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SUMMARY OF RESULTS 

period from 

refers exclusively 

to that portion or the research which is concerned withj> 

a study o^tho mechanism of swelling of silicone rubber. 

Report No, 12 w:ll cover the same period of time and all\ 

other work done under this contract during this period. ' 

Results previously reported in Report No. 10 which had 

to do with the early swelling experiments are repeated 

below for the convenience of the reader. 

Note: Thic r«iporo-s^^ers the contract 

December 5., l ¿ ^o ■ I2» bu 

From Report No. 10: 

1. Silicone rubber swells rapidly in benzene and other 

good solvents during the first 10 hours at 25°C. After 

this time, swelling continues at a gradual rate up to at 

least 1000 hours and shows no indications of reaching a 

stationary state. This continued incremental swelling is 

attributed to the breaking of the molecular structure by 

thermal agitation of the swollen molecular structure. 

2. Extrapolation of this portion of the swelling curve 

to zero time gives values of v2, the volume fraction of 

polymer in the swollen network. This thermodynamic 

quantity can be used to calculate Mc, the molecular weight 

between cross-links of the vulcanized polymer, 

3. The swelling measurements were found to be affected 

by the simultaneous extraction of polymer by the swelling 

liquid. The swelling measurements were corrected for this 

vi 
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extraction, this being the first time as far as we can 

learn from tVi : iter".ture, that swelling measurements have 

been thus crrro In the case of a very lightly vul¬ 

canized sarq;-le ; us correction is absolutely essential 

since the sr.rr õ.e scarts to de-swell after about 30 hours 

in the solvent The percentage of polymer that is extract¬ 

able decreases th increasing concentration of curing 

agent as dees also the degree of swelling. These changes 

are proportional to the concentration of benzoyl peroxide 

below 2 per cent but there is very little difference in 

the polymers which are cured with 2 and 8 per cent benzoyl 

peroxide. 

4» A completely novel method of measuring swelling con¬ 

tinuously was devised and the equipment was designed, con¬ 

structed and used in this work. 

5. Data have been accumulated for calculation of Mc after 

the determination of ¿4 , the interaction coefficient be¬ 

tween solvent and polymer, 

6. Experimental work on swelling has been correlated with 

the theoretical equations developed by Flory, Huggins, 

Gee and others who have studied swelling by following thermo¬ 

dynamic principles. 

From the present report: 

7» Incremental swelling was observed with all of the 

solvents used except with p9rfluoro(methylcyclohexane) 

which did not swell the silicone polymer at all and 
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methyl ethyl ketone which was the poorest swelling agent 

of the nine rc-rc-irp solvents. The statement in result 

No. 1 above , ' : .r^.¡lling "shows no sign of reaching the 

stationary r m’.ost be qualified by saying that it 

probably do-'' ,,Eoply to poor swelling agents, 

8, In Test 3. the effect of varying the benzoyl peroxide 

curative froa 0.5 to 2-,0 and 8.0, was explored by means of 

the swelling n nsv.ronents. Exact values for Mc, the mole¬ 

cular weight hetvresn cross-links, cannot be calculated 

from the data since the value of the polymer-solvent 

interaction coefficient, for each pair of rubber and solvent, 

has never been determined. It was possible, however, to 

place maximum and minimum limits on Mc and then to average 

those values arriving at reasonable average values of Mc. 

These are given in the table on the following page. 

The values of Mc show clearly that the first 2 per cent 

of benzoyl peroxide added to a silicone recipe is far more 

efficient in its cross-linking action then the next 6 

per cento The average Mc with 2 per cent of benzoyl per¬ 

oxide was 11,000 and with 8 per cent was 9,000. 

9* In Test ij. wide variations in the degree of vulcanization 

of silicone rubber were made and swelling tests again carried 

out. The resulting maximum and minimum Mc values were again 

averaged and the results are given in the table. 
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TüSt 

Vavir.t .1 o-i of Mc with the Method 
o*' ü on of Silicone Rubbed 

Per cent 
Benzoyl 
Peroxide 

1 yi-.i-z Cure 
Tliic ‘IVnip, 

. ... Op 
l\ i A Ta 

Oven Cure 
Time Temp. 
Hr. °P. M c 

3a 
3c 
3i 

lx 

15 

?50 
250 
250 

24 300 >24,000 
24 300 11,000 
24 300 9,000 

4a 
4b 
4c 
4d 
4e 
4^ 

10. 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

? o 250 
if" 2:0 

M 
J . *") ci1 . 0 
ïr’ r^ÏÏ 
15 250 

^Important variables 

24 300 
24 300 
24 300 
24 100 

1 3Ç)0 
4b-hr. cycle 
to íl80°P. 

underlined. 

17,000 
14,000 
1Ö.000 
11,000 
24,000 
13,000 

ihe average values of Mc indicate that a 1-hour oven 

cure at 300°F. produces enough cross-links to bring the 

molecular weight down to 24,000, while a 24_hour cure at 

300°P. reduces it to from 11,000 to 18,000. A gradually 

rising temperature cycle extending over 4^ hours at a 

maximum temperature of 480°P. had the effect of reducing 

K to 13,000 in a single test, c 
11. It is known that the primary vulcanization reaction 

with benzoyl peroxide is completed in the initial press 

cure or in the very early stages of the oven cure. Since 

further cross-linking is evident during prolonged oven 

curing, it is suggested that loss of chain ends during the 

oven cure results in further cross-linking. 

12. perfluoro(methylcyclohexane) does not swell silicone rubber 

within experimental error. 

