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ABSTRACT: A variety of inorganic fillers are investigated to determine their impact on
the response of filled polysiloxane elastomers to cyclic stress in hot air and in hot
poly(dimethylsiloxane) PDMS fluid environments. Three fillers stabilize the polysilox-
ane networks to cyclic stress: zinc oxide, tin oxide, and copper oxide. Four fillers enhance
network degradation: aluminum oxide, calcium oxide, titanium oxide, and tungsten
oxide. The roles of testing environment, of diphenylsiloxane content of the polysiloxane
network, of filler loading, of the stoichiometric balance of network precursors, and of
molecular weight between cross-links are investigated. Although each influences the
response of the elastomer to cyclic stress at elevated temperature, filler type exerts the
primary influence. Silane-treated fillers are used to demonstrate that differences based
on filler type do not arise because of changes in the strength of polymer–filler interac-
tions. No correlation between stability of the filled elastomer to cyclic stress in hot air
and filler particle size distribution, filler surface acid/base character, or the presence
of specific inorganic contaminants in the filler is observed. It is proposed that the
intrinsic ability of certain inorganic oxides to catalyze and/or inhibit polysiloxane deg-
radation reactions determines the response of the filled elastomers to cyclic stress at
elevated temperature. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 63: 1805-1820, 1997
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INTRODUCTION salts can stabilize poly(dimethylsiloxane) PDMS
fluids above 2007C.3 The catalytic effect of metal
salts on oxidative degradation of hydrocarbonsThe superior thermal stability of silicone elasto-
also has been reported.4 Nielsen5 and Ishida andmers, demonstrated in vacuum1 and under heat
Dunkers6 demonstrated that iron octoate acts toaging in air,2 permits their use in a wide variety
both catalyze and inhibit various degradation re-of high-temperature applications. Many of these
actions in polysiloxanes, depending on the tem-applications require enhancement of the mechani-
perature and the environment in which the elasto-cal properties of the elastomers through incorpo-
mers are tested. The solubility or chelation stateration of inorganic fillers. Filler incorporation can
of the metal ions can influence their catalytic ac-impact not only the mechanical properties of sili-
tivity.7cone elastomers but also the thermal stability of

Metal and metal oxide surfaces also displaythe materials.
catalytic activity for siloxane degradation reac-Metal-containing additives are known for their
tions. Cuprous oxide surfaces catalyze the cleav-ability to interact with the silicone elastomer net-
age of the Si{C bond in PDMS fluids,8 and vari-work and change its thermal stability. Elliot was
ous metal surfaces induce cleavage of the Si{Cthe first to show that iron and other redox metal
bond and subsequent crosslinking of PDMS flu-
ids.9,10 Certain rare earth metal oxides, especially

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/131805-16 cerium oxide and red iron oxide, were reported to
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1806 VISSER

stabilize vulcanizates of methylvinylsilicones to crosslinking polymer, filler, and catalyst. Network
forming polymers used were one of two dimethyl-heat aging.11 Yang12 has reported changes in the

heat aging response of cured PDMS elastomers vinyl-terminated PDMS polymers, PS442 (MW

Å 25,000) or PS445 (Mw Å 74,200), or one of twothrough incorporation of different iron oxide, zinc
oxide, or graphite fillers. For all fillers, the dimethylvinyl-terminated poly(diphenylsiloxane-
Young’s modulus of the aged filled elastomers first co-dimethylsiloxane)s (PDPSDMS), PS782 (16
decreased then increased with filler fraction. This mol % diphenylsiloxane, Mw Å 14,100) or PS793
behavior was postulated to arise from behavior of (24 mol % diphenylsiloxane, Mw Å 13,000). The
the particles as secondary antioxidants, blocking network-forming polymers were purchased from
the local reactions of free-radical cross-links and United Chemical Technologies and were used as
producing locally soft layers around the particles received.
that reduced the modulus of the elastomer. As The crosslinking polymers were trimethylsilyl-
filler loading increased, the decrease in interparti- terminated poly(methylhydro-co-dimethylsilox-
cle spacing allowed the hydrodynamic effect of the ane)s. The methylhydrosiloxane content was 30
rigid fillers to overcome the softening effect intro- wt % for PS123, 50 wt % for PS122.5, and 75 wt
duced by the soft layers around the particles, re- % for NM203. The catalyst PC075, obtained from
sulting in an increase in modulus with filler load- United Chemical Technologies, was composed of
ing. This hypothesis suggests that both particle 2–3% platinum concentration in vinyl-termi-
size and shape should influence the heat aging nated PDMS. It was diluted with the dimethylvi-
response of the materials. nyl-terminated PDMS PS441.2, also sold by

