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Synopsis 
A new high-temperature elwtomer, SiB-2, has been investigated by stress relaxation, 

niodulis-temperature, and volume-temperature techniques. SiB-2 was found to be 
more stable than a related elastomer, radiation-cured silicone rubber, having about twice 
as long a chemical relaxation time at 250°C. Possible mechanisms to account for this in- 
creased stability are discussed. At low temperatures, T ,  for SiB-2 was estimated at 
-34"C., which compares well with T, = -3OOC. for this polymer. By comparison, 
SiB-3 has T ,  = -60°C., while phenyl-modified SiB-4 was found to have T,  = -25°C. 
T ,  for SiB-2 was estimated to be f 56°C. 

INTRODUCTION 
The need for new high-temperature elastomers is very great, for both 

military and industrial uses. Among the most important high-tempera- 
ture elastomers currently in use are the silicone rubbers, their useful tem- 
perature range extending to near 250°C.1-3 

Continued syntheses of new silicones have led to the incorporation of m- 
carborane in the siloxane backbone.' The m-carborane n u c l e u ~ ~ - ~  is known 
to be stable at high temperatures,6-* and the carboranes in general have 
been described as electron-deficient, "superaromatic" ~ys t ems .~  It was 
hoped that this new derivative might be stable at  very high temperatures. 

The present investigation is concerned with the physical and mechanical 
properties of the p01y-~~~-carboranylenesiloxanes, especially that of SiB-2, 
which has the structure I. 

I [ -~;CBUJ I ~uC-~i-O-Si-O- I 
CH3 CHI CH, 

I I 
CH3 CH3 ,, 
I 

This and related SiB structures are discussed in detail by Heyirig et al.'*5 

EXPERIMENTAL 

Several types of SiB-2 panels were kindly supplied by Dr. H. Schroeder 
of the Oliii Nathiesoii Chemical Corporation, New Haven, Coiinecticut. 
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TABLE I 
Sample Designation of SiB-2 Polymers 

Sample Formulation 

A 
B 
C 
1) 
E 

No cure, no filler 
1.5% bensoyl peroxide, no filler 
1.5% benzoyl peroxide, 25% Cab-uSil 
2 .0% bensoyl peroxide, no filler 
SiB( 8-CH=CI-lz) (See structure I1 below) 100 

parts, SiOz 37.5 parts, Fey03 5 parts, 1)C-40 
2 parts. 

Their formulation is described in Table I. In addition, smaller amounts of 
SiB-3 and phenyl-modified SiB-4 were supplied for comparison purposes. 

Stress relaxation measurements were made on a standard relaxometer,"Js 
and a high-temperature modification of this instrument. The latter is sur- 
rounded by an electric furnace capable of maintaining 500°C. Measure- 
ment of the 10-sec. modulus G(10) was made using both a standard Geh- 
man" and a high-temperature modification12 similar to the above. For 
torsion moduli greater than 5 X lo9 dyne/cm.2, a Clash-Berg13 Torsion 
stiffness tester was utilized. Clash-Berg data in the glassy region were 
combined with Gehman measurements to construct the modulus-tem- 
perature curves. The usual heating rate for these experiments was l°C./ 
min. 

Thermal expansion coefficients above and below the glass transition 
temperature were determined for SIB-2 by displacement measurements. 
The sample was weighed in density-calibrated Dow-Corning silicone oil as 
a function of temperature by a Mettler balance. After several hours 
immersion in silicone oil, the weight gain of SiB-2 was approximately 2%. 

RESULTS AND DISCUSSION 

Mechanical Experiments 

Combined Gehman and Clash-Berg data for SiB-2 samples A, B, and C 
are shown in Figure 1. 

( I )  The modulus in the glassy region is close to 3 X 10'0 dyne/cm.2 for 
all these samples. 

(2)  The inflection temperaturelob Ti, defined as the temperature at  
which 3G(lO) = 1 X lo9 dyne/cm.2, is -30°C. The inflection tempera- 
ture is closely related to the glass transition temperature To. 
(3) Sample A, which has not been crosslinked, shows no well-defined 

rubbery plateau. This property is characteristic of many polymers, sili- 
cones in particular.2 Samples B and C show normal rubbery plateaus for 
crosslinked polymers, the difference between them being attributable to 
the effects of the filler, which raises the modulus of the system. 

