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Abstract

Thermogravimetry was used to investigate the effects of different inorganic functional fill-
ers on the heat resistance of polymer matrices. The kinetic parameters of thermal oxidative
degradation were shown to depend on the polymer, the chemical composition of the filler sur-
face, the filler concentration, and the processing method, which determines the distribution of
filler particles in the polymer matrix. Magnetic fillers (carbonyl iron, and hexaferrites of dif-
ferent structural types) were shown to be chemically active fillers, increasing the heat resis-
tance of siliconorganic polymers. Their stabilizing effect is due to blocking of the end silancl
groups and macroradicals by the surface of the filler and non-chain inhibition of thermal oxi-
dative degradation. In the case of fiber-forming polymers (UHMWPE, PVOH and PAN), most
magnetic fillers are chemically inert, but at concentrations of 30—-50 vol% they increase the
heat resistance of the composite. Addition of carbon black increased the heat resistance of the
thermoplastic matrix. The dependence of the thermal degradation onset temperature on the
kaolin concentration in the polyolefin matrix exhibited a maximum. Analysis of the experi-
mental results demonstrated the operating temperature ranges for different composites, and
their maximum operating temperature.
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Introduction

Investigations relating to the effects of different fields, including thermal
ones, on polymer composites is important from the following aspects: the selec-
tion of ingredients of composites, the engineering technologies for new materi-
als and structures with necessary sets of properties, and forecasting of the dy-
namics of these properties. For this reason, thermal spectroscopy, as one of the
branches of materials science, occupies a special position in investigations aimed
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at the improvement of materials in such modern technologies as those invelving
smart materials and structures, microelectronics, electrical engineering, etc.
[1,2].

The analysis of thermal curves (DTA, DTG and TG) of ingredients and com-
posites can reveal the intervals of their thermal stability in air and inert atmo-
spheres, and permit evaluations of the effects of fillers in thermal and oxidative
degradation, which in turn allows the specification of temperature conditions of
processing and use.

The purpose of the work reported here was to obtain initial data on the thermal
stabilities of polymers of various classes and composite materials obtained by
the introduction into these polymers of functional fillers, and to determine the di-
rections of subsequent more detatled investigations,

L atiy’

Experimental

Sample preparation

1. As conducting filler, carbon black (CB) Printex XE-2 (from Degussa) was
used. The polymer matrix was HDPE (Eltex B 3925 from Solvay, M W=265 000
and crystallinity 509%), or a mixture of this polyethylene (PE) with polystyrene
(PS) (158 K from BASF, MW=280 000).

Three series of composites were prepared. It has previously been shown that
different matrices and mixing techniques result in different localizations of the
filler {3, 4]

a) CB was dispersed in an amorphous phase of PE;

b) CB was dispersed in the PE phase of a cocontinuous PE/PS blend of
45/55 mass% composition;

¢) CB was localized at the interface of a cocontinuous PE/PS blend of
45/55 mass% composition.

2. Epoxy resin AT1 (CIBA-GEIGY AB, Sweden) in powder form was used as
dielectric matrix. The ferroelectric filler was barium titanate (BaTiOs) (No-
vakemi AB, Sweden), its particles having a typical size of 1.8 um. The conduct-
ing filler was CB (Vulcan XC-72 from Cabot) with an average particle size of
30 nm. The volume fraction of BaTiOjs in the composite (Veario) was varied from
0 to 56 vol% with the CB concentration varying from 0 to 12 vol%.

During preparation of the samples, the components of the composites were
mixed in powder form in a Retsch MM2 shaker at room temperature and then
compression-molded at 180°C. After compression-molding, the samples were
postcured at 180°C.

