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A study of G (scission) for silica filled dimethylsiloxane composites has been carried out by 
measurement of stress relaxation in a y-ray flux. The results show the same trend as those 
derived from a combination of sol-dose and swelling experiments. 

G (scission) is found to be strongly dependent on the weight fraction of filler in the compo- 
site, as well as on the particle size. A model involving reaction of physisorbed polynier 
chains with electrons and/or positive holes, generated within the silica by y-radiation, is 
proposed to explain the increase in the scission yield. The model also explains the observation 
of a large negative activation energy on the basis of an increase in the rate of annihilation of 
the holes and electrons within the silica particles. 

I NTRO D U CTlON 

A topic of increasing attention in radiation chemistry is the enhancement 
of radiation yields for molecules adsorbed on a microporous support. The 
generality of this effect is revealed by the fact that small molecules as chemically 
diverse as hexamethyldisiloxane,ljz water,3 cyclohexane,4 azoethane,s 
ethanol6 and nitrous oxide,' all demonstrate marked increases in their product 
yields when irradiated on silica. However, relatively few investigations have 
concerned the irradiation of large molecules intimately mixed with filler 
particles. 

Focks found that polytetrafluoroethylene, PTFE, filled with carbon black 
was more crystalline after irradiation and showed a greater loss of modulus 
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238 RADIATION INDUCED IlELAXATlON OF COMPOSITES 

compared to pure PTFE. He suggested that the presence of carbon black 
caused increased backbone scission. 

In studies on silica-silicone systems, several authorsg-11 claimed that 
irradiation of a filled PDMS elastomer did not lead to any enhancement of 
G (crosslinks)? over that for the pure siloxane gum. However, more compre- 
hensive results,12 obtained recently, contradict the earlier observations and 
G (crosslinks) is indeed found to increase in proportion to the volume fraction 
of silica filler. 

Since the technique of stress relaxation successfully measured G (scission) 
in a study of filler free siloxane networks,l3 it was utilized in the present 
investigation as a means of examining the cleavage of polymer chains during 
irradiation of silica-silicone composites. 

THEORY OF STRESS RELAXATION OF FILLED ELASTOMERS 

The theory of stress relaxation has been described in detail by Berry and 
Watson,14 and its application to irradiated siloxane networks has already 
been demonstrated.l3 Although the inclusion of filler particles does not 
appear to change the theory, it is advisable to re-examine the basic assumptions 
of the theory to elucidate any effect of the filler on stress relaxation. 

The fundamental requirement of all theories of stress relaxation is that, at a 
given extension ratio and constant temperature, the stress per unit original 
cross-section, f, is directly proportional to the network density (the number 
of elastically active chains/gm), N ,  i.e. 

,f = k N 

Chahall5 has shown that the modulus (at 100-300% extensions) of PDMS 
samples, filled with 30 parts silica/100 parts polymer and cured with y-rays, 
was linearly dependent on the network density as measured by swelling. 
Brenderl2 has recently shown that this behaviour is maintained over a wide 
range of silicon concentrations and particle size. Thus any PDMS network 
having a silica concentration of up to 30 phr, and whose network density is 
within the range studied,l5 appears to obey Eq. (1). Therefore, one would 
expect to obtain linear plots of the Berry and Watson function,l4 [fOlfi],S 
versus time for any of the composites mentioned. The slope of such plots 
yields a ,  the number of cuts per original network chain per unit time, from 
which one computes G (scission). 

G (scission) = a . No @-I * 102 (2) 

t The number of events per 100 e.v. of y energy are expressed as G values. 
3 Subscripts refer to time, e.g. fo is the stress per original cross-section at time zero. 
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G. B. TANNY AND L. E. ST. PIERRE 239 

where G (scission) is the number of elastically active chains lost per 100 e.v. 
of y energy, N o  is the original network density, and @ is the dose rate (e.v./ 
gni-unit time). 

In filler free siloxane networks, it has already been established13 that 
G (scission) calculated from Eq. (2) is equivalent to an absolute number 
of chemical cleavages. However, a question arises in this regard for the case 
of filled rubbers. 