Using these techniques, Ti for SiB-3 was found to be -6O"C., while the 
phenyl-modified SiB-4 had T, = -25°C. The high value reported for 

Particular points of interest are as follows. 

This is a usual finding. 
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Fig. 1. Log modulus vs. temperature plots for samples A, B, and C showing changesi n 
modulus caused by cure and filler. 

this last measurement was probably caused by the substitution of phenyl 
for methyl groups in the polymer. 

At temperatures above 300°C. chemical changes occur in SiB-2 samples, 
as shown in Figure 2 (Sample D). The effect noted is probably due to 
crosslinking, which raises the modulus of the samples. The nitrogen at- 
mosphere employed, however, should probably be called a nitrogen-enriched 
atmosphere. No attempt was made to measure the residual oxygen. The 
Olin workers4s5 have found that SiB-2 is stable up to 500°C. in an inert 
atmosphere. After the steep rise in 3G(10) noted, the samples broke. 
Simple inspection showed them to be hard and brittle, with only residual 
elastic properties remaining. Extraction of the sample with acetone to 
remove residual benzoyl peroxide, or more rapid heating did little if any- 
thing to increase the elastic range. From Figure 2 the upper limits of use- 
fulness of SiB-2 are 340°C. in air and 380°C. in the nitrogen atmosphere 
employed. 

The high temperature resistance to oxidative crosslinking can be con- 
siderably improved by the addition of a small amount of Ionox, a com- 
mercial antioxidant. * Incorporation of approximately 1 .8% of this mate- 
rial by weight produced a sample stable to 432°C. in the nitrogen atmos- 
phere. This is approximately 50°C. higher than available otherwise. 

* Ionox is 1,3,5-trimethyl-2,4,6-tris(3,5di-tertbutyl-4-hydroxybenzyl)ber1zene and is 
sold by the Shell Chemical Company. 
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Above this temperature, the modulus increased rapidly, as with the other 
samples. 

Figure 3 illustrates the effect of temperature on the relaxation modulus 

TEMPERATUREJ~C) 

Fig. 2. Effect of air and nitrogen atmospheres on SiB-2 modulus values for sample D. 
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Fig. 3. Saniple A stress relaxation at low teniperaturea. Log iiiodulus VS. lug time. 
Lowest four temperalrires coiivcrted from creep data. 
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of sample A through the glass transition region. Above 71°C. this sample 
forms holes and tears. The lowest four temperatures represent data con- 
verted from creep measurements.'4 Samples B and C show similar effects, 
but the samples are stable to much higher temperatures, and the stress re- 
laxations above T, show the rubbery plateau effect. 

A master curve15.16 was constructed for sample A, using the time-tem- 
perature superposition principle" with - 25°C. as the reference tempera- 
ture. This curve, corrected for proportionality of modulus to absolute 
temperature, is shown in Figure 4. This graph illustrates the theoretically 

'O'K 
j -5040 -35-33.3 - 

-0 -4 

LOG TIME ,( SECOPlDS 1 

Fig. 4. Master curve for sample A. Log modulus, corrected for temperature effects vs. 
log time. 

predicted relaxation modulus over twenty decades of time, as would be ob- 
served at  -25°C. The characteristic slope10a*18 n for this polymer, de- 
duced from Figure 4, was found to be l /2 ,  which suggests that the backbone 
chain is stiff , and/or intermolecular interactions do not play a very signif- 
icant role in the transition. The parameter n is defined as the negative 
slope of the master curve at the inflection point. 

Un- 
fortunately, the fit was only very approximate. A possible reason for this 
discrepancy is the slight crystallinity found for this polymer (see below). 
The WLF equation was dcsigncd to fit lincar amorphous polymers. 

An attempt was made to fit Figure 4 by the WLF eq~at i0n. l~ 
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Chemical Relaxation Studies 

For crosslinked polymers, stress relaxation at  high temperatures may be 
used as a measure of the kinetics of chemical change. For polydimethyl- 
siloxane, Si-0 bond interchange reactionsms21 are thought to be responsible 
for the observed relaxation. Figure 5 compares present data of acetone- 
extracted sample D with radiation-cured polydimethylsiloxaneZo and or- 
dinary filled silicone rubber.22 It is observed that SIB-2 is considerably 
more stable than ordinary silicone rubber and somewhat more stable than 
the radiation-cured preparation. Comparison of Figure 7 of Osthoff ct, 

I .C 

0.t 

0.t 

0.4 

f ( t )  
f ( 0 )  
- 

0.2 

0. I 

TIME, ( SECONDS X 

Fig. 5. Stress relaxation of sample D at high temperatures compared to two types of 
silicone rubber.Is.20 Log reduced stress vs. time. 

a1.m with Figure 5 shows that SiB-2 stress relaxation curves fall about 30°C. 
higher on stress-time plots than those for the radiation-cured silicone. In 
Figure 5,  the ratio f(t)/f(O) represents the stress at time t divided by the 
stress at  time zero. 