3. Composites with PE were made by mixing the components in a Brabender
mixer at a temperature above Trey of PE and subsequent pressure-molding. The
volume fraction of BaTiOs in the composite (Vayrio,) was varied from O to
56 vol%, with the CB concentration (Vep) varying from 0 to 10 vol%.
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4. The fibers were gel-spun from UHMWPE and hexagonal ferrite (hexafer-
rite) and amorphous alloy fillers with a particle size of 150-400 pLand afiller vol-
ume fraction up to 60%. Just-drawn fibers are considerably porous and possess a
rather low tensile strength. The influence of additional deformations at elevated
temperature on the magnetic texture and on the electrodynamic and mechanical
properties of the fibers was investigated. During this treatment, ferrite particles
become oriented in the polymer matrix, with the vector of the magnetic moment
assuming a preferential direction, either in the plane of the fiber or normal to it,
so that the fibers become magnetically textured. Measurements of electrody-
namic properties in the frequency range 4-40 GHz reveal that textured structures
are superior to isotropic ones in this respect.

5. The fibers were drawn from ftorlon (a copolymer of tetrafluoroethylene
and vinylidene fluoride with a molecular mass of 2.2-107), filled with powders of
magnetically soft hexagonal ferrites and carbonyl iron. The hexaferrite particles
had an anisotropic shape and were 100 W in size, while the iron particles were
spherical and 2-8 p in diameter, The volume fraction of the filler v¢ was up to
60%.

6. Polyethylene—kaolin composites were prepared by using a polymerization-
filling technique by ethylene polymerization with Al/Ti/Mg catalyst previously
deposited on the surface of the filler partlc]es Kaolin (Satintone W/W) was pre-
viously heated overnight at 100°C at 10 mm Hg. The contents of hydroxyl
groups and adsorbed water were titrated volumetrically. The catalyst was at-
tached onto the filler in such a way that either 50 or 25% ofths kaolin OH groups
were consumed. Ethylene was polymerized in a batch mode at 60°C ina 2 L
stainless steel Autoclave Engineers reactor equipped with a magnetic coupled
stirrer with a variable stirring speed and an external jacket heater, The addition of
a transfer agent such as hydrogen has proved to lead to efficient control of the
matrix molecular mass.

7. Liquid perfluoroethers with functional groups are transparent liquids with
a viscosity of 30 poise at 25°C. As a curing agent, xylenediamine can be used at
a concentration of 6.5-7% relative to the polymer mass. The composition is pre-
pared by mixing the liquid polymer, filler and curing agent immediately before
use, followed by curing at room temperature during 1 h. For optimum mechani-
cal properties, the following regime is necessary: 24 h at room temperature and
24 h at 60—80°C (minimum 12 h at 70°C).

8. Polyorganosilsesquioxanes (industrial name Lestosil-SM), which are
polymer powders with a particle size of 5001000 p, readily soluble in or-
ganic solvents such as toluene, benzene, acetone, chloroform, butyl acetate,
etc., were used as polymeric matrix for composites with a magnetic filler. As
‘cold’ cure catalytic system, the following can be used: a solution of tin
diethyldicaprylate in tetraethoxysilane in 1:4 ratio; a solution of tin diethyldi-
laurylate in tetracthoxysilane in 1:1 ratio; methyltriacetoxylane; or viny-
loxime, CH,;=CH-Si[ON=C(CHj3),};. In the processing of composites from
Lestosil-SM, the solvent, the catalytic system and the concentration of the poly-
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mer were varied. The composition was prepared by mixing liquid polymer, filler
and curing agent immediately before use.

Results and discussion

An analysis of the data in Table 1 permits the general conclusion that such
fillers as iron, ferrites and amorphous alloys can exhibit similar chemical effects
in the thermal oxidative degradation of polymer matrices [6—9], but in each par-

ticular case the results need additional analysis.

Table 1 Chemical inhomogeneity of composition of the surface of carbonyl iron, ferrites and
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Carbon black-filled composites

Table 2 and Fig. | show that the presence of even 1% of CB in composites of
type 1a markedly increases the thermal oxidation stability of PE. The melting
temperature remains the same, whereas the temperatures of the onset and maxi-
mum of the peak in the DTA curve (Fig. 8), related to the oxidation processes, in-
crease by 20-25°C. This temperature shift increases with increasing CB volume
fraction. Although the temperature of the beginning of oxidation decreases
slightly, by 30°C, this fact is of no significance, since degradation occurs at a much
higher temperature than the operating temperature range of these composites.

