopy (SEM), whereas the analysis
is based on height-height correlation functions and
observation of crack surface topology. The SEM derives
from electron-sample interactions different information
about the sample including external morphology as well as
the chemical composition and for example crystalline
structure. Thus the recognizing of structure component in
rubber matrix, which is the reason for the micro-crack
initiation can be performed. Areas ranging from
approximately up to 1.5 nm could be imaged in a scanning
mode using conventional SEM techniques.

Conclusion

The work is concerning with a description of possible
experimental characterization of micro-crack’s initiation
and relationship to the crack growth in unfilled and filler
reinforced elastomers under the real atmospheric and
dynamic loading conditions supported by scaling and
characterization of initiated and propagated crack surface.
The determination of the crack surface roughness is the
one of the most important factor, which characterize the
crack growth velocity according to the fracture mechanical
treatment of failure due to fatigue loading. The crack
surface roughness can efficiently be performed according
to the mathematical approach based on evaluation of
roughness exponents in different crack propagation
directions. The roughness exponents will characterize the
derivation of relationships between different crack growth
velocities at crack initiation and its propagation according
to the different analysis, aging and loading conditions.
Due to using of this simple experimental method, it will
firstly be possible to characterize the reasons for micro-
crack initiation as well as to define its crack growth
velocity. Experimental works along these lines are in
progress and will be reported on elsewhere.
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Abstract

This work deals with preparation of CNT based
silicone composites with a view to control the value of
percolation threshold. To this end, the effect of organic
solvent N-methyl-2-pyrrolidone (NMP) on dispersion of
CNT in silicone (resulting in electrically conductive
composites) was studied.

Nanocomposites preparation comprised several steps:
(1) dispersing CNTs in aqueous solution of NMP; (2)
mixing them into a low viscosity silicone matrix using
sonication; (3) curing of homogeneously distributed CNT-
based composition by curing agent. As a result, three types
of composites differing in preparation method and with
different CNT content (0—7 vol.%) were prepared. DC and
AC conductivities as well as dielectric properties of
nanocomposites were studied. The results obtained show
that modification of CNT caused the increase of
percolation threshold from 2 (for unmodified CNT) to
4 vol.%. Such a shift can be explained by the insulation/
separation of individual CNTs. The separation of CNTs
decreases the probability of percolation cluster formation,
but increases the area of CNT-polymer matrix interface
leading to the decrease of charge transport.

Introduction

Conducting polymer composites typically consist of
apolymer matrix into which conducting fillers are
incorporated. These multifunctional materials have many
potential applications that include electromagnetic
interference shielding' >, electrostatic dissipation* and heat
dissipation®. Carbon nanofillers such as carbon black and
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carbon nanotubes are electrically conductive and useful for
improving polymer properties®. In recent years, many
researchers have shown that carbon nanotubes have unique
nanostructure and extraordinary physical and mechanical
properties. They are widely used as nanofillers to improve
electrical, thermal and optical properties of polymer
composites. However, the effective utilization of the
properties of nanotube composites depends on the quality
of their dispersion and the level of interfacial boxing of
nanocomposites’. Uniform dispersion and distribution of
carbon nanotubes throughout the matrix is difficult to
obtain due to their tendency to form agglomerates during
synthesis because of strong van der Waals attraction
among individual tubes. This together with their large
aspect ratios leads to CNT clumping. In the polymer
composites these agglomerates decrease the surface area
and disturb the formative network structure which is
essential for improving electrical properties. Therefore, the
main task of processing is to dissolve such agglomerates to
obtain uniform dispersion. This is required to realize the
full potential of the nanotubes as reinforcing materials.
The conductive filler is added to the matrix to provide
a three-dimensional network of filler particles in the
system which in turn enhances the electrical conductivity
of the composite. This transition can be described by the
well-known percolation theory®. The presence of
conductive particles in an insulating material alters the
electrical conductivity of such composite system. At low
conductive filler content, the electrical conductivity
remains at the level of the unfilled insulating matrix. As
the conductive content increases, an abrupt and significant
increase of conductivity by several orders of magnitude is
observed at a critical value of the filler content, which is
called the percolation threshold (¢.). Percolation theory is
frequently applied to describe the insulator-to-conductor
transitions in composite made of conductive filler and an
insulating matrix. It has been shown both experimentally
and theoretically that ¢, strongly depends on the aspect
ratio (length to diameter ratio) of the filler particles.
Common methods for the preparation of CNT filled
polymer composites include in situ polymerization, shear
mixing, melt blending, coagulation precipitation
technique, sonication, oxidation, chemical
functionalization of the tube surface and use of
surfactants’. Sandler et al.'” reported ¢ of an epoxy matrix
containing untreated CNTs around 0.5 wt.% which yields
a conductivity of 102 Scm™'. Moisala et al.'' also
prepared conductive epoxy composite with CNT with
a percolation threshold of ¢, ~ 0.0025 wt.% using high
shear mixing procedure proposed by Sandler et al.'*. The
epoxy with functionalized CNTs showed a lower
percolation threshold: ¢, ~ 0.1-0.2 wt.%. The percolation
thresholds were found to occur at 0.25 and 0.5 wt.% of
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CNT in polycarbonate prepared through melt blending and
in polymethylmetacrylate prepared by coagulation,
respectively. In this work, CNTs are generally dispersed in
a solvent and then mixed with polymer solution by shear
mixing and sonication. This method is considered as
effective to prepare composites with CNT distributed
homogeneously. However, it has to be pointed out that this
method relies on the efficient dispersion of nanotubes in
the solvent used. The choice of a solvent is generally made
based on the solubility of the polymer as well. However,
pristine carbon nanotubes cannot be homogeneously
dispersed in most solvents. CNT are poorly soluble in
nearly all classical solvents, with the exception of amide
solvents such as N,N-dimethylformamide (DMF) or NMP.
In several studies it has been demonstrated that it is
possible to disperse considerable amounts of pristine CNT
in bulk NMP (i.e. without adding any dispersing agents).
McKernan and Blau found out that a single layer of NMP
raises a big barrier between carbon nanotube interactions
in CNT-NMP dispersion, preventing their aggregation into
bundles'. The most promising organic solvent appears to
be NMP with a reported dispersion limit of 0.01-0.02 g L™
CNTs usually have weak affinities for most polymers.