Filler type also influences the degradation rate United Chemicals. These materials also were
of a filled PDMS elastomer in a PDMS fluid envi- used as received.
ronment.13 The combination of iron oxide (8 wt Addition-cured samples were prepared by
%) and aluminum oxide fillers gave higher rates blending the crosslinking polymer, network-form-
of reduction in effective chain concentration than ing polymer, and filler in the ratios specified in
either an iron oxide (2 wt %)/silica combination Table I on a three-roll mill. Amounts of crosslink-
or a pure silica filler. The ability of iron oxide to ing polymer are indicated as parts crosslinking
inhibit oxidative crosslinking and catalyze silox- polymer per hundred parts by weight (pph) net-
ane rearrangement reactions was postulated to work-forming polymer. A catalyst mixture con-
explain the differences. sisting of a 10% solution of PC075 in PS441.2 was

The addition of cyclic stress to thermal stress used, and a small amount of inhibitor was added
further enhances the degradation of filled silicone to prevent gelation at room temperature. Some
elastomers.14 Previous studies of the response of formulations also contained a trimethylsiloxy-ter-
filled polysiloxane elastomers to cyclic stress at minated PDMS (linear PDMS) additive (DC200,
elevated temperature examined the impact of fil- Dow Corning, 0.6 Pa-s viscosity at 257C), as noted
ler type,14–17 filler concentration,16–18 and net- in Table I. The additive was blended into the for-
work curing chemistry15 on the degradation of the mulation during roll milling. Fillers examined
materials. Only a limited number of filler types were zinc oxide (Zinc Corporation of America,
have been examined; and of those, only zinc ox- XX503R), aluminum oxide (Alcoa, T64), tin oxide
ide17 produced a filled elastomer that was stable (Magnesium Elektron, Inc., G2 grade), iron oxide
to cyclic stress at elevated temperature. (Mapico Red 297), calcium oxide (Eastman Ko-

In this work, a wider range of filler types is dak Company), titanium dioxide (Aldrich), and
examined. In order to derive a more detailed un- tungsten oxide (Aldrich). The filled elastomers
derstanding of the various factors influencing the were cured at 2007C.
stability of the filled elastomers to cyclic stress at The condensation-cured samples were pre-
elevated temperature, the influences of a PDMS pared by blending 100 parts by weight silanol-
fluid environment, of filler concentration, of net- terminated PDMS (DC3-0133, Dow Corning, Mw
work crosslinking chemistry, of filler surface Å 43,400), five parts by weight tetraethylorthosil-
treatment, and of filler particle size are studied. icate (TEOS; Silbond Corporation), and filler on

a three-roll mill. Dibutyltin diacetate catalyst wasEXPERIMENTAL
added at 0.5 wt % of the filled mixture. The mate-

Sample Preparation rials were cured in 12.7 1 12.7 1 0.2 cm molds
overnight at room temperature. The materialsAddition-cured, filled PDMS elastomers were pre-

pared by combining a network-forming polymer, a were removed from the mold and postcured
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Table I Formulations of Addition-cured Elastomers

Formulation Polymer Cross-linker Filler Additive

1 PS442 5 pph PS123 35 vol % ZnO none
2 PS782 5 pph PS123 35 vol % ZnO none
3 PS793 5 pph PS123 35 vol % ZnO none
4 PS442 5 pph PS123 30 vol % ZnO/5 vol % iron oxide none
5 PS442 5 pph PS123 10 vol % CuO none
6 PS442 5 pph PS123 20 vol % CuO none
7 PS442 5 pph PS123 30 vol % CuO none
8 PS442 5 pph PS123 40 vol % CuO none
9 PS445 5 pph PS123 40 vol % CuO none

10 PS445 10 pph PS123 35 vol % CuO none
11 PS445 5 pph PS122.5 35 vol % CuO none
12 PS445 5 pph NM203 35 vol % CuO none
13 PS442 5 pph PS123 30 vol % Al2O3 none
14 PS442 5 pph PS123 30 vol % CaO none
15 PS442 5 pph PS123 30 vol % TiO2 none
16 PS442 5 pph PS123 30 vol % WO3 none
17 PS442 5 pph PS123 30 vol % SnO2 none
18 PS445 5 pph PS123 35 vol % SnO2 (G2 grade) none
19 PS445 5 pph PS123 35 vol % SnO2 (G2 grade) 1% linear PDMS
20 PS445 5 pph PS123 35 vol % SnO2 (G2 grade) 3% linear PDMS
21 PS445 2 pph PS123 35 vol % SnO2 (G2 grade) none
22 PS445 2 pph PS123 35 vol % HMDS-treated SnO2 none