Table 2 and Figs 2 and 3 reveal that the mixing method and the distribution of
the filler have marked effects on the thermal properties of composites of types Ib
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Fig. 1 Dependence of the 2% mass loss temperature T (1), the temperature of maximum
oxidation rate 7, . (2), the temperature of oxidatien beginning T, ... (3} and
the melting temperature T_ . (4) on the volume fraction of CB for PE-CB composiles

melt
of type la

Table 2 Parameters of thermal-oxidative degradation* of carbon black-filled composites with
different localizations of filler particles

Composition Tpal'C  Toiperind C Tomol'C T HC
PE 145 210 240 320
PE + CB 1 vol% 145 235 260 200
PE + CB 6 vol% 145 240 275 290
PE/PS 135 200 225 320
PE/PS + CB (CB in PE) 1 vol% 135 200 225 330
PE/PS + CB (CB in interphase) 0.5 vol% 135 220 240 280
PE/PS + CB (CB in interphase) 1 vol% 110 220 240 350

* Thermal properties of composites and ingredients were investigated in the temperature interval be-
tween 25°C and the temperature of the end of degradation 7~ with a MOM Derivatograph-C {in air]
and in some cases with a Setaram B-60 analyser (in argon) al a temperature increase rate of
10°C min™’
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Fig. 2 Dependence of the 2% mass loss temperature 7 # {1}, the temperature of maximum

oxidation rate T, . (2), the temperature of oxidation beginning Tmlbmn {3) and the
melting temperature T, (4) on the volume fraction of CB for PE/PS-CB composites;

CB is dispersed in PE phase of type 1b
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Fig. 3 Dependence of the 2% mass loss temperature Tff’ﬂ’ (1), the temperature of maximum

oxidation rate T, . (2), the temperature of oxidation beginning T bogin (3) andd the

melting temperature T, (4) on the volume fraction of CB for PE/PS-CB composites;
CB is dispersed in the interphase PE/PS of type lc

and lc. Similarly as for the electrical properties, the presence of a small amount
of CB dispersed in the interphase PE~PS markedly increases the thermal oxida-
tion stability of the composites. Both T, segin and Ty nay increase.

Epoxy resin+carbon black+BaTiO3

The presence of functional fillers has little effect on the service properties of
the composites. The temperature of the beginning of oxidation remains practi-
cally the same (Fig. 4). Comparison of the TG and DTA data demonstrates that
the initial stage of degradation corresponds to oxidation processes. It is clear
from Fig. 4 that the amplitude and position of the exo-peak in the DTA curve de-
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pend on the nature and the amount of the functional filler. However, these

changes occur in the temperature range of degradation and their effect is not sig-
nificant.
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Fig. 4 TG and DTA curves for 1 —epoxy resin and composites: 2 — epoxy resin—CB
(3.9 vol%); 3 — epoxy resin—CB (4.6 vol%); 4 — epoxy resin—barium titanate
(35 voi%) + CB (3.5 vol9%); 5 — epoxy resin—barium titanate (33 vol%)+CB (5.5 vol9%)
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Fig. 5 Dependence of the temperature of maximum oxidation rate T, (1, 2}, and the 2%

mass lass temperature TL {3, 4), on the volume fraction of CB for epoxy resin—CRB
composites (1, 4) and epoxy resin—CB—barium titanatc composites (2, 3)
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Fig. 6 Dependence of the 2% mass loss temperature T;% {1), the temperature of maximum
oxidation rate T, . (2), the temperature of oxidation beginning 7, .;, (3) and the
{(4) on the volume fraction of CB for PE-CB composites
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Fig. 7 Dependence of the 2% mass loss temperature i (1), the temperature of maximum

oxidation rate T, .. (2), the temperature of oxidation beginning T, .., (3} and the
melting temperature T, (4} on the volume fraction of CB for PE-CB-barium titanate
composites

Polvethylene+carbon black+BaTiO3

As the data in Figs 6 and 7 show, an increase of the CB content increases the
thermal and thermal oxidation stabilities of the composites. Both the temperature of
thermal oxidation and the temperature of degradation shift to higher values.

UHMWHE with magnetic fillers

Fibers from UHMWPE and magnetic fillers have different thermal stabilities.
Table 3 presents parameters relating to the thermal oxidative degradation of

these fibers.