Silicone elastomer has been used as a matrix for
nanocomposites because of its solubility in a range of
solvents including water. The advantages of silicones
include good thermal stability, excellent resistance to
oxygen, ozone and sunlight, flexibility, anti-adhesive
properties, low chemical reactivity and low toxicity.
Silicone elastomer has found many applications (e.g. in
marine vessels and coating of metals). Incorporating CNTs
into silicone elastomer (Sylgard 184) stems from the
exceptional properties of these nanofillers and the related
hope to engineers at the nanometric level with enhanced
yield strength, electrical and thermal conductivity. Use of
CNTs as reinforcement in PDMS nanocomposites can
widen their use in potential applications in electronic
packaging materials.

The present work describes an effective way of
dispersing carbon nanotubes in Sylgard 184 (S184) by
using of NMP as an organic solvent and subjecting the
same to sonification. The experimental results are
compared to those of CBs in the same PDMS. The effect
of CNT distribution on the electrical conductivity (DC,
AC) and dielectric properties of composites (S184/CNT,
S184/CNT-NMP, and S184/CB) are discussed.

Experimental
Materials and sample preparation

Liquid silicone elastomer (S184) consisting of Part A
(base) and Part B (curing agent) was provided by Dow
Corning (Midland, USA). Commercially available
multiwall CNTs (MWNT-2040, purity > 95 %, diameter of
20-40 nm, length 5-15 pm, specific area of 40-300 m*g ',
and density of 1.8 gcm ') were purchased from Conyuan
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Biochemical Technology (Taipei, Taiwan). Carbon black
used in the study was high structure Vulcan (CABOT XC-
72R Cabot, USA). NMP with purity > 99 % was used to
modify CNTs (Sigma Aldrich, Saint Luis, MO, USA).
Acetone and distilled water were used without further
purification. Materials and samples were preconditioned in
Climate chamber Discovery 250.

Modification of carbon nanotubes
by N-methyl-2-pyrrolidon

The CNTs (1 g) were dispersed in neat NMP (40 ml)
by ultrasonic treatment. The ultrasonic treatment has been
carried out at 40 % amplitude and 0.4 cycles for 1 hr.
After sonication, the visual inspection confirmed the
absence of aggregates in all dispersions. The dispersion
was immediately vacuum-filtered through binder-free
glass fiber filters with 125 pm porosity. After filtration,
the CNT-NMP was dried in drying oven (Binder, ED,
USA) at 200 °C from 2 hrs to 1 day. As can be seen from
Fig. 1 and Fig. 2 modified CNTs are dispersed better than
raw CNTs.