13. In increasing order of degree of swelling at 
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equilibrium, the solvents used are listed below, together 

with the equilibrium V£ values: 

Test Solvent 

6j Perfluoro(methylcyclo- 
hexane) 

6h Methyl ethyl ketone 

6i Benzene 

6g d-Limonene 

6 c Xylene 

6a Toluene 

6d Cyclohexane 

6e n-Octane 

6b n-Hexane 

6f Methylcyclohexane 

Vg equll» 

1.0 

.285 

.206 

.183 

.182 

.170 

.14-8 

.HA 

.138 

.137 

14* Since the solvents in the above list were compared 

for swelling activity with a single sample of cured rubber 

in which Mc was, therefore, constant, it was possible to 

arrive at relative values of, the solvent-polymer 

interaction coefficient, in each case. By assuming cer¬ 

tain maximum and minimum values for Mc, corresponding 

maximum and minimum values tovwere calculated. Prom 

these values a relationship between an(l V}. £ 1 was 

plotted. Thermodynamic considerations by Gee and 

Flory and others predict the existence of this relation¬ 

ship between, which is related to the heat of mixing, 

and $ lt which is the cohesive energy density. This 

relationship is plotted on page 41* 
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15. An improvensnt In Gee»s method of calculating the 

value of connive energy density of the rubber, has 

been worked out- By this method, the cohesive energy 

density of vulcanized silicone rubber (General Electric 

SE-76) has been found to be 7.50 - .05. 

16. No correlation between the rate of swelling of sili¬ 

cone rubber and the liquid diffusivity, or between the 

rate of swelling and the ultimate value of was found. 

17. The polymer-solvent interaction coefficientyj (Flory) 

does not correspond to the similar function found in os¬ 

motic pressure equations (Huggins), at least for poly- 

dimethylsiloxane and methyl ethyl ketone. 

18. It is suggested in the Discussion how it will be 

possible to arrive exactly at values of Mc and It is 

also suggested that swelling measurements will serve as 

a tool to investigate the mechanism of reinforcement. It 

is obvious,also, that this tool will be useful in investi¬ 

gating the curing action of certain surface-active pigments. 

^•9* It is felt that this work is an important contribution 

to the theory of structure of vulcanized elastomers. 
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1. 

I. MOLECULAR WEICHT AND SWELLING 
STUDIES ON SILICONE RUBBER 

A. Introduction 

The program of this swelling study was outlined in 

a series of eight experiments which was presented in 

Table IV-A-1, page 75 of Progress Report 10. This same 

outline is presented in Table A-l, page 3 this report. 

Tests 1, 2, 3 and 8 were reported in the previous 

Progress Report; and a review of Test 3 along with Tests 

4 and 6 is reported in the following sections. These 

tests bear considerable practical as well as theoretical 

importance and will provide a sound basis for further 

investigations on the nature of pigment reinforcement. 

Future work will be directed toward Test 7» Deter¬ 

mination of the Effect of Pigment Reinforcement on the 

Rate and Magnitude of Swell of Silicone Rubber, in an 

effort to learn more about the practical as well as the 

theoretical mechanism of pigment reinforcement. 

The apparatus for volume measurement was described 

in Section IV-B, pp. 76-82, of Progress Report 10, and 

the procedure was varied only slightly for the subsequent 

tests during the period this report covers. This varia¬ 

tion involved the weighing of swollen rubber samples 

within a tare bottle containing the proper solvent; fre¬ 

quent gravimetric measurements and volume calculations 

therefrom thus served as a check on the accuracy of the 



2. 

volumetric measurements and provided accuracy to /l per 

cent* 

A compendium of all test conditions and results is 

presented in Table A-2> page [j.* 



TABLi -A-l 

Program of Swelling Study 

Object 

a. Determination of the precision of 
swelling measurement. 

b. Investigation of size of sample in 
relation to the rate of swell and 
the precision of measurement. 

a. Investigation of a secondary swell. 
b. Determination of the existence of 

an equilibrium swell. 

Determination of the effect of 
benzoyl peroxide concentration 
on the swell of silicone rubber. 

Determination of the effect of 
curing conditions on the swell 
of silicone rubber. 

Determination of the effect of heat 
treatment of silicone polymer prior 
to compounding. 

a. Determination of the effect of 
various solvents and calculation 
of heat and entropy of mixing. 

b. Attempt to correlate thermodynamic 
properties with swelling results. 

Determination of the effect of 
picment reinforcement on the rate 
and magnitude of swell of silicone 
rubber. 

Conditions 

Silicone polymer. 
No pigment. 2% 
benzoyl peroxide. 
Benzene solvent. 
Varied sample size. 

Repeat swell of 
samples of Test 
1 in benzene. 

Silicone polymer. 
No pigment. Varied 
benzoyl peroxide. 
Constant cure. 
Benzene solvent. 

Silicone polymer. 
No pigmont. 2% 
benzoyl peroxide. 
Varied cure. 
Benzene solvent. 

Silicone polymer 
heat treated, No 
pigment. 2$ ben¬ 
zoyl peroxide. 
Benzene solvent. 

Silicone polymer. 
No pigment. 2.% 
benzoyl oeroxide. 
Constant cure. 
Varied solvents. 

Silicone polymer. 
Varied pigments, 
pigment loadings. 
2% benzoyl peroxide. 
Constant cure. 
Benzene solvent. 

Determination of the rate of ex¬ 
traction of silicone polymer from 
vulcanized network by solvent action. 

Silicone polymer. 
No pigment. Varied 
benzoyl peroxide. 
Varied cure. 
Benzene solvent. 
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Test Variable 
Studied 

Sample Preparation Solrei 
Formula 
parts 

b.perox. 

Curing Conditions 
Time f®*p Time Temp 
min. °F. hr. °F. 

Site 
in. 