The network density, No, as measured by swelling, represents an “effective” 
network density in the sense that one assumes that the presence of the filler 
particles may be ignored and treats the system as though it was homogeneous. 
Mullins and Tobin16 showed that for certain reinforcing carbon blacks 
dispersed in rubber, the same value of the network density was obtained from 
swelling and modulus measurements if the measured strain was corrected 
through the use of a “strain amplification factor”, which is dependent on 
both the shape and concentration of the filler. This implies that some compo- 
sites can indeed be considered simply as uniform rubber networks which are 
in a state of strain larger than that actually measured, due to the presence 
of the filler particles. 

Other workers16~18J9 have suggested that the situation may be more 
complex in that the filler particles could cause stress concentration in the 
network. According to this view, the stress born by chains near the particle 
surface is considerably different from that in the bulk. Hence the cleavage of 
some chains would result in a different change in the overall stress than the 
cleavage of others. One would thus obtain a G (scission) which was an average 
value of the loss of elastically active chains but the relation of this average 
to the actual number of chemical scissions which occurred would be 
unknown. 

The overall conclusion to be drawn is that, for composite rubber, the 
G (scission) determined by stress relaxation reflects the number of chemical 
cleavages occurring, but is probably not an absolute measure. Qualitatively, 
however, one would hope to use it in examining the effect of silica on radiolytic 
scission. 

EXP E R I M ENTAL 

Stress Relaxation Apparatus and Procedure 

Both the apparatus and procedures are identical to those given in previous 
work.13 The range of sample extensions was 3- 15 %. All experiments were 
performed in an N, atmosphere. 
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240 RADIATION INDUCED RELAXATION OF COMPOSITES 

Sample Preparation 

Polymer The polymer used was identical to that described in Ref. 13, 
namely, a 5 x lo5 a, PDMS gum. 
Silica The silicas used in this work were commercially available Cab-0-Sil, 
grades L-5, M-5, and EH-5, the properties of which are given below. This 
data is taken from Ref. 2. 

L-5 M-5 EH-5 

Surface area, m2/gm (BET) 50f3 200k25 390 f40 
Particle diameter, angstroms 500 120 70 

Preparation of Composites16 

The composites were prepared by mixing known quantities of silica, which had 
been dried at 130°C and 1 p pressure, into a 20 % solution of PDMS in n-hexane. 
The mixture was “thoroughly agitated with a stainless steel spatula” until the 
solvent evaporated. When the sample was “practically dry and had become 
granular in form”, it was dried “at room temperature under vacuum for 
6-8 hours”. This material was then “worked with a stainless steel rolling pin 
until the air pockets were removed and the sample appeared homogeneous”, 
after which it was pressed in a die between aluminium foil sheets and cross- 
linked by y-radiation. 

Except for the 35/100 L-5 and the EH-5 samples, the composites were 
prepared by Dr. R. S. Chahal of this laboratory. 

Swelling Measurements 

The method of swelling the samples was identical to that reported earlier.13 
Correction for the presence of silica was made on the basis of its known 

weight fraction and the original weight of the sample before swelling. No 
correction for solvent adsorbed on the silica was necessary, since the quantity 
was too small to cause a significant change in the volume fraction of polymer, 
even at the highest concentration of silica. 

Dose Rate 

All of the stress relaxation experiments were carried out at a dose rate of 
0.37 M rads/hr in the source described previously.13 

Sol-Dose Experiments 

Samples of gum filled with M-5 silica were prepared in a manner similar to 
that for the composites. The aluminium foil-composite sandwich was cut 
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RADIATION INDUCED RELAXATION OF COMPOSITES 24 1 

into strips approximately 1 in wide, which were then wrapped individually in 
more aluminium foil and irradiated in a source having a dose rate of 7.5 x lo5 
rads/hr. 

Duplicate samples (0.5-1.5 gm in weight) were placed in weighed Whatman 
seamless extraction thimbles (a blank sample set was carried along with the 
irradiated samples for each silica concentration). The samples were then 
extracted with toluene for a minimum of 120 hours. (The effect of a longer 
extraction time, 240 hours, was checked, but no significant difference in the 
final weight was observed.) After extraction, the samples were dried in a 
vacuum oven at 80-100°C for 24 hours and weighed. 