(G2 grade)
23 PS445 2 pph PS123 35 vol % TMCS-treated SnO2 none

(G2 grade)
24 PS445 2 pph PS123 35 vol % VDCS-treated SnO2 none

(G2 grade)

through a 12 h ramp to 2057C and an 18 h hold formed by dispersing 1500 g tin oxide (Magne-
sium Elektron, Inc., G2 grade) in 1500 mL anhy-at 2057C. Tin oxide fillers were obtained from

Magnesium Elektron, Inc., in four grades: G2, drous tetrahydrofuran (THF) under an inert gas
purge. The dispersion was stirred at 607C over-CS3, SV5, and Superlite C. Their particle size dis-

tributions were measured with a Coulter counter night. A solution of 150 mL silane and 300 mL
THF was added to the filler dispersion dropwise(aperture 70). Fillers used in each formulation

are listed in Table II. Silane-treated fillers were over 2 h, after which the mixture was stirred at
607C overnight. The treated filler was collected byblended into the PDMS/TEOS blend after the fi-

nal drying step of the silane treatment described filtration and dried overnight at 1007C. Silanes
used to treat the tin oxide were hexamethyldisila-below.

Silane treatment of tin oxide fillers was per- zane (HMDS), trimethylchlorosilane (TMCS),

Table II Fillers Used in Condensation-cured Formulations

Formulation Filler Silane User for Filler Treatment

25 35 vol % SnO2 (G2 grade) none
26 35 vol % SnO2 (G2 grade) HMDS
27 35 vol % SnO2 (G2 grade) TMCS
28 30 vol % SnO2 (G2 grade) none
29 30 vol % SnO2 (CS3 grade) none
30 30 vol % SnO2 (SV5 grade) none
31 30 vol % SnO2 (Superlite C grade) none
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Table III Response of Zinc Oxide-filledand vinyldimethylchlorosilane (VDCS). They
Polysiloxanes to Cyclic Stress at Elevatedwere obtained from United Chemical Technolo-
Temperature in a PDMS Fluid Environmentgies and were used as received.

Formulation Weight Loss (%)
Cyclic Stress/Dynamic Creep Testing

2 0
Cyclic stress data were collected using a dynamic 3 0.28
mechanical analyzer (also known as a Mechanical 4 00.39
Energy Resolver or MER),19 as described pre-
viously.14 For each material, a cylindrical sample
1.27 cm in diameter and 1.2 cm in thickness was modified by Henry for filled systems,13 was used

to calculate effective crosslink densities. It shouldplaced in the dynamic mechanical analyzer, and
the sample was exercised under compression at a be noted that this method gives a measure of the

effective crosslink density that comprises both thefrequency of 30 Hz at 2187C. The static load was
maintained at 8 kg, and a sinusoidally varying true crosslink density from rubber elasticity the-

ory and the apparent increase in crosslink densityload of 4 kg rms was superimposed on the static
load. The samples were run in ambient air atmo- resulting from network-filler interactions. This

has been discussed elsewhere.17sphere for 60 h, except where noted otherwise.
Corrected storage moduli were calculated as de-
scribed elsewhere.14 Tensile Testing

Some samples, as indicated, were run while im- Tensile testing and Young’s modulus determina-
mersed in 0.35 Pa-s (viscosity at 257C) trimethyl- tion were performed at room temperature on dog-
siloxy-terminated PDMS (DC200, Dow Corning). bone-shaped specimens according to ASTM D412.
In this case, the static load on the cyclic stress
test was decreased to 4 kg, and the dynamic load Inorganic Contaminant Measurement
was 2 kg rms. Testing temperature and frequency

The amount of trace contaminants present in thewere maintained at 2187C and 30 Hz.
inorganic oxide fillers was determined by induc-
tively coupled plasma atomic emission spectros-

Toluene Swell and Effective Cross-link Density copy (ICP-AES) following digestion of the filler
Measurements samples with nitric, hydrochloric, sulfuric, and/

or hydrofluoric acids.The method outlined by Bueche20 and Bobear21

was used to extract and swell the samples. Ini-
tially, the samples were extracted with toluene by RESULTS AND DISCUSSION
placing them in a vial with an excess of toluene

Zinc Oxide-filled Polysiloxanes: Influence of afor 24 h at 507C. The toluene was then discarded,
PDMS Fluid Environmentfresh toluene was added, and the samples were

allowed to equilibrate an additional 24 h at room A number of practical applications of filled PDMS
elastomers require that they have the ability totemperature. The samples were removed from the

toluene and blotted to remove excess toluene. withstand the dual stresses of high temperature
and cyclic stress. In addition, certain applicationsThen, their swollen weights were measured. The

samples were dried to a constant weight at 1107C also require that the elastomers maintain stabil-
ity while in continuous contact with a PDMS fluid.in a vacuum oven and weighed to the closest milli-

gram. Finally, the sample’s specific gravity was Henry examined the stability of filled PDMS elas-
tomers to heat aging in a PDMS fluid and con-measured using ASTM Standard D297 15.1.2.