X.O7O" 

Sample Sise 2.0 15 250 2k 300 
a 
b 
0 
d 
a 
f 

3/8 X 1/k 
fieasei 

9/16 X 1/1* 

3A X 1/U 
H 

a 
b 
0 
d 

Secondary Swell 
sample lo after 238-hour swell and de-swell 

Id 

Bengei 

le 
If 

3 Compounding formula 

*1*2 0.5 
0^2 2.0 

15 250 21* 300 

ili2 8.0 

1/2 

3A 
3A 

3/16 

1A 
iA 

Bensei 

U Curing Conditions 
aia2 2.0 
bib 1D2 

10 250 
10 230 

21* 

21* 

3/1* X 1/1* Bense 
300 
300 

cl°2 

*1*2 

15 230 

15 250 

21* 300 

21* 300 

flf2 

15 250 

15 250 

300 

1*8 to 1*30°F. gradual rise 

Solrent 2.0 
*1*2 
bib2 

elc2 

dld2 

*1*2 
*1*2 

6l«2 

hlh2 

1112 

JJ, Jr2 

15 250 21* 300 3/1* X 1/1* 
Toluei 

n-Rexi 

Zylen 

Cyolohe: 

n-Oot 

Methyloyolobi 

d-Llmoi 

Methyl ethyl ket 

Bens« 

Perf luoro ( me thy loyolohe: 



TABLE A-2 

COMPENDIUM OP TEST CONDITIONS AND RESULTS 

olrent Duration ▼ m 
Molal Solubility of 2 c 

Vol. Paraaeter Swell equil. a*x. 
c.c. hr. 

MC M 
«in. eax. min. 

ensene 89.1*0 9.16 238 

»nsene 89.1*0 9.16 1012 

insane 89.1*0 9.16 

171* 

11*1* 

* 218 

mene 89.1*0 9.16 

11*6 
11*5 

11*6 
11*1* 

11*5 

11*5 

.081* 1,000,000 21*, 200 .521 .L36 

.206 11*,900 6560 

.229 12,000 5L00 

.187 21*, 200 

.205 20,500 

.193 25,900 

.206 li*,900 

.180 38,000 

.195 19,300 

.521 .1*36 
8970 

7600 

881*0 

6560 

10,900 

7830 

luene 106.85 8.91 

lexane 131.60 7.27 

Lene 123.1*6 8.82 

»hexane 108.71* 8.20 

îctane 163.52 7,55 

»hexane 128.33 7.83 

jBonene 162.2 8.5 

tetona 90.16 9.22 

isene 89.1*0 9.16 

lexane) 173.3 6.5 

171* .170 

11*1* .138 

11*1* .182 

11*1* .11*8 
175 .11*1 

11*1* .137 

11*1* .183 

11*1* .285 

U*l* .206 
11*5 1.00 

H*,900 6560 

.1*39 

.323 

.1*58 

.1*00 

.308 

.333 

.1*16 

.577 

.521 

.295 

.068 

.311 

.211 

.000 

.071 

.221* 

.531 

.1*36 



5. 

Experimental 

Test 3 - 
of _Benzoyl Peroxide Loading nn 

¿lej^HjnirgcteHsHcp -£iiL^ 

OLlãÇtí Thiü test was for the purpose of determining 

the effect of vulcanization with varied benzoyl peroxide 

concentration on the swelling characteristics of sili¬ 

cone polymer 4 end thus by calculation of Mc to substan¬ 

tiate authentically the decreasing effectiveness of 

benzoyl peroxide as a cross-linking agent when used in 

concentrations above the optimum of about 2.0 parts 

per 100 parts of polymer. 

-°C8dUr-! Test aa">pl®3 >■ 30 and 31 were prepared 

from alabe compounded with 0.5, 2.0 and 0.0 parts of 

benzoyl peroxide per 100 parts of silicone polymer. 

Milling conditions were similar, and slabs were press 

cured 15 minutes at 250°P. and oven cured 2^ hours at 

300°P. 

Samples were immersed in pure benzene at 25.0°C. 

and volumes were measured at frequent Intervale. After 

completion of the test, samples were de-swelled and weighed. 

Calculations of v2 were made by the same procedure 

as discussed on page 85 of Progress Report 10. 

Smite: The results of Tests 3a and 31 were presented 

in Figures IV-C-I* and IV-C-5 following page 92 of Progress 

Report 10, The swelling of sample 3c was similar to that 

of Test 1 (samples were prepared similarly) but the pre- 

sent results are more accurate. 



6 

Distinctly linear log-log relationships of vg 

(the volume fraction of polymer in the swollen network) 

with time vei e obtained as in previous tests with a 

gradual tranaiticn between the initial and incremental 

periods ■ -’he rate as well as the magnitude of swell 

varied considerably with the benzoyl peroxide content, 

as is shown by the following equations of the linear 

curves 2 

Test 3a 

Initial Period 

4C:83 to iuO hours 

In vg - -^96 ln(t) -1.368 

Incremental Period 

25 to 175 hours 

In v2 = -.0251* ln(t) -2,1*07 

Test 3c .083 to 1,5 hours 6 to ll*5 hours 

ln V2 = -.310 ln(t) -1.191* In v2 = -.0186 ln(t) -1.537 

Test 3i ,083 to 2,0 hours 10 to 230 hours 

In v2 “ -.257 ln(t) -1.036 In v2 = -.0521 ln(t) -1.236 

Equilibrium swell as defined by J. R. Scott was 

determined in Figure B-l, page n, (replacing Figure 

IV-C-6 cf Report 10); from these values and from the 

molal volume of benzene and the density of polymer, 

equations for Mc in terms of^ wore calculated by means 

of Flory's equation on page [jlj.: 
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Test 