Inter- 
mittent relaxation studies measure both scission and crosslinking whereas 
continuous stress relaxation measures only scission. The data obtained at 
the lower temperature indicated no substantial change with time, which 
suggests that the plot at that temperature in Figure 5 is valid. The inter- 
mittent stress-time plot at  307"C., however, showed. considerable increase 

Intermittent stress relaxationsloa were also run at 268 and 307°C. 
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t(t) 
f ( 0 )  
- 

I02 I04 

T IME,  1 SECONDS 1 

Fig. 6.  Same data as Fig. 5, plotted as reduced stress vs. log time to facilitate estimation 
of TCh. 

of stress. Values of f(t)/f(O) greater than unity may be interpreted as an 
iricreasing crosslinking density with time. A t  higher temperatures, the 
continuous stress relaxation plot goes through a definite minimum, as was 
observed by BrownlZ2 because of very extensive crosslinking. 

The data in Figure 5 were replotted on an f(t)/f(O) versus log time scale 
as shown in Figure 6. This type of plot facilitated the estimation of rCh, 
the chemical relaxation time,10c defined as the time necessary for the 
f ( t ) / f ( O )  value to drop to l /e = 0.368. From Figure 6 and ref. 18 the 
values shown in Table IJ were estimated. The value of rCh obtained by 
Turner and Lewis23 is also included for comparison. These workers used 
a filled, commercial type preparation, which represents one of the most 
stable silicone rubbers mentioned in the literature. 

If one takes this 
value as an arbitrary limit to the useful life of the polymer at 250°C. in 
certain types of service, then SiB-2 should last twice as long BB the irradi- 
ated silicone rubber and twenty times as long as some of the commercial 
formulations of silicone rubber. 

Chemical stress relaxation studies were also carried out on a filled deriv- 
ative of SiB-2, sample E. This material contains occasional o-carborane 

A word should be said about the rch values in Table 11. 

TABLE I1 
Relaxation Times at 250°C. 

rch Polymer 

1 . 9  x 105 SiB-2 
8 . 6  X lo4 Silicones 
8 . 0  X 10' Siliconeb 
1 . 6  X 10' Silicoriec 

* Data of Osthoff et a1.20 
b Data of Brown.22 

Data of Turner and Lewis.23 
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nuclei as the crosslinking sites in addition to the In-carborane nuclei. 
structure is4*5 11, 

Its 

CHa 

-A+- I 

&C-CH=CH~ 
v 

BioHio 
I1 

which after curing yields a structure similar to the nictliylviiiylsilic.oiie 
elastomers in current use. The results are shown in Figure 7 for air arid an 
enriched nitrogen atmosphere. 

It is observed that these samples arc highly resistant to stress relaxation. 
This may be attributable4J in part to the protective properties of Fe&. 

Determination of T, and T, 
From the 

known weights of the dry and immersed sample and the density of the oil, 
Figure 8 was constructed. The value of T, was found to be -34"C., as 
evidenced by the changc in the slope of the V s p  versus T plot at'this tem- 
perature. The volume expansion coefficients above and below T, were 
estimated to be 8.3 X 10-4/"C. and 4.3 X 10-4/"C., respectively. The 
value of -34°C. for T, compares well with T, = -30°C. mentioned 
above. 

Figurc 8 
shows a small but definite melting transition near 56°C. This value is in 
fair agreement with the empirical rule'Od stating that for an unsymmetrical 
polymer T, T,. This slight crystallinity, however, can account for 
the relatively small change in E,(t)  versus time noted above T, in Figure 3. 

The counterpart transition properties of silicone rubberZ4ez5 are as follows: 
T, = -123"C., T, = -6O"C., p, = 2.7 X 
As more carborane units are added to the siloxane chain backbone, both T, 
and T,,, are raised. A higher value 
of T,, of course, means that the SiB polymers cannot be used at tempera- 
tures as low as the silicone rubbers. 