Effective crosslink density calculations were cluded that the fluid increased the extent of degra-
dation of the elastomers.13 Since zinc oxide-filledcompleted using xPDMS-toluene

13 for filled elastomers
of PDMS and xP(16% DPS/84% DMS)-toluene

15 for filled polysiloxane elastomers display stability to cyclic
stress at elevated temperatures,17 the additionalelastomers of poly(diphenylsiloxane-co-dimethyl-

siloxane). The calculation details and caveats in- stress of a PDMS fluid environment was added to
determine if the stability could be maintained.herent in the use of effective x values for the

PDPSDMS systems are discussed elsewhere.15 The results of cyclic stress testing of zinc oxide-
filled polysiloxane elastomers are shown in FigureFlory–Rehner theory22 for determining the cross-

link density of elastomers from swelling data, as 1 and Table III. As seen for zinc oxide-filled PDMS
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EFFECT OF FILLER TYPE ON ELASTOMERS 1809

Figure 1 Cyclic stress testing response of zinc oxide-filled polysiloxane (formulations
1–4) tested in a hot PDMS fluid environment. Formulation 1: 35 vol % ZnO in PDMS.
Formulation 2: 35 vol % ZnO in P(16% DPS/84% DMS). Formulation 3: 35 vol % ZnO
in P(24% DPS/16% DMS). Formulation 4: 30 vol % ZnO/5 vol % iron oxide in PDMS.

elastomers subjected to cyclic stress testing in a The differences also may arise from the differ-
ences in compatibility of the elastomers withhot air environment, the zinc oxide-filled PDMS

elastomer (Formulation 1) in the PDMS fluid en- PDMS fluid. Swell of filled polysiloxane elasto-
mers containing greater than 10% DPS units withvironment displayed almost no creep during cyclic

stress testing. A slight decrease in storage modu- 0.35 Pa-s viscosity PDMS is negligible.23 Very lit-
tle diffusion of the PDMS fluid into the 16 andlus occurs as a result of cyclic stress in a PDMS

fluid environment that is not observed in the air 24% DPS-content elastomers would be expected
compared to the amount of diffusion expected forenvironment, indicating a participation of the

PDMS fluid in the degradation reactions. the PDMS elastomer. Thus, participation of
PDMS fluid in interchain bonding reactions withChanging the elastomer type to a poly(diphenylsi-

loxane-co-dimethylsiloxane) (PDPSDMS) changes the elastomer is expected to decrease with in-
creasing DPS content. Assuming an equivalentthe response to cyclic stress in a PDMS fluid envi-

ronment. The storage modulus remains constant number of interchain bonding reactions are oc-
curring in the three elastomer types, a largerwhen the elastomer contains 16% DPS (Formula-

tion 2); whereas, the storage modulus increases number of effective crosslinks should be formed
in the higher DPS-content elastomers because ofduring the course of the testing with 24% DPS in

the elastomer (Formulation 3). Little evolution the absence of participation in the reaction by
PDMS fluid. Therefore, an increase in storageof low molecular weight degradation products is

evidenced by the insignificant weight losses mea- modulus should be observed.
Stabilization of the PDMS network is achievedsured for these samples.

The differences in final storage moduli for the through inclusion of iron oxide filler with the zinc
oxide filler (Formulation 4). The storage modulusdifferent polysiloxane elastomers may result from

differences in the initial moduli of the materials. of the PDMS elastomer filled with zinc oxide and
iron oxide remains nearly constant during the cy-Higher modulus materials may have lower levels

of stress transmitted to the network chains, re- clic stress testing in the PDMS fluid environment.
Virtually no creep or weight loss is observed. Thesulting in lower levels of degradation.
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Figure 2 Influence of copper oxide loading on the cyclic stress testing response of
PDMS elastomers tested in air at 2187C. Formulations 5–8 correspond to 10, 20, 30,
and 40 vol % copper oxide loading, as indicated in the figure.

stability and lower modulus of this material com- the filler loading decreases the creep of the copper
oxide-filled elastomer. Comparing the elastomerspared to those of the zinc oxide-filled polysilox-

anes indicates that modulus alone does not control at equivalent filler loadings, however, the copper
oxide-filled elastomers display less creep than thethe response of these materials to cyclic stress at

elevated temperature, supporting the hypothesis zinc oxide-filled elastomers. They also have higher
storage moduli, indicating again that a higherthat interaction of the elastomer with the PDMS

fluid strongly influences its response to cyclic storage modulus or hardness material is not nec-
essarily less stable under conditions of high tem-stress.
perature and cyclic stress. The weight loss of the
copper oxide-filled elastomers, shown in Table IV,