3a 

Per cent 
Bonrcyl Peroxide 

V2 
Equllt 

M 
c 

0,5 • 081j. Ij.890 

.525 

3c 2.0 .206 1°00 
.588 -// 

3i 8.0 .229 838 

.591 -/4 

(1) 
D. W. Scott of the General Electric Company in¬ 

vestigated the molecular weight distribution of a poly¬ 

dimethyls iloxane elastomer which ho described as follows: 

Fraction 

A 

B 

C 

D 

E 

Description 

Elastic 

Soft & Plastic 

Soft & Plastic 

Very Plastic 

Viscous Liquid 

Per cent 
of Polymer 

17 

Ik 
18 

Average 
Molecular 
Weight 

2,800,000 

1,500,000 

610,000 

27 290,000 

15 Much less than 
290,000 

* 

The elastomer used in this study, Oerjeral Electric 

SE 76, is chemically identical with that used by Scott 

but the molecular weight distribution may be slightly 

different« 

For calculation purposes, it was assumed that the 

average molecular weight of the polymer used in this 

(1) Scott, D.W., J. Amer. Chem. Soc. 68, I877-1879 (I9I4.6) 
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study did not exceed 1,000*000« Since it was impossible 

that Mc, the mclectilar weight between cross-links, could 

exceed the linear molecular weight previous to cross- 

linking, the limiting value of Mc ^ 1,000,000 was ap¬ 

plied to the above equation of Test 3a where Mc is 

given in terms ofy/ . This provided a limiting maxi¬ 

mum value ofy^ 0.021, and from this the limiting 

values of Mn were calculated for Tests 3c and 3i. 

Prom Tost 6 it was found possible to define a mini¬ 

mum possible value of Mc for sample 3° anc^ hence for 

the other samples* Therefore; the correct value of Mc 

for the various samples of this test lies within the 

following range: 

Test Per cent Benzoyl Peroxide Mc max, Mc min, 

1,000,000 21^,200 

llj.,900 6,600 

12,000 0,ij.OO 

Assuming that benzoyl peroxide causes cross-linking 

of silicone rubber by the formation of methylene groups, 

the decomposition of one molecule of benzoyl peroxide 

causes the formation of one cross-link between adjacent 

polymer molecules and hence two molecular chains between 

cross-links - Assuming such quantitative reaction, the 

minimum values of Mc for the various samples of this 

3a 0.0 

3c 2.0 

3i 8.0 

test would be: 
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3a Mc 
(100) (2k2.22) 
(C0) (2) 

3c 
> 100;_ (2).1.2.22) 

"(2) 

2if,200 

6050 

3i Mc (lûO) (2Ü.2.22) 

(6.0') (2) 
I52O 

The effectiveness of benzoyl peroxide, expressed 

as the ratio of the number of cross-links formed to the 

number that would be formed by quantitative reaction, 

is hence given by ratios of the above values of Mc; 

valuos are tabulated below: 

Test Per cent Benzoyl Peroxide Effectiveness 

3a 0.5 24 - 100 $ 

3c 2.0 lj.0.6 - 92 # 

3i 8.0 12.7 - % 

Conclusions : The swelling characteristics and the 

molecular weight between cross-links of silicone rubber 

are definitely functions of the amount of benzoyl perox¬ 

ide used for vulcanization. The number of cross-links 

increases with the amount of benzoyl peroxide used, 

but the effectiveness of the latter reagent decreases 

when used at higher concentrations. 

Use of Flory’s equation for Mc of a polymer sample 

which is only slightly cross-linked (such as 3a) is 

theoretically inaccurate due to the large number of 



looso*ends and pelywer moloeules ^ich we not a otable 

portion of the cross-linked network. Pwrtherwre, i*oro 

▼2 !• extrenaly small, tha denominator of the Plory 

equation boccm&a a ra'.nute difference between two rela

tively large nnmbora. Variation of V2 by as little aa 

1 per cent car cause aa much as 25 P®** cent variation 

of the calculated
Volume moasurementa in this teat are considered 

accurate to per cent; graphical calculations of V2 

at equilibrium are probably accurate to ^2 per cent.
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12. 

^_.ÇL_C'irím Conditions on Swelling 
1 gt .L e 3 ^ 

P^ilg-C^ ^ .i rie ooject of this tost was to study various 

press and osen cure conditions of timo and temperature 

and to determine the effect of these conditions on the 

swelling characteristics of silicone elastomer. 

A large master-batch of polymer was prepared 

by milling together 2.0 grams of benzoyl peroxide with 

100 grams of SE 76. This batch was separated into four 

portions and given four different press cures. Uniform 

oven cures were given to three of the samples, and two 

different oven cures were given to the other. These 

curing conditions are listed below and are graphed in 

Figures B-2 and B-3, pages 19 and 20. 

Slab Test 
Press Cure 

Time y Min ■■ Temp, °i Oven Cure 
Time ; Hr. Temp, °F. 

a 

b 

c 

d 

d 

d 

4a 

4b 

4c 

10 

10 

15 

4d = 3c 15 

4o 

4f 

250 

230 

230 

250 

24 

24 

24 

24 

1 

300 

300 

300 

300 

300 

^8-hour cycle 
at 480°F. 

The particular time-temperature cycle given to 

sample Iji* was a standard factory-recommended oven euro. 

V 
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The range of press and oven euro conditions in this 

test was designed to cover that normally encountered 

in Industrial and laboratory vulcanizations of silicone 

rubber. 

Loss of weight of the slabs during each curing 

operation was determined. 

Samples wore swelled in benzene at 25.0°P. and 

the rates of swell were determined during 5-minute to 

lif5”hour periods. Loss of weight due to extraction 

during swelling was also determined. 

The results of Test 3c were accepted for Test l^d 

since samples for that test were prepared according to 

conditions comparable to those desired for Test ifd; 

there may have been slight differences. 