Fig. 2. SEM image of CNTs after modification by NMP
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Preparation of S184/CNT composite by Mechanical
mixing

The first set of composites consisted of several
samples with CNTs concentration varying from 0 to
3.4 vol.%. Calculated amounts of CNTs and S184 were
placed into a beaker and stirred using mechanical mixer
(IKA Labortechnik, Staufen, Germany) at 100 rpm for 1hr.
Then a curing agent was added and subsequently stirred at
100 rpm for 5 min. After that, the mixture was filled into the
mold and placed into the vacuum desiccators where air bubbles
were removed. Finally, the mold was closed and placed into
drying oven where material cured at 70 °C for 12 hrs.

Preparation of S184/CNT-NMP composite by
Sonication

Several composites of different filler concentrations
0,1, 2.2, 2.8, 4 and 4.5 vol.%) were prepared. The certain
amount of CNT-NMP, 15 ml of acetone and S 184 were
placed into 50 ml beaker and sonicated by an UZ Sonopuld
HD 2070. The sonication frequency, power and time were
24 kHz, 400 W and 5 minutes, respectively. Then the
beaker with the mixture was placed into the dish with hot
oil (60°C) and mixed using magnetic stirrer until
evaporation of whole acetone. Prepared mixture was
subsequently filled into the mold and placed into the
vacuum desiccators for the removal of air bubbles. Finally,
the mold was closed and placed into drying oven where
material cured at 70 °C for 12 hrs.

Preparation of S 184/CB composite by Mechanical
mixing

As comparative systems, S 184 filled with different
concentration of carbon black (1, 3, 5, 7, 8, 9 and
12 vol.%) were used. Calculated amount of carbon black
and S 184 were placed into a beaker and stirred (IKA
Labortechnik, Staufen, Germany) at 100 rpm for 1 hr. The
curing agent was further added to the mixture and the latter
was additionally stirred at 100 rpm for 5 min. The obtained
mixture was then poured into the mold, evacuated and
cured under the same conditions as in previous cases.

Characterization of Electrical properties

To study the electrical properties of the obtained
composites in DC and AC electric fields the samples of
cylindrical shape were used. The current-voltage (I-V)
characteristics were measured using programmable
electrometer Keithley 6517A (USA). DC conductivity
(oDC) of the samples was determined from the measured
-V characteristics employing the following equation:

1 d
KT
where 7 [A] is electrical current, U [V] is voltage, 4 [em?]
is area of electrodes, d [cm] is thickness of the sample.

(1)
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Measured data were fitted by the percolation theory,
according to which is expressed as

)

Ope =0,(9, — @y )

where opc [S cm™] electrical conductivity of composite is,
G n is electrical conductivity of matrix, ¢, is critical filler
volume fraction, ¢y is filler volume fraction, g is
experimentally determined exponent.

Dielectric properties of the composites were
investigated by the impedance method. In the low
frequency range from 10 Hz to 100 kHz an LCR bridge
(Hioki 35-22, LCR Hi Tester, Japan) was employed,
whereas at higher frequencies ranging from 1 MHz to
3 GHz the measurements were carried out by using
Impedance Material Analyzer (Agilent E4991A, USA).
The AC conductivity (cac) and the real and imaginary
parts of permittivity (€', €") in low frequency region (from
10 Hz to 100 kHz) were calculated based on the values of
impedance (Z), capacity (C), conductivity (G) and loss
factor (tand) measured on LCR bridge as follows:

d 3

O 4c :GE &4

o_Cd @
& S

g"=¢&"-tgo (5)

where d, A and g, are thickness of the sample, area of
electrodes and permittivity of vacuum, respectively. In the
high frequency range (from 1MHz to 3 GHz) the
calculation of €' and &" was done automatically by the
Impedance Material Analyzer itself for the entire
measured frequency band. To calculate the frequency
dependence of ¢ for the mentioned frequency range the
following equation was used:

Ouc =21 &€ )
where f'is frequency.
Results and discussion
Current -Voltage characteristics

The current-voltage (I-V) dependencies of the

composites with different amount of CNT, CNT-NMP and
CB are shown in Figs. 3-5.

A semiconducting character of the composites in
transition area causes non-linearity of the current-voltage
(I-V) characteristics.