Copper Oxide-filled PDMS: Influence of Filler also attests to the ability of copper oxide to stabi-
Concentration and Elastomer Stoichiometry lize the elastomers. Decreasing weight loss with

increasing filler loading is observed.Although several fillers have been examined for
In order to examine the influence of changestheir impact on the response of filled elastomers

to cyclic stress at elevated temperature, only zinc
oxide fillers have been shown to improve the sta-

Table IV Influence of Filler Concentration andbility of the elastomers to cyclic stress. The litera-
Elastomer Stoichiometry on the Response ofture suggests that cuprous oxide (Cu2O) catalyzes
Copper Oxide-filled PDMS to Cyclic Stress atthe degradation of PDMS.8 Here, copper oxide Elevated Temperature

(CuO) is examined for its ability to stabilize
PDMS elastomers subjected to cyclic stress at ele- Formulation Weight Loss (%)
vated temperatures in air.

The response of PDMS elastomers filled with 5 1.1
6 0.95varying concentrations of copper oxide to cyclic
7 0.75stress at elevated temperature is shown in Figure
8 0.232. Unlike the aluminum oxide-filled PDMS elasto-
9 0.51mers examined elsewhere,15 the copper oxide-

10 0.95filled elastomers (formulations 5–8) display al-
11 0.79most no change in storage modulus and minimal
12 0.67creep. As seen with zinc oxide fillers,17 increasing
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EFFECT OF FILLER TYPE ON ELASTOMERS 1811

Figure 3 Influence of elastomer structure and network perfection on the cyclic stress
testing response of copper oxide-filled PDMS.

in the network structure on the dynamic creep tween crosslinks requiring fewer chain scission
reactions before measurable creep occurs.response of filled PDMS elastomers, variations in

the network-forming polymer molecular weight When the crosslinking polymer concentration
is increased further, however (Formulation 10),and in the Si{H content of the crosslinking poly-

mer were explored. The results are shown in Fig- the stability of the elastomer to cyclic stress is
unaffected, even though the filler concentrationure 3 and Table IV. Comparing Formulation 8 to

Formulation 9, it can be seen that increasing the has been decreased slightly. Increasing the reac-
tive hydrosiloxane content of the crosslinker (for-network-forming polymer molecular weight with-

out changing the crosslinking polymer concentra- mulations 11 and 12) stabilizes the elastomers
slightly, but the effect is small. Further, thetion decreases the stability of the network to cyclic

stress. This behavior also was observed in zinc weight loss in each of these elastomers is small
and similar, regardless of changes in networkoxide-filled PDMS elastomers, where it was at-

tributed to both network imperfections resulting chemistry. Thus, changes in network crosslink
distribution, concentration of dangling ends, orfrom excess crosslinking moiety (Si{H) being

present and to the higher molecular weight be- other network parameters are not as important

Table V Influence of Filler Type on the Cyclic Stress Response and Properties of PDMS Elastomers
Containing 30 Vol % Filler

Weight Loss During
Cyclic Stress Crosslink Density Young’s Modulus

Formulation Filler Testing (%) (mmol/cm3) (MPa)

13 aluminum oxide 9.75 223 2.5
14 calcium oxide 4.43 ND 5.7
15 titanium oxide 2.25 338 7.1
16 tungsten oxide 6.27 101 4.7
17 tin oxide 0.98 484 6.7

a ND Å no data.
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Figure 4 Cyclic stress testing results for an addition-cured PDMS elastomer con-
taining 30 vol % aluminum oxide (Formulation 13).

in determining response to cyclic stress as is the greater for the calcium oxide-filled elastomer than
for the elastomers filled with zinc oxide or copperfiller type and loading.
oxide. However, it is lower than that seen for alu-
minum oxide.

Influence of Different Filler Types Evaluation of a titanium oxide-filled elastomer
(Formulation 15) gave the results shown in Fig-Filler loading strongly influences the response of

PDMS elastomers to cyclic stress at elevated tem- ure 6 and Table V. Again, although the creep of
the elastomer is not excessive, the titanium oxideperature. Therefore, a series of elastomers were

prepared at identical filler loadings in order to filler causes a large increase in the storage modu-
lus of the elastomer in the later stages of the cyclicisolate the influence of filler type.