Results : Loss of weight of the slabs during press cure 

was independent of the curing conditions; loss of weight 

during the oven cure decreased slightly with increasing 

time and temperature of the previous press cure as shown 

by Table B-l, page 18. 

As shown in Figure B-ij., page 21» the rate of swell 

of silicone elastomer was only slightly affected by the 

press cure conditions. A considerable difference in 

the swelling of duplicate samples 1*^ and J+a2 was noted 

during the initial period of swelling, but the two 

samples exhibited the same rate of swell during the 

incremental period. For the graphical calculation of 

v2* sample ifa2 was selected. 



Likewise, in Tests ij.d, e, and f (Figure B-5» 

page 22) the rates of swell were only slightly differ¬ 

ent during the initial period (except for the anomalous 

behavior of sample i^) » but there was a distinct differ¬ 

ence in rate and magnitude of swell during the incre¬ 

mental period. 

Equations for the rates of swell wore as follows: 

Variation of press cure 

Test Initial period 

lia .033 to 1,0 hours 

In v2 = -.309 ln(t) -I.309 

hb .033 to 1,5 hours 

In v2 s -.306 ln(t) -1.20ÍÍ 

Uc ,033 to 1,5 hours 

In v2 = -.2/6 ln(t) 

l4.d .033 to 1.5 hours 

ln V2 = -.310 ln(t) -I.I9U 

Variation of oven cure 

ltd .083 to 1.5 hours 

In v2 = -.310 ln(t) -1.19h 

lie .093 to 2.0 hours 

In v? = -.303 ln(t) -1.213 

Uf .033 to 1.0 hours 

In v2 = -.296 ln(t) -1.22 

Incremental Period 

7.0 to lli5 hours 

In v2 s -.0it73 ln(t) -1.507 

5.0 to 175 hours 

In v2 * -.037 ln(t) -l.li66 

5.0 to D45 hours 

In v2 = -.06II ln( t) -I.I439 

6.0 to liiii liours 

( In v2 = -.0186 ln(t) -1.537 

6,0 to Ihh hours 

In v2 = -.0186 ln(t) -1.537 

5.0 to lli5 hours 

In v? = -.0512 ln(t) -1.516 

5.0 to 1U5 hours 

In v2 = -.056 ln(t) -1.1(29 
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In Figures B-6 and B-7 > pages 23 an^ 2ij.> ar*e cal¬ 

culated the equilibrium values of V2 according to R.L. 

Scott's definition which involves extrapolation of the 

incremental values to zero time» These values and the 

amount of extraction of polymer during the swelling 

period are listed below: 

Test Press Cure 
» 

4a IO/250 

4b 10/230 

4c 15/230 

4d 15/250 

4e " 
4f 

v2 
Oven Cure Equll. 

24/3OO .187 

” .205 

" a93 

» .206 

I/3OO .180 

cycle .195 
4öo°f. 

Per cent 
Extracted 

5.2 

6.O-6.5 

4.8 

4-3 
6.5-8.8 

5.5-7.2 

The close comparison of the extreme tests, 4b and 

4d, is contradictory to the trend of Tests 4b» c and a* 

which indicate a tendency toward decreasing v2 with de¬ 

creasing severity of press cure. It has been proven 

that benzoic acid, which is a product of the vulcaniza¬ 

tion reaction, causes depolymerization of silicone polymer. 

Since freedom of escape was restricted in the mold, the 

increased presence of benzoic acid may have counter-acted 

the increased cross-linking reaction during the longer 

duration and higher temperature of the press cure of 4d* 
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The amount of polymer extracted during the immer¬ 

sion in bon:,eno (as well as the weight loss during 

oven cure! 7'r>s Inversely related to severity of the 

press cure, which indicated that longer time and higher 

temperature in this operation provided a more stable 

cross-linked network with fewer non-vulcanized and 

hence volatile or extractable polymer molecules. 

The high-temperature oven cure of Test probably 

caused some depolymerization of the network which re¬ 

sulted in a greater amount of swelling and of polymer 

extraction than was obtained with the more moderate 

cure of sample [¿.d. The slight oven cure of sample lj.6 

led to a relatively high degree of swelling. 

According to the previous and subsequent assump¬ 

tions regarding oossible maximum and minimum values of 

Mc and^tf , values calculated from the Plory equation 

(page are listed below: 

Test 

ifb 

4c 

4d 

ii.o 

4f 

20,500 

25.900 

14.900 

38,000 

19,300 

6970 

7600 

88ÍJ.O 

656O 

10,900 

783O 
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Comparison of Tests Í4.CI and 1(.6 shows that the cross- 

linking react:.'V' iefinitely continues during the 1- to 

2i^-hour period oí tho oven cure at 300°P« 

Conclusion»? í The offsets of moderate variation of press 

cure conditions (whsn followed by a good oven cure) on 

the swelling characteristics and on Mc of the silicone 

elastomer are slights Longer press cures at higher tem¬ 

peratures lead to less volatilization during oven cure 

and less extraction during swelling of silicone rubber 

which has been vulcanized with 2 per cent of benzoyl per¬ 

oxide. 

The volatilization of polymer increases with time 

of oven cure at 300°F. and the mole cular weight between 

cross-links decreases considerably during the same period. 

Since benzoyl peroxide is completely decomposed prior to 

this time, it is reasonable to speculate that volatilization 

of end fragments of the polymer chains may cause further 

condensation polymerization which would result in a more 

tightly cross-linked network. 
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25. 

Test 6. Swell of Silicone Elastomer In Various Solvents 

Object y The purpose of this test was to investigate 

the degree and rate of swell of silicone elastomer in 

various solvents and to relate the results to current 

theories on the nature of the swelling of elastomers. 