RESULTS AND DISCUSSION 

A. General Behaviour of Filled Gums 

In order to examine the effect of a large concentration of filler on radiation- 
induced stress relaxation, experiments were performed on two samples, each 
containing 30 parts M-5 silica per hundred parts of PDMS, and which had 
been crosslinked with two different network densities. The stress relaxation 
results are shown in Figure 1, plotted as [fort- I ]  versus time. As in the pure 
gum,l3 the plots are linear and the slopes of the plots decrease inversely with 
an increase in the network density. Once again, stress relaxation was observed 
only within the y source. 

It was found that in the pure gum,13 although the slope of the plot varied 
inversely with network density, the overall extent of scission remained con- 
stant. This pattern is only partially true of the results from Figure I ,  calculated 
as G (scission) values in Table I. As can be seen, a further experiment at a 
higher network density revealed an apparent increase in G (scission). Although 
this effect is most interesting, its detailed investigation was considered beyond 
the scope of the present study. To avoid any dependence of G (scission) on 
network density, all samples used in subsequent work had network densities 
between 3 and 6 x I O l 9  chains/gm. (cf. Table I). 

Comparison of the values of G (scission) in the pure PDMS, (0.7), and that 
of 30 phr, M-5, silica filled, (10.6), reveals an apparent enhancement of the 
radiation yield which parallels the behaviour observed in the model compound 
studies.l.2 In order to further elucidate this effect, experiments were per- 
formed on samples possessing a number of different filler concentrations and 
network densities within the range already mentioned. 

These results are summarized in Figure 2, i n  which G (scission) has been 
plotted as a function of the concentration of M-5 silica. The data falls on a 
smooth curve in which G (scission) increases slowly at first, and then enters 
a “critical concentration” region after which it increases dramatically. 
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242 G. B.  TANNY AND L. E. ST. PIERRE 

TABLE I 
C (scission) as a function of network density 

for a 30 phr M-5 composite 

Network density x G (scission) 
(chains/gm) 

4.64 
6.40 
9.80 

10.6 f 1.0 
10.8 & 1.0 
15.0 f 1.5 

This behaviour is interesting because it bears at least a superficial resem- 
blance to the trend observed in the yield enhancement of the model compound 
study.2 However, prior to entering a discussion of the full meaning of the 
data, it was thought to be valuable to check the results through the alternate 
technique of sol-dose measurements. 

N 
0 

1- 

x - 
r 
\ 
0 
c Y 

T i  me(min1 
y-ray induced stress relaxation of 30 phr M-5 filled PDMS in Nz,  0.4 Mr/hr FIGURE 1 

at 34°C. Network densities, 
(0) No = 4.6 x chains/gm 
(A) No = 6.4 x chains/gm 

Charlesby and Pinner20 derived the expression 

s + S"2 = x o /  Yo + 1 /p Yo0 (3) 

where S is the soluble fraction, D is the dose, p is the initial M ,  (where 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



RADIATION INDUCED RELAXATION OF COMPOSITES 243 

M ,  = Mw/2),  X o  is the number of scissions per gram per unit dose, and Yo 
is the number of crosslinks per gram per unit dose. The results of sol-dose 
experiments at four different filler concentrations, examples of which are 
shown in Figure 3, revealed that the presence of the filler did not change the 
linear relation predicted by Eq. (3). However, an increase in the scission to 
crosslink ratio, the intercept X o /  Yo, is observed as the filler concentration 
increases (Table 11). 

Since the intercept represents an absolute ratio of chemical events, i.e. the 
ratio of bond cleavage to the introduction of covalent crosslinks, one may 
conclude that the trend displayed by G (scission) (Figure 2) is primarily 
due to the effect of silica on the radiation chemistry of the polymer. 