An addition-cured PDMS elastomer containing stress experiment. Also, the weight loss remains
relatively high.30 vol % aluminum oxide was prepared (Formula-

tion 13), and its effective crosslink density and The results of changing the filler to tungsten
oxide (Formulation 16) are shown in Figure 7 andYoung’s modulus are reported in Table V. Its re-

sponse to cyclic stress testing is shown in Figure Table V. The elastomer displays a creep of about
23% during the cyclic stress experiment, as well4 and Table V. The effective crosslink density of

this elastomer is comparable to those measured as an increase in storage modulus at long times
and a high weight loss, corresponding to loss ofelsewhere for PDMS elastomers containing 30 vol

% zinc oxide17 or 35 vol % aluminum oxide.15 The volatile cyclics formed during the degradation re-
actions.Young’s modulus is similar to the initial storage

modulus measured during cyclic stress testing. In contrast, tin oxide filler stabilizes the net-
work to degradation (Formulation 17), as shownThe aluminum oxide-filled PDMS experienced a

67% length change during the cyclic stress testing in Figure 8 and Table V. The tin oxide-filled elas-
tomer displays virtually no creep, change in stor-and a weight loss of nearly 10%. Compared to the

copper oxide-filled elastomers examined above or age modulus, or weight loss throughout the 60 h
cyclic stress test.the zinc oxide-filled materials examined above

and elsewhere,17 the aluminum oxide-filled elas- Inclusion of linear PDMS in the PDMS network
does not degrade the stability of tin oxide-filledtomers undergo significantly greater degradation.

The results for a calcium oxide filler (Formula- elastomers (formulations 18–20), as shown in
Figure 9 and Table VI. A slight decrease in thetion 14) are shown in Figure 5 and Table V. In

this case, little creep of the material is observed, Young’s modulus of the elastomer occurs upon lin-
ear PDMS incorporation, but no significantbut a large increase in storage modulus occurs

during the cyclic stress testing. The weight loss change in creep, storage modulus stability, or
weight loss during cyclic stress testing is ob-during cyclic stress testing is also significantly
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EFFECT OF FILLER TYPE ON ELASTOMERS 1813

Figure 5 Cyclic stress testing results for an addition-cured PDMS elastomer con-
taining 30 vol % calcium oxide (Formulation 14).

served. This suggests that there is little in- between strength of polymer–filled interactions
and the response of the elastomer to cyclic stressterchain reaction occurring during the cyclic

stress testing of the tin oxide-filled elastomer and would be expected if this hypothesis completely
explained the experimental observations. Onethat tin oxide may be acting as an inhibitor of

degradation reactions. measure of the strength of polymer–filler interac-
tions is the modulus of the filled elastomer at iden-It has been suggested that the creep and stor-

age modulus changes exhibited by certain filled tical filler loadings. As the Young’s moduli data
in Table V demonstrate, however, there is no cor-PDMS elastomers subjected to cyclic stress at ele-

vated temperatures results from sliding of the relation between modulus and the stability of the
elastomer to cyclic stress. Both tin oxide and tita-polymer along the filler surface, causing frictional

heat generation and degradation.14 A correlation nium oxide give high modulus elastomers; yet one

Figure 6 Cyclic stress testing results for an addition-cured PDMS elastomer con-
taining 30 vol % titanium oxide (Formulation 15).
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Figure 7 Cyclic stress testing results for an addition-cured PDMS elastomer con-
taining 30 vol % tungsten oxide (Formulation 16).

stabilizes the elastomer, while the other gives a elastomer, differences in effective crosslink den-
sity can be attributed to differences in polymer–high level of degradation. The modulus of the 30

vol %-loaded copper oxide elastomer is quite simi- filler interactions. Higher effective crosslink den-
sities result from stronger polymer-filler inter-lar to that of the calcium oxide-filled elastomer,

yet their stabilities to cyclic stress in hot air are actions. Again, no correlation is seen between
effective crosslink density and response to cyclicquite different.

The effective crosslink density is another indi- stress. Aluminum oxide displays the highest level
of degradation in the cyclic stress experiment, yetrect measure of the strength of polymer–filler in-

teractions. If it is assumed that the networks it has the same effective crosslink density as the
stable zinc oxide-filled elastomer examined else-formed are independent of the type of filler in the

Figure 8 Cyclic stress testing results for an addition-cured PDMS elastomer con-
taining 30 vol % tin oxide (Formulation 17).
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Figure 9 Influence of inclusion of linear PDMS in the addition-cured PDMS elastomer
filled with 35 vol % tin oxide. Formulation 18: no additive. Formulation 19: 1% linear
PDMS. Formulation 20: 3% linear PDMS.