J. Therm. Anal. Cal., 55, 1999



PONOMARENKO ct al.: STABILITY OF POLYMER COMPOSITES 545

Table 3 Thermal oxidative stabilities of fibers from UHMWPE and magnetic fillers

No. Filler Conc\?cr)nltézltiom Tux‘,)bcc:gin/ al:/lsa&s)ulgji/c
1 Unfilled UHMWPE - 304.5 85

2a.  Carbonyl iron R-20 6 350 33

2b.  Carbonyl iron R-20 20 349 25

2¢.  Carbonyl iron R-20 54 408 9.1

3. Hexaferrite Co,Z 55 287 12

i Moo 0o s

Ni,BaSc, Fe,;,0,,
Ni,BaSc, ,Fes (0
NiyBaSc,Fe 5405

Table 4 Parameters of thermal oxidative degradation of ftorlon fibers with different magnetic
powder fillers

No. Filler Conc:glt;.tionf Toxélégin/ alt\/lsaggulgls:;n
1. Unfilled ftorlon 42-B - 406.7 88

2a.  Carbonyl iron R-20 20 451 26.75
2b.  Carbonyl iron R-20 60 420 2.2

2¢.  Carbony! iron "Goodfellow” 60 440 4.97

B e AR MOw 60 447 17,61

Mixture of hexagonal

3b. W-type ferrites*

60 353 23.64

4, Amorphous alloy 71KNPS 60 404 8.7
¥
* NiyBaScy gFe; 5 g7 NizBaScy jFey Oy NigBaSe, Feys Oy,

Table 3 shows that the thermal stability of UHMWPE increases in the pres-
ence of carbonyl iron. The temperature of the beginning of decomposition shifts
to higher temperature, with a simultaneous increase in the induction period. The
inhibiting effect of iron is explained by the formation of polymeric structures in-
corporating iron particles. This effect is believed to be caused not only by the
changes in the UHMWPE structure (the formation of metal-polymer bonds of
iron carboxylate type, and the structurization of the polymer), but also by the dis-
sipation of the thermal energy localized on the macromolecule.

J Therm. Anal. Cal., 55, 1999
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The changes in thermal stability of ferrite—filled UHMWPE fibers are related
to the presence of active centers on the surface of the ferrite particles (Table 1).
For example, in the case of mixed W-type ferrite as filler, both the temperature of
the beginning of decomposition and the induction period increase. At the same
time, the presence of hexaferrite Co,Z decreases the thermal stability of
UHMWPE fibers insignificantly.

Ftorlon with magnetic fillers

The thermal oxidative degradation of magnetic fibers from ftorlon and mag-
netic fillers was investigated by dynamic thermogravimetric analysis (DTG) ata
heating rate of 10°C min~". The results reveal that all the kinetic parameters de-
pend on the type of filler and its concentration in the polymer matrix (Table 4).

The DTG data on ftorlon fibers containing carbony! iron of different types
demonstrate that for the filled fibers the characteristic points of thermal oxida-
tive degradation (beginning, end and half-disintegration temperatures) shift to
higher temperatures with the appearance of the exothermic peak (423°C) due to
the oxidation of carbonyl iron. These results mean that carbonyl iron inhibits the
thermal oxidative degradation of ftorlon. Carbonyl iron acts as a stabilizer by de-
activating oxygen and probably inhibiting thermal oxidative radical reactions.

Increased characteristic temperatures are observed for fibers containing
BaFe » M, 010 (M=Ti*, Co™), probably due to the presence of TiO, on the sur-
face of this ferrite. Surface acid centers of TiO; promote cleavage of the C—F
bond, thereby increasing the induction period for dehydrofluorination.

Other types of fillers may be regarded as inactive. Thetr presence does nat ap-
preciably affect the thermal stability of filled ftorlon fibers.