A shortcoming in using the intercept of Eq. (3) is that it yieldsonly the ratio 
of scissions to crosslinks but gives the absolute value of neither. However, if 
the value of either can be independently calculated, then, obviously, both 
quantities are known. The absolute value of G (crosslinks) may be calculated 

Parts SiO,/IOO PDMS 

FIGURE 2 Variation of G (scisson) with M-5 Si02 concentration; 34C, NZ atmosphere, 
0.4 Mr/hr. 

(0) Obtained from Stress Relaxation 
(A) Computed from sol-dose (Table 11) 
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244 G .  B. TANNY AND L. E. ST. PIERRE 

TABLE I1 
G (scission) and G (crossslinks) as a function of filler concentration 

from sol-dose measurements 

Filler Concentration G (scission)/G (crosslinks) G (crosslinks) G (scission) 
(wt. SiOz) 

5.0 
10.0 
16.7 
22.3 

0.24 
0.30 
0.41 
0.54 

I .63 0.39 
2.20 0.66 
2.40 1 .oo 
3.40 1.90 

from the slope of the plots in Figure 3 if the initial number average molecular 
weight, p, is known. 

Since the composites are prepared by mixing a solution of the polymer 
with the silica filler, adsorption from solution of the larger molecular weights 
will occur preferentially, thus shifting the bulk number average molecular 
weight to lower values. One cannot, therefore, rely upon the value of p 
determined for the pure polymer. Nonetheless, the values of G (crosslinks) 

M-5 silica in 
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RADIATION INDUCED RELAXATION OF COMPOSITES 24 5 

and G (scission), assuming a p equal to that of the pure gum are useful indi- 
cators of a trend. In  Figure 2, the results of such calculations for G (scission), 
(Table II), have been plotted together with those derived from stress relaxation, 
and the general direction of both results is clearly the same. Extrapolation of 
the data for G (scission) derived from sol-dose, to zero filler concentration 
yields G (scission, pure gum) = 0.3, a value approximately one half that 
already established.l3 In addition, the result of a similar extrapolation of 
G (crosslinks) from Table I1 is the same factor smaller than that generally 
accepted.21 Clearly, the use of the p of the pure gum in the calculation of 
G (crosslinks) from Eq. (3) has resulted in an underestimate of the true 
values of both G (crosslinks) and G (scission). 

The important conclusion to be drawn from Figure 2 is that the stress 
relaxation technique yields values of G (scission) which show the correct 
effect of silica filler concentration and are of the correct order of magnitude. 

Surface Area Si02(rn2)/grn PDMS x lo-' 

FIGURE 4 
filled PDMS. 

Variation of G (scission) with surface area of Filler for M-5, L-5, and EH-5 

(0) 70 A, EH-5 filler 
(0) 120 A, M-5 filler 
(A) 500 A, L-5 filler 
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6.0 1 
I I I I  I 

1 
i 

I I 1 I I I I  
0 200 400 600 

Particle Diorneter 6, I I 

400 200 50  
Surfoce Areo (rn2/grn) 

/ 

/O 

/ 
FIGURE 5 Variation of G (scission) with Particle Size at Constant Total Surface Area. 

(0) = 2.3 x lo3 (m2/100 gm PDMS) 
(A) = 1.5 x 103(m2/100gm PDMS) 

One can therefore apply the results obtained by this method to the further 
elucidation of the radiation chemistry. 

B. The Effect of Filler Particle Size 

In the study of the irradiation of hexamethyldisiloxane, MM, adsorbed on 
silica,Z it was discovered that the size of the filler particle had an effect on the 
magnitude of the product yields obtained. The trend observed was an increase 
in the yield with increasing particle size. It was found that the calculated 
relative efficiency of energy transfer from the silica to the adsorbed species was 
highest for the smaller size particles and decreased with increasing particle 
size. 
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RADIATION INDUCED RELAXATION OF COMPOSITES 247 

In order to determine if a similar behaviour occurred in stress relaxation, 
experiments were performed on samples containing various concentrations 
of L-5, 50 m2/gm, and EH-5, 400 m2/gm, silicas. The results of these experi- 
ments are shown in Figure 4, in which the abscissa has been plotted in units of 
“theoretical surface area/gm PDMS”. This is simply the weight of silica per 
gm PDMS multiplied by the surface area per gram of silica, and it presents 
the data in a fashion analogous to the plots of yield versus surface coverage 
which were used in the model compound study.2 It is apparent from Figure 4 
that a family of relationships of G (scission) versus filler content exists, in 
which the variable is particle diameter. The relationship between G (scission) 
and the particle diameter may be obtained from Figure 4 by plotting “iso- 
surface area/gm PDMS” values of G (scission) versus particle diameter. 
From Figure 5 it appears that a linear relationship exists. 