where.17 Elastomers with both lower (tungsten tions. X-ray photoelectron spectroscopic (XPS)
analysis of the treated filler surfaces confirm thatoxide-filled) and higher (titanium oxide-filled) ef-

fective crosslink densities also display high levels monolayer coverage of the filler surfaces with the
silanes was achieved (data not shown).of instability to cyclic stress at elevated tempera-

ture. Results of using treated tin oxide fillers com-
pared to the untreated tin oxide are shown in Fig-The strength of polymer-filler interactions also

can be altered without changing filler type ure 10 and Table VII for an addition-cured PDMS
elastomer (formulations 21–24). Some variationthrough silane surface treatment of the fillers. Si-

lanes for filler treatment were selected to either in initial storage modulus is observed based on
the silane used for filler treatment. As expected,increase or decrease the strength of the interac-

tion between the polymer network and the fil- the VMCS-treated filler gave a higher storage
modulus elastomer, indicating enhanced strengthler. HMDS and TMCS should decrease polymer-

filler interaction, while vinylmethylchlorosilane of polymer-filler interactions. The VMCS-treated
filler also gave an elastomer with a higher effec-(VMCS) should increase polymer-filler interac-

tion in addition-cured elastomers through possi- tive crosslink density. HMDS decreased the
strength of the polymer-filler interactions, re-ble participation in the network formation reac-
sulting in a lower effective crosslink density. De-
spite these changes in the strength of the poly-
mer-filler interactions, however, no significant

Table VI Influence of Linear PDMS Addition differences in response of the elastomers to cyclicon the Young’s Modulus and the Response of
stress testing at elevated temperature were ob-Tin Oxide-filled PDMS Elastomers to Cyclic
served. The elastomers remained stable.Stress at Elevated Temperature

Because some sensitivity to the curing chemis-
try used to form the elastomer had been demon-Weight Loss

During Cyclic Young’s Modulus strated previously,15 the influence of filler treat-
Formulation Stress Testing (%) (MPa) ment on the response to cyclic stress also was

investigated in a condensation-cured system filled
18 0.83 6.1 with tin oxide. Results for untreated (Formula-
19 0.91 5.6 tion 25), HMDS-treated (Formulation 26), and
20 0.53 5.7 TMCS-treated (Formulation 27) tin oxide in a
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Figure 10 Cyclic stress testing response of addition-cured PDMS elastomers filled
with 35 vol % silane-treated tin oxide. Formulation 22: HMDS-treated tin oxide. Formu-
lation 23: TMCS-treated tin oxide. Formulation 24: VDCS-treated tin oxide.

condensation-cured PDMS elastomer subjected to observed when the strength of the polymer-filler
interactions is varied. Comparing the addition-cyclic stress at elevated temperature are shown

in Figure 11 and Table VIII. Changes in the initial cured elastomers to the condensation-cured elas-
storage modulus confirm that the silane filler tomers, a slightly lower level of creep is seen in
treatments are decreasing the strength of poly- the condensation-cured samples. However, the
mer-filler interactions. The decrease in effective low level of creep in any of the tin oxide-filled
crosslink density for the sample containing elastomers, regardless of elastomer curing chem-
TMCS-treated filler (Formulation 27) also indi- istry, suggests that these differences may arise
cates a significant decrease in polymer-filler inter- from network imperfections rather than from dif-
actions. Again, however, no change in the stability ferences in curing chemistry.
of the elastomer, expressed as low weight loss, In addition to variations in the strength of poly-
almost no creep, and stable storage modulus, is mer-filler interactions, the particle size of the fil-

lers varies with filler type in this study. In order
to determine if this is a controlling factor in the
response of the elastomers to cyclic stress, a series

Table VII Influence of Silane Surface of condensation-cured PDMS elastomers were
Treatment on the Properties of Tin Oxide-filled, filled with tin oxide fillers with different mean
Addition-cured PDMS particle sizes and widely varying particle size dis-

tributions. The size distributions of the fillers areWeight Loss
shown in Figure 12, and the volume mean particleCross-link During
sizes are listed in Table IX. The cyclic stress test-Density Cyclic
ing results for these materials are shown in Fig-Filler (mmol/ Stress

Formulation treatment cm3) Testing (%) ure 13 and Table IX. The data clearly show that
particle size does not influence the response of the

21 none 175 1.22 materials to cyclic stress at elevated temperature.
22 HMDS 154 0.4 Further, the fact that some of these tin oxides
23 TMCS 182 1.27 were formed through a pyrolysis process while
24 VMCS 191 0.29 others were formed through a chemical process
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Figure 11 Cyclic stress testing response of condensation-cured PDMS elastomers
filled with 35 vol % silane-treated tin oxide. Formulation 25: untreated tin oxide. Formu-
lation 26: HMDS-treated tin oxide. Formulation 27: TMCS-treated tin oxide.

also suggests that residuals from the oxide manu- is no correlation between stability of a filled
elastomer to cyclic stress at elevated tempera-facture do not control the ability of fillers to influ-

ence the response of filled elastomers to cyclic ture and the isoelectric point or trace contami-
nants of the filler.stress.