Composites of polyethylene-kaolin

As Table 5 and Fig. 8 show, the presence of 17.8 mass% of kaolin markedly
increases the thermal oxidation stabilities of the composites. The melting tem-
perature remains the same, while the temperatures of the onset and maximum of
the peak in the DTA curve (Fig. 8) related to the oxidation processes markedly
increase. Increase of the kaolin concentration to 33.5 mass% results in decreases

AoA thara ataro

Table 5 Parameters of thermal oxidative degradation for PE and PE—kaolin composites

Composition T _,/"C T, besia’ C T, C TrC
PE 145 210 240 320
PE + 17.8 mass% kaolin 140 280 300 340
PE + 33.5 mass% kaolin 140 210 225 285

J. Therm. Angl. Cal,, 55, 1999
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Fig. 8 TG and DTA curves for | — PE and composites: 2 — PE—kaolin (17.8 mass%);
3 — PE-kaolin (33.5 mass%)

Perfluoroethers with magnetic fillers

The thermal degradation of composites containing perfluoroethers with func-
tional groups begins with the breaking of the weakest C—C bonds in the per-
fluoroether chain. The temperature of the onset of degradation in inert media 1s
=410°C, Above this temperature, the macroradical decays by a chain mechanism
with the formation of volatile products. The presence of aerial oxygen does not
increase the rate of pyrolysis, but Tox hegin decreases to 31 0°C. Carbonyl iron has
a stabilizing effect, increasing Toxpegn t0 350°C. The presence of hexaferrites
also has a stabilizing effect, increasing Tox begin from 300°C for the pure polymer
to 330-350°C for the filled systems, depending on the type of ferrite.

Polyorganosilsesquioxanes with magnetic fillers

The degradation of Lestosil-SM in an argon {low at a temperature increase
rate of 10°C min~' exhibits an induction period, accompanied by slight changes
in molecular mass. During this period, degradation occurs by depolymerization
with the transfer of active centers in linear flexible polyorganosilsesquioxane
blocks. After the induction period, the bonds, connecting the phenylsesquioxane
and dimethylsitloxane blocks undergo rupture. This period corresponds to the
maximum rate of degradation. The temperature of the beginning of degradation
Tox begin 15 =360°C, while the temperature of the end of degradation 7" is =400°C,

Lo Therm. Anal. Cal., 55, 1999
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Toxvegin corresponding to the exothermic peak and Tt correspending to the end of
the endothermic effect in the DTA curve.

In air, the presence of oxygen causes oxidation, which accelerates the degra-
dation of polyorganosilsesquioxanes: Tox begin=325"C. :

Investigations of the thermal and thermal oxidative degradation of compos-
ites from Lestosil-SM filled with different magnetic fillers (carbonyl iron,
hexaferrites with a thermally stable field of crystallographic anisotropy, such as
Ni;Ba(Sr)W, Niy ,Zn,BaW, Ni,SrCr,W, etc.) permit the following findings. Car-
bonyl iron with its small particles effectively stabilizes the degradation of
Lestosil-SM. The induction period increases in both cases, probably in conse-
quence of the binding of the active centers of the degradation products by car-
bonyl iron. In air, the primary effect of carbonyl iron is the deactivation of oxy-
gen, as evidenced by the appearance of an exothermlc peak due to the OdedthI‘l
of carbonyl iron, in contrast with the situation for the pure polymer The stabili-
zating effect of carbonyl iron increases: Toxpegin=360°C and T'=470°C.

In contrast with carbonyl iron, the effects of hexaferrites on the degradation
of Lestosil-SM are insignificant and they do not change the rates of thermal and
thermal oxidative degradation or the characteristic temperatures.

Conclusions

1. The experimental results attained in this work demonstrate that the parame-
ters of thermal oxidative degradation of the investigated composites depend on
the chemical structure of the polymer matrix, the type and concentration of the
filler and the methods of preparation of the composites which determine their
structure,

2. Some types of fillers not only provide functional properties of the compos-
ites, but also shift the thermal oxidative degradation to higher temperatures, that

is they act as inhibitors of the process of degradation.
3. To evaluate the influence of thermal oxidative deeradation processes on the

QIO L0 L IRUAILD D LHCI AL VALILGUYL LRSI QL Al P DLbaan UL UL

functional properties of the investigated composites, parallel resedrch involving
their temperature dependences and the material balance of the degradation prod-
ucts is required.

* ok ok
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