The pattern of Figures 4 and 5 is entirely analogous to that already observed 
with the gas yield from adsorbed MM. It may therefore be concluded that the 
effect of particle size has a basis in the radiation chemistry mechanism of 
energy transfer between filler and polymer. Thus, it is now appropriate to 

3.10 3.20 3.30 
IIT x ~ ~ 3  

FIGURE 6 Arrhenius plot of G (scission) for 30 phr M-5 filled PDMS. Network density 
(0) No = 4.6 x l O I 9  chains/gm. 
(0) No = 6.4 x loL9 chains/gm. 
N2 atmosphere, 0.4 Mr/hr. 
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248 G .  B. TANNY AND L. E. ST. PIERRE 

propose a mechanism for energy transfer which can predict the observed 
behaviour. 

C. The Mechanism of Energy Transfer 

The two main features of silica-siloxane matrix irradiation, as studied by 
stress relaxation, are (i) an increase in the yield of polymer scissions as the 
number of silica particles increase, and (ii) a linear dependence of the yield 
on the size of the silica particle. These facts must therefore be predictable 
from any proposed mechanism. 

A number of authors4~'3~7~22~23 have suggested from studies on the radiolysis 
of species adsorbed on silica, that energy transfer occurs via the generation 
and reaction of mobile species, such as electrons and positive holes. 

Previous work13 has demonstrated that SiO bonds may undergo rearrange- 
ment by a cationic mechanism, and nucieophilic attack on SiO bonds is 
already a well characterized part of siloxane chemistry. 24 Thus, scission 
mechanisms involving both electrons and positive centres can be pictured, 
as in Eqs. (4) and (5 ) .  

CH3 CHs 7 A  CH3 CH3 
I I I 

I I I 
CH3 CH3 CH3 CH 3 

It should be noted that both of these mechanisms predict the phenomenon 
of radiation induced chemisorption, which was in fact observed in the studies's2 
of hexamethyldisiloxane irradiated in the adsorbed state. 

A final piece of evidence indicating the role of electrons and holes in the 
scission process can be inferred from the temperature dependence of G 
(scission). Figure 6 displays a large negative activation energy. 

The observation of a negative activation energy can be understood in terms 
of a loss in the number of species in  the silica. which are available to react 
with polymer chains, due to an increase in the rate of mutual annihilation. 

Consider a spherical particle of radius r ,  volume V,  in which y active species 
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RADIATION lNDUCED RELAXATION OF COMPOSITES 249 

(holes and electrons) are generated per unit  volume per unit time. Then, for a 
single particle, at a given dose rate, the total number of active species generated 
in the bulk of the particle per unit time is given by 

where [ a ] ~  is the total number of bulk active species per particle of radius r 
and kann is the rate constant for the reaction by which they are destroyed, i.e. 

SiOz' + ee+ SiO. (electron-hole combination) (7) 

Considering the energies associate with the incident y ray, it is obvious that 
temperature will play a negligible role in the ion generation rate, Vy,  in 
Eq. (6). However, the rate of annihilation of ion centres, being diffusion 
dependent, will have a positive activation energy. Thus, the equilibrium 
concentration of active species, at any dose rate, will diminish with increasing 
temperature, hence, the overall negative energy of activation. 

Finally, the dependence of the rate of scission on the particle diameter, 
rather than on the surface area (Figure 5 ) ,  suggests that the availability of 
active sites at the particle surface is a function of the bulk diffusion of electrons 
within the solid. Measurements to elucidate the annihilation rate are presently 
under way. 
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