Procedure; Samples of silicone elastomer wore cut from 

slab 3c cf Test which had been compounded with 2 per 

cent of benzoyl peroxide, press cured for 15 minutes 

at 250°P. and oven cured for 2^ hours at 300°F. 

Wherever possible the ten solvents usod in this 

test were distilled for high purity. Swelling tests at 

25.0°C. were, in general, carried out over periods of 

5 minutes to hours, and the amount of polymer ex¬ 

traction was determined in each case. 

Results * The data of all tests except 6j are presented 

in Figures B-8 and B-9» pages 33 and In Tost 6j, 

swell in perfluoro(methylcyclohexane), the degree of 

swelling was less than 2 per cent and, considering the 

possibility of experimental error, the swell was con¬ 

sidered approximately zero. 

Rates of extraction were not determined for the 

various solvents; hence it was assumed that log(^P/V0) 

was linear with log (t) fes was found approximately 

accurate in earlier tests where ultimate extraction 

was less than 6 per cent. The ultimate extraction of 
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polymer at llj.5 hours varied slightly according to 

solvent in ‘he range of 3 to 6 per cent. No correla¬ 

tion of *:he amount of extraction with solvent properties 

or with the degree of swelling was observed. 

The rates of swell of the silicone elastomer in 

the various solvents differed consider* bly as expected. 

In every case the duplicate tests provided comparable 

results. Equations for the rates of swell wore calcul¬ 

ated and are listed in Table B-2, page 35. 

In Figures B-10 and B-ll, pages 36 and 37, the 

rate of swell curves were extrapolated to zero time for 

determination of equilibrium. Those values are 

listed below in order of decreasing v2 and hence in¬ 

creasing swell: 

Test Solvent 

6j Perfluoro(methyl- 
cyclohexane) 

Methyl ethyl ketone 

6i Benzene 

6g d-Limoneno 

6c Xylene 

6a Toluene 

6d Cyclohexane 

60 n-Octane 

6b n-Hexano 

6f Methylcyclohexano 

V2 equll. 

1.0 

.205 

.206 

.I83 

.182 

.170 

.Ilf 6 

.llfl 

.138 

.137 



Those val ues of Vg In Flory’s equation

for Mq f.n tem-i o*^ end calculations are presented 

on papa {t.'v

ki all of the samples used In this tost wore fron 

the sane sjlab; the molecular weight between cross-links 

was constant throughout the tost and^ was the variable* 

In Test 3, r.f sample 3c was calculator to bo not 

greater than ll;.,900. This limit for Mg max. *»■ »P- 

plled to the eqvkatlons of Tost 6 and provided values 

of^ way, which are listed bolow on page 28.

By assuming thatfrom Huggins' osmotic prossure 

equation (page 71* Progress Report 10) was equivalent 

to^ from Plory's equation, and by accepting D. W. 

Soott's value ots 0.^96 for dlmothylsiloxane polymer 

with methyl ethyl ketone, it was possible to calculate 

values of Kq hxA/4 for each solvent of this toat. 

However, this defined impossible negative values ot/4 

and values of Mq which would require greater than 100 

per cent reaction of the benzoyl peroxide. Hence, In 

order to define a lower limit for the range of M^, It 

was assumed thaty^fjuln. * ® eaeh of the solvents. 

This assusqptlon defined the lower limit of Me as 6$60, 

which would be coexistent with// am. • 0 for polydl- 

■Mthylslloxane and n-octane. By this definition, the 

following values of// were calculated for the

other solventst
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Tost 

6h 

6i 

6c 

6a 

66 

6d 

6f 

6b 

6e 

Solvont 

Methyl ethyl ketone 

Ponzeno 

Xylene 

Tolueno 

d-Llmonene 

Cyclohexane 

Mothylcyclohexane 

n-Hexane 

n-Octano 

A max. 

• 577 

.521 

•kSQ 

439 

416 

4oo 

•333 

• 323 

.308 

• 531 

436 

• 311 

.295 

.224 

.211 

.071 

.068 

.000 

The above listing of solvents in order of do- 

creasing^ doos not agroo with tho previous tabulation 

Of the solvents in order of decreasing v2. This differ¬ 

ence points out a flaw in the basic method (but not i„ 

the theory) used by Geoffrey Ooe for determining S? . 

the solubility parameter of the polymer (pages 69-70, 

Progress Report 10). 

According to Geo's method. Figure B-l2, page 36 

•hows the relation of swell (here the inverse, since 

v2 Is plotted) to the solubility parameter of the solvent 

Points are lettered according to the particular test 

number for each solvent. To draw a smooth curve repre- 

•entative of the points involved considerable approb¬ 

ation, and minimum v2 (corresponding to maximum swell) 

defined only vaguely. 
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Despite this poor representation of data, a value of 

Sz s 7.50 was assumed and according to Gee's refinement. 

Figure B-I3, page 39, was prepared with plotted versus 

(£>1 “7.59) r. The representation here was better than in 

Figur * B-12 and was certainly as good as has been exhibited 

Ip) 
by Gee in his discussion of the method' . Nevertheless, 

even this supposed refinement does not define £2 accurately* 

As an alternative to the above methods of Gee for de¬ 

termination of £2 > & more accurate and equally simple tech¬ 

nique was devised which is presented in Figure B-llj., page [(.0» 

as in Gee's method, the proposed improvement required only 

the knowledge of vg, and • The present technique 

involved the use and the theory of Flory's equation and the 

qualitative application of various equations relating ^ to 

(5^ -S2 )* On page 1^4 were calculated approximations of 

Mc in terms of a uniform function, (¼ These values 

were plotted against for the various solvents and, al¬ 

though there was some scatter, a sharp peak was defined at 

^1 Z^2 * Tilis graph provided the value of^ = 7.50 ¿ .05* 

This approximation of Flory's equation would be absurd 

if used for calculation of Mc for some of the solvents since, 

for instance, with methyl ethyl ketone where^ ? 0*5, Mc 

would appear to be negative. Nevertheless, its use in the 

proposed method for determination of is valid both in 

theory and in practice* 

(2) Gee, G,, "Thermodynamics of Rubber Solutions and Gels”, 
in Advances in Colloid Science, Vol. II, Interscience 
Publishers, Inc*, New York 1946, pp 1^5-195. 
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Using this value for the solubility parameter of poly 

dimethylsiloxane, functions according to Gee's theories 

were calculated for the vatious solvents on page 

Vj (ox , Sg)2 

RT 
The range of possible values of /4 for 

the various polymer-solvent pairs were plotted versus this 

function in Figure B-15» page 1)-1 » and provided a definite, 

but not linear, relation. 