The non-linearity of I-V curves is quite pronounced
for the composites with the low content of CNTs (~ 1-1.5
vol.%, Fig. 3) as well as for the composites containing
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Fig. 3. I-V characteristic for the S184/CNT

1-3.4 vol.% of CNT-NMP (Fig. 4) and 1-8 vol.% of CB
(Fig. 5). This can be explained by an activation
conductance mechanism, where the presence of a certain
number of conducting paths determines the increase of
conductivity with increase of voltage: more electrons are
activated and hop over the non-conducting silicone
elastomer barriers between the conducting fillers islands/
clusters. With increasing content of filler (~ 2-3.4 vol.% of
CNT (Fig. 3), 4-4.5 vol.% of CNT-NMP (Fig. 4) and 9-
12 vol.% of CB (Fig.5) the I-V characteristics become
linear. Thus, the ohmic charge transfer is given by direct
contacts and the current increases with the voltage linearly.

DC electrical conductivity

We presume that once the volume fraction of CNT
reaches a critical value, i.e. the percolation threshold, the
new conductive structure starts to form. This indicates
a phase transition from insulator to conductor state. The
electrical conductivity of silicone polymer composites
depends on the concentration of conductive filler. Fig. 6
shows the dependence of DC specific conductivity against
conductive filler content measured at laboratory
temperature 25 C for S184/CNT, S184/CNT-NMP and
S184/CB composites. As regarding the pure silicone
elastomer matrix, it is an electrical insulator with very low
value of conductivity (opc=5-10"2S cm ™).
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Fig. 4. I-V characteristic for the S184/CNT-NMP

In the Fig. 6 we can see comparison of electrical
properties of silicone elastomer with the non-dispersive
(CNT) and dispersive (CNT-NMP) carbon nanotubes.
Further, we studied conductive systems with particle filler
(CB) in silicone elastomer.

The electrical measurements carried out on samples
(S184/CNT) revealed that conductivity starts to rise at the
filler content of about 1 vol.%. The values of electrical
conductivity of the S184/CNT increased by more than
nine orders of magnitude, i.e. from 10> to 10° Scm ™' in
the range of filler content of 1 to 3.4 vol.%. The electrical
conductivity of S184/CNT showed slightly linear increase
and reached 10" Scm™ corresponding to conductive
material when the CNTs content was 2.8 vol.%. The value
of percolation threshold was reached at low content of
conductive filler (¢, ~ 1 vol.%), which is caused by poor
dispersion and big bundles (agglomeration) where charge
carriers are transported through conductive bundles of
CNTs. A different behavior is noted for the carbon
nanotubes modified by N-methyl-2-pyrrolidon, which
caused insulation and separation of CNTs and exerted
influence on the shift of percolation threshold to higher
value (@, ~ 4 vol.%). This value of percolation threshold
for CNT-NMP composite indicates good homogeneity and
dispersion of CNTs in the silicone elastomer. The
separation of CNTs decreases the probability of
percolation cluster formation but increases the area of the
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Fig. 6. The dependence of electrical conductivity opc on the
conductive filler content in the composite

CNT-polymer matrix interface. As can be seen, the good
dispersion of CNTs shifts ¢, to the higher value.

The percolation threshold of polymer composites with
CB amounts to 9 vol.%. Such a high value of percolation
threshold is caused by low aspect ratio of filler. Generally
it is known that with an increase in the aspect ratio of filler
the percolation threshold shifts to higher values.
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AC electrical conductivity

In Fig. 7 AC conductivityis presented as a function of
applied frequency for all nanocomposites containing
different conductive fillers (CNT, CNT-NMP, CB). AC
conductivity for all systems has been calculated from the
dielectric loss factor via eq. (6). For the composites AC
conductivity is both frequency and CNT content
dependent and increases by almost 8 orders of magnitude
with increase in both frequency and volume content of
fillers. AC spectra of specimens with filler concentrations
below the percolation threshold display curve similarity
and values proximity.

For system S184/CNT an abrupt increase of
conductivity is observed (up to 6 orders of magnitude) in
the specimens having CNT content in a range of 1.5 to
2vol.%. This pronounced alternation is a first-hand
indication that the percolation threshold has been already
reached. AC conductivity spectra for the composites with
2.4 and 8vol.% of filler (CNT, CNT-NMP and CB)
content exhibit a wider plateau of the so called apparent
DC conductivity.

Fig. 7 shows the frequency dependence of 6c for the
composites containing different conductive fillers (CNT,
CNT-NMP, CB) measured at room temperature. It can be
seen that osc increases linearly with the frequency,
showing a typical behavior for non-conductive or semi
conductive materials. Again, the increase of conductivity
at low frequencies with the incorporation of nanotubes is
observed with a percolation threshold between 2.8 and
4 vol.% of CNT-NMP at 100 Hz (considered to be the DC
conductivity) at room temperature. The conducting state of
the composites becomes very pronounced above the
percolation threshold. Composites containing 4—4.5 vol.%
of CNT-NMP are definitely above the percolation
threshold as the power law regime is particularly shifted to
higher frequencies and thus the material behaves as an
ohmic conductor with conductivity almost independent of
frequency.