Another possible explanation for the effect of The absence of mechanical or external factors
to explain the influence of filler type on cyclicfiller type on the cyclic stress testing response is

that the acidic or basic character of the filler sur- stress response leads to the conclusion that the
inherent properties of the particular inorganic ox-face influences the degradation reactions or that

there are impurities in the fillers that impart ide are the controlling factors. The ability of cer-
tain metal oxides, for example, zinc oxide24 andan acidic or basic character to the filler. The

reported isoelectric points of the fillers and the copper oxide,25 to catalyze siloxane reactions sup-
ports the hypothesis that a fuller understandingresults of analyses for trace contaminants are

presented in Table X. As the data show, there of the ability of inorganic oxides to catalyze silox-
ane scission and crosslinking reactions will per-
mit prediction of the affect of fillers on the stabil-
ity of polysiloxane elastomers to cyclic stress at

Table VIII Influence of Silane Surface elevated temperature.
Treatment on the Properties of Tin Oxide-filled,
Condensation-cured PDMS

CONCLUSIONSWeight Loss
Cross-link During

Density Cyclic The interactions of fillers with a polymer network
Filler (mmol/ Stress are important in determining the fitness for use

Formulation Treatment cm3) Testing (%) of filled elastomers in both static and dynamic
loading applications. Evaluation of a variety of

25 none 506 0.57 fillers for their impact on the stability of filled
26 HMDS 503 0.28 elastomers to cyclic stress at elevated tempera-
27 TMCS 478 0.41 ture has been completed. Zinc oxide, previously
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Figure 12 Particle size distributions of tin oxide fillers: (a) G2 grade; (b) CS3 grade;
(c) SV5 grade; (d) Superlite C grade.

shown to stabilize polysiloxane elastomers to cy- PDMS fluid environment. Some dependence on
diphenylsiloxane content of the elastomer was ob-clic stress in a hot air environment,17 also stabi-
served and was hypothesized to arise from incom-lized elastomers subjected to cyclic stress in a hot
patibility of the DPS units with the PDMS fluid.
Less PDMS fluid permeation into the network re-Table IX Influence of Filler Particle Size on
sulted in more crosslinks forming between net-the Response of Tin Oxide-filled Condensation-
work chains and an increase in storage moduluscured PDMS Elastomers to Cyclic Stress at
during cyclic stress testing.Elevated Temperature

For elastomers subjected to cyclic stress in a
Filler Volume Weight Loss hot air environment, two new fillers were identi-
Mean Particle During Cyclic fied that stabilized the elastomers: tin oxide and

Formulation Size (mm) Stress Testing (%) copper oxide. In addition, a number of fillers were
identified that imparted varying degrees of insta-

28 8.7 0.34 bility to the network: aluminum oxide, calcium
29 9.1 0.56 oxide, titanium oxide, and tungsten oxide. No cor-
30 5.4 0.28 relations between strength of polymer-filler inter-
31 4.2 0.16 actions, filler isoelectric point, or presence of trace
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Figure 13 Cyclic stress testing results for condensation-cured PDMS elastomers filled
with various grades of tin oxide at 30 vol % loading: (a) G2 grade tin oxide (Formulation
28); (b) CS3 grade tin oxide (Formulation 29); (c) SV5 grade tin oxide (Formulation
30); (d) Superlite C grade tin oxide (Formulation 31).

contaminants in the fillers and ability of the fillers ther confirmed that the strength of polymer-filler
interactions and the size of the particles are notto stabilize the PDMS elastomer to cyclic stress

were observed. responsible for the differences observed with dif-
ferent fillers. Imbalances in the chemistry used toStudies of silane-treated tin oxides and of tin

oxides of varying particle size distributions fur- form the elastomer network also showed only a

Table X Properties of Fillers

Trace Contaminants (ppm)
Isoelectric

Filler Pointa Ca Na Mg Fe Ni Zn

Al2O3 9.1 250 1200 220 210 33 õ20
CaO — MCb 190 5500 490 õ20 õ20
TiO2 6.0 õ20 760 õ20 õ20 25 õ20
WO3 — õ20 õ100 õ20 õ20 õ20 õ20
SnO2 4.5 200 1800 49 33 õ20 41
CuO 9.1 76 õ100 22 120 31 2600
ZnO 9.2 õ20 õ100 õ20 40 õ20 MC

a Measured by IEPS in Plueddemann.26

b MC Å major constituent.
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