In order to ascertain whether the rate of swell of 

silicone elastomer might be a function of the rate of dif¬ 

fusion of solvent into the rubber. Figure B-l6, page í|2» 

was prepared in which the coefficient of the logarithmic 

rate of swell equation was plotted versus (where 

viscosity, Vi = molal volume) which was assumed to be 

related to the liquid diffusivity. No correlation was found 

to exist. 

Further correlation was attempted in Figure B-17, 

page [j.3, where the slope of the rate of swell curve was 

plotted versus the equilibrium value of V£ for all samples 

of Tests 3, ^ and 6. The resulting "path" was indicative 

that the rate of swell might be related to the free energy 

driving force which is, in turn, a complicated function of 

the changing and the constant^^Y and molal volumes. Of 

particular interest was the fact that the three samples of 

Test 3 (in which only Mc varied) provided an approximately 

linear relation of (-A^ to V2). In this graph the points 

are noted according to the test number* 
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Conclusions : The solubility parameter, or cohesive energy 

density* of polydlrre^hylsiloxane is 7»3>0 0.05 (cal./c.c*)^* 

The thecries of (iecfa^r^y Gee relating the polymer- * * ** 
solvent interaction coefficient to the solvent molal volume 

and solubility parameter and tho polymer solubility parameter 

have been at least qualitatively substantiated» 

The polymer-solvent interaction coefficient, yj, for 
Plory’s swelling equation does not correspond to the similar 

function in Huggins' osmotic pressure equation,for the 

polymer-solvent pair of polydim^thyisil oxario and m<3thyl ethyl 

ketone« 

A method for the determination of polymer solubility 

parameter has been devised which in this test was as conven¬ 

ient to use and more accurate in results than the conven¬ 

tional methods of Gee. The proposed procedure ¡night be 

applied to published results of tho swelling of other elas¬ 

tomers in various solvents in order to test its general worth 

for providing sharp definition of/^p • 

Values of Mc and^ have been defined within sufficiently 

narrow limits for comparative purposes; more accurate deter¬ 

mination of the latter term is to be desired in order to 

correlate theory properly. 

The rate of swell of silicone elastomer is probably de¬ 

pendent upon free energy factors rather than upon the rate 

of liquid diffusion into tho elastomer. /\The latter would 

probably become the rate-controlling factor,'ÂBKpwf, if an 
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extremoly viscour 1iouid were to be used* such as a high 

molecular rr?vv.er.» 

The rep.son.-bl^ values of Mc and^/ along with the afore¬ 

mentioned theoretical correlations add to the substantiation 

of P• J# Fxcry's equation for the swelling of polymers* 
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Test and 
Solvent 

6a 
Toluene 

6b 
n-Hexane 

6c 
Xylene 

6d 
Cyclohexane 

6e 
n-Octane 

6f 
Methylcyclo- 
hexane 

6g 
d-Limonene 

6h 
Methyl ethyl 
ketone 

6i 
Benzene 

TABLE B-2 

g^aations for Ttest 6 

Initial Period 

.0^3 to 1 0 hours 

L-i vL> - -„360 Inyt) -1.3ii7 

. 083 to ,1^0 hours 

In \'2 - -:393 ln(t) -1.833 

«083 to 1,0 hours 

In v2 = -.327 ln(t) -1.370 

.083 to 1,5 hours 

In v2 = -.331 ln(t) -1.581 

.083 to 1,0 hours 

In v2 * -.359 ln(t) -1,5702 

.083 to 1,0 hours 

In v2 = -,372 ln(t) -1.601; 

.083 to 1,5 hours 

In v2 = -.378 ln(t) -1.327 

»O83 to 1,5 hours 

In v2 = -.214!; ln(t) -.877 

.083 to 1,5 hours 

In v2 = -.310 ln(t) -1.19U 

Increment .-1 Period 

7 to 175 hours 

In v2 = -.0222 ln(t) -1,705 

6 to li;5 hours 

In v2 = -.0093 ln(t) -1.971 

10 to lii5 hours 

In v2 = -.01^7 ln(t) -1.218 

7.0 to ll;5 hours 

In v2 = -.0138 ln(t) -1,890 

10 to 175 hours 

In v2 s -.133 ln(t) -1,339 

7 to 1U5 hours 

In v2 = -.0119 ln(t) -2.051; 

20 to lk$ hours 

In v2 * -.0085 ln(t) -1,689 

20 to 1U5 hours 

In v2 = -1,255 

6 to II4I4 hours 

In v2 = -.0187 ln(t) -1,537 
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CALCULATIONS OF THE MOI 

T«8t Solvent Molal v2 y v4v 
Vol. equïl. 2 T“ 7 

I 
I-T2 

3* Beneene 89.1*0 .081* 

3c Beneene 

31 Bensene 

l*a Benzene 

l*b Benzene 

l*c Benzene 

l*d Benzene 

l*e Benzene 

hf Benzene 

6« Toluene 

6b n-Hexene 

6c Xylenft 

6d Cyclohexane 

6e n-Octane 

6f Methyl- 
cyelohexane 

6g d-Llmonene 

6h Methyl 
ethyl ketone 

6l Beneene 

6j Perfluoro- 
(«ethyloyclohexane) 