Volume-temperature studies were carried out on sample A. 

The Olin workers4s5 reported SiB-2 to be slightly crystalline. 

and BR = 12 X 

Table I11 summarizes these changes. 

f I t )  
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Fig. 7. Stress relaxatioii of saiiiple E ill air aid enriched iiitrogeii atmospheres. 
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TABLE 111 
Tg and T,,, \'allies 

Polymer T,, "C. Tm, "C. 

Silicone rubber 
SiB-3 
SiB-2 

- 123 
- 60 
- 34 

- 60 
- 

+ 56 

TEMPERATURE,('C) 

Fig. 8. Specific volumeternperatwe plot for Sample A. 
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Fig. I). SiB-2, Sample A, modiiliis-temperatiire ciirve: ( I )  original sample; (2) 
Note slight rrosslinkiiig as indicated by rubbery-plateau, and after annealing at, 90°C. 

crystalline melliiig at 60°C. 



The effect of this crystallinity was rioted in one other experiment, as 
shown in Figure 9. This sample, a slightly crosslinked version of sample 
A, apparently was somewhat more crystalline then other preparations. 
Two distinct rubbery plateau regions are noted, above and below an ap- 
parent melting temperature of 60°C. After annealing at  90°C., retesting 
showed no trace of crystallinity. By using the relation1(Ie 

where f(0) is the st,ress immediately aft,er stret,ehing from length L, to 
length L, lc is Boltemann’s coilstant, and T the absolute temperature, the 
number of effective network chains per cubic centimeter, N ( O ) ,  may be 
calculated. If all 
of the benzoyl peroxide reacted to form crosslinks a t  the rate of one cross- 
link per molecule, 12 x 1019 network chai~is/crn.~ would have been pro- 
duced. A crosslinking efficiency of 60% may therefore be estimated. 
This value is in accord with those for other systems.26 A similar result, was 
obtained for sample B. 

The authors gratefully acknowledge partial support from the Office of Naval Research. 
The samples utilized in this invest,igation were kindly supplied by Dr. 13. A. Schroeder of 
the Olin Research Center. The arithors wish to thank L)r. Schroeder and his colleagues 
a t  Olin for their many helpful discussions during the course of this research. The aut,hors 
also wish to thank Mrs. E. Fecker for carrying out the volnme-temperatiire stndies. 

For sample D, N ( 0 )  was estimated to be 7.4 X 1019. 
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Resum6 
Un nouvel Blast,ombre nt, aiix haiites t>empBratiires, SIB-2, a 6td 6tudi6 par les 

m&hodes de relaxatiori B merit, module-temphatwe et volume-temp6rature. Le 
SiB-2 Ctait plus stable yri'tin Plastomhre apparentb, un caoiit,chouc de silicone irradi6, 
ayant approximativemerit ~ i i i  t,emps de relaxation double B 250°C. Un mecanisme pos- 
sible polir rendre compt,e de cette stabilit6 accriie est discutB. AUX basses tempkratures, 
T ,  dii SiB-2 6tait situire B -34"C, ce qrii peut &re compard avantageusement avec Ti 
= -60°C, pour ce polymkre. Par comparaison, SiB-3 B une tempkrature Ti = -60"C, 
alors qrre le SiB-4 modifii. prkserite m e  7'; = -25°C. T ,  du SIB-2 Btait Bgale B +56"C. 

Zusammenfassung 
Eiri neiies €Iochtemperat.iir-Elastomeres, SiB-2, wrirde mittels Sparinungsrelaxations-, 

Modul-Temperat,rir- iind Yoliim-Temperaturerfahreri uritersiicht. SiB-2 envies sich 
als stabiler als eiii verwaridtes Polymeres, strahlurigs-viilkanisierter Silikoiikautschiik, 
und besass eirie mehr als doppelt so hohe chemische Relaxationszeit bei 250°C. Mogliche 
Mechariismeri fur die Erhiihririg der Stabilitiit werden diskutiert. Bei niedrigeri Tem- 
peratiiren wrirde T ,  fur SIB-2 mi - 34°C bestimmt, was gut einem Ti = -30°C fur dieses 
Polymere eritspricht. Vergleichsweise ist fur SiB-3 Ti = - 60"C, wahrend phenyl- 
modifiziertes SiB-4 ein 2'i = -2Ti"C besitzt. T ,  wurde fur SiB-2 zii +ri6"C bestimmt. 
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