AC electrical conductivity of silicone elastomer with
varying content of carbon nanotubes is shown in Fig. 7a).

The bulk electrical conductivity of silicone elastomer
filled with land 1.5vol.% of CNTs increases with
increase in frequency as expected for an insulating
material with values of 10" Sem ™' and 10" Scm™' at
10" and 10° Hz, respectively. A drastic increase in
conductivity is observed for silicone elastomer at 2 vol.%
of CNT (10° S cm™") where the electrical conductivity is
independent over a wide range of frequency indicating the
formation of percolating path of CNT. Silicone elastomers
with 2, 2.8 and 3.4 vol.% of CNT exhibit a frequency
independent plateau up to a critical frequency above which
the conductivity dispersion is observed.

Dielectric properties

Additional frequency dependent measurements of the
electrical properties are very useful for the investigation of
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Fig. 7. The frequency dependence of electrical conductivity
o4c for the: a) S184/CNT; b) S184/CNT-NMP; ¢) S184/CB

the conduction mechanisms of polymer composites.
Electrical properties can be determined at various
frequencies.

The frequency dependencies of the real part of the
permittivity of conducting composites are shown in Fig. 8
characterizing the polarization of systems in an alternating
field.

With the increase in content of CNTs from 1 to 3.4
vol. % ¢' increased. The highest value of &' for the
composite filled with 2.8 vol.% of CNT reached ~ 116.

Pokrocilé teoretické a experimentalni studie polymernich systému

s83

Real part of permittivity for S184/CNT-NMP composite is
about 10 at approximately the same content of the filler
(Fig. 8b). With increasing content of conductive filler this
behavior changes. At low frequencies permittivity
significantly increases with the increase in filler content
but at a certain frequency a relaxation processes take place
resulting in a drop of the permittivity with increasing
frequency.

The difference in €' between the 184/CNT and S184/
CNT-NMP composites increases rapidly, as the filler
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concentration increases. At 2.8 vol.% of filler €' for S184/
CNT and S184/CNT-NMP is 116 and 10 respectively.
However, at 3.4 vol.% of filler €' of S184/CNT is about
270, whereas in S184 filled with 4 vol.% of CNT-NMP ¢'=
20. The systems of S184/CNT with poorly dispersed CNTs
(with large bundles of CNTs) and those with well modified
CNTs by NMP exhibit significant differences in the &'
caused by the difference in number of charge carriers. The
lower values of &' of materials (S184/CNT-NMP) were due
to the organic solvent (NMP), which caused the insulation
and separation of individual CNTs.

It is reasonable that higher &' can be obtained when
the composites are filled with higher content of conductive
filler due to the higher interfacial polarization at the
conductive filler/ silicone elastomer interface.

The interfacial polarization can be more -easily
induced at lower frequency. Furthermore, the displacement
current significantly lags behind the build-up potential as
the frequency increased. Thus, it is reasonable that &'
decreased with increasing frequency and exhibited
a visible frequency-dependent dielectric response.

Fig. 8c shows dependencies of €' on frequency for the
composites with CB. The €' is ~ 10 for silicone elastomer
filled with 5 vol.% of CB. It means that for composites
filled with 5 vol.% of carbon black which is just a little
higher than that for volume content of CNTs, the value of
¢ is the same. It is caused by the shape of filler in
particular form. Aspect ratio can significantly influence
behavior of polymer composites in AC electric field. The
particular filler (CB) has L/D = 1, on other hand, fibrous
filler (CNT) has L/D = 10°-10°, which can significantly
influence the concentration of charge carriers at the end of
fibrous filler and change values of €'.

Conclusion

Conductive nanocomposites were obtained by
incorporation of CNTs in silicone matrix. Nanocomposites
with different concentrations of CNTs were characterized
by means of electrical measurement of their DC and AC
conductivities. It was established that the modification of
CNT by NMP attended by ultrasonic agitation with liquid
silicone lead to the homogenous dispersion of CNTs in
silicone elastomer which doubles the value of percolation
threshold of composites up to 4 vol.% of CNTs. This can
be explained by individualization of CNTs thanks to
technology developed. Additionally, the effect of aspect
ratio of filler on percolation threshold in composites was
studied. The results obtained proved the expectation that
high aspect ratio of CNTs leads to lower value of
percolation threshold compared to percolation threshold of
composites filled with carbon black.
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