.1*38 .01*2 .396 .916 -.0877 -.0037 

.591 .103 .1*88 .791* -.2307 -.025 

.611 .111*5 .1*965 .771 -.2601 -.031 

.572 .0935 .1*785 .813 -.2070 -.020 

.590 .1025 .1*875 .795 -.2291* -.021* 

.578 .0965 .1*815 .807 -.211*1* -.021 

.591 .103 .1*38 .791* -.2307 -.025 

.565 .090 .1*75 .820 -.1981* -.018 

.580 .0975 .1*825 .805 -.2169 -.022 

.551* .085 .1*69 .830 *..1863 -.016 

.516 .069 .1*1*7 .862 -.11*85 -.010 

.567 .091 .1*76 .818 -.2009 -.019 

.529 .071* .1*55 .852 -.1602 -.012 

.521 .0705 .1*505 .859 -.1520 -.Oil 

.515 . 0685 .1*1*65 .863 -.11*73 -.010 

.568 .091 .1*77 .817 -.202 -.019 

.658 .11*25 . 5155 . 715 -.3355 -.050 

.591 .103 .1*88 .791* -.2307 -.025 

1.00 0.50 0.50 0.00 -** 

.206 

.229 

89.1*0 .187 

.205 

.193 

.206 

.180 

.195 

106.85 .170 

131.60 .138 

123.1*6 .182 

108.71* .11*8 

163.52 .11*1 

128.33 .137 

162.2 .183 

90.16 .285 

89.1*0 .206 

173.3 1.00 

* by approximate Flory equation Mq * ^i(v2~ 7~) 

^ (iK*) 



TABLE B-3 

r 

IALCULATIONS OF 

l-Tg 

.916 -.0877 

.7914 -.2307 

.771 -.2601 

.813 -.2070 ■ 

.795 -.229Í4 

.807 -.2lUi . 

.79ii -.2307 ■ 

.820 -.19814 - 

.805 -.2169 - 

•830 -.1863 

.862 -.H485 - 

.818 -.2009 - 

.852 -.1602 - 

.859 -.1520 - 

.863 -.H473 - 

,817 -.202 

.715 -.3355 - 

.79I4 -.2307 - 

)»00 *••• 

0.976 V^vg- 

* * ~^ <K«) 

I4I4 

THE MOLECULAR WEIGHT BETWEEN CROSS-LINKS AND THE POLYMER-SOLVENT INTERACTION 

COEFFICIENTS 

ln(l“*) V 

-.0037 

-.025 

-.031 

-.020 

-.021* 

-.021 

-.025 

..018 

-.022 

-.016 

-.010 

.019 

.012 

.011 

.010 

.019 

.050 

.025 

.0350 

.01*20 

.0372 

.01*25 

.0321* 

.0380 

.0289 

.0190 

.0331 

.0219 

.0199 

.0188 

.0335 

.0813 

.01*25 

M » 
0 

approx 

.0071 

.01*25 

.0521* 

1*890 

1000 

-338 

1210 

1025 

111*0 

m- 

1120 
Í=3T 

3000 

-M 
2960 

e- 

ISr- 

1000 

Me 
max. 

M, 

1*890 

1000 
.5öö-># 
838 

. 591-,4. 

10° 21*, 200 

11*,900 6560 

12,000 51*00 

1210 

102! 

111*0 

1000 
7500¾ 

1295- 
.555-^ 
1120 
7579^ 

21*, 200 8970 

20,500 7600 

25,900 881*0 

11*, 900 6560 

36,000 10,900 

19,300 7830 

1695 1695 
3-w 

vino 
.525-^ 

11*, 900 6560 

1728 

221Q 2210 
îK* .51*8^ 

2Í_ lè2Í 
.552** 
2960 

57^r 

.616-^/ 

1000 

■Ç ^ ^ r „ 3 
min. max. rain. ^-7.50 V,({,-7,50) 

RT 

.521 .1*36 

.521 .1*36 

.1*39 . 295 8.91 1.1*1 

.323 .068 7.27 -.23 

.158 .311 8.82 1.32 

.1*00 .211 8.20 0070 

.308 .000 7.55 0.05 

.933 .071 7.83 0.33 

.1*16 .221* 8.5 1.0 

.577 .531 9.22 1.72 

.521 .1*36 9.16 1.66 

not defined 6.5 -1.0 

0.976 !£) 
b7 exaot Flory equation M„ * 

V 

.359 

.0012 

.361* 

.090 

.0007 

.0023 

.27 

.1*51 

.1*15 

.29 

In (1^2) / v2 

7 j 



ks*
DISCUSSION

Vklthcut. lol’'tn|5 into extensive theoretical assump« 

tlonst It hr.2 ’^oon possible to calciilate within a fairly 

close range posnlble values of and of^ for poly- 

diraethylsllcxane awollod in various solvents. In addi

tion. the effects of various conditions of preparation, 

i.e. benzoyl peroxide concentration and press and oven 

cure temperatures, have been discerned in their relation 

to the number of cross-links of vulcanized silicone 

elastomer.

Further work will bo directed toward both theoretical 

and very practical considerations of this problem. Prom 

homogeneous molecular weight fractions of silicone elas

tomer it will be possible to define more closely the 

possible values of Me max. «nd Me „m. . and hence the 

values ofwill be defined within narrower limits for 

the various polymer-solvent oairs. By treating swelling 

measuremonts In the proper manner. It will bo possible 

to study rigorously the d gree to which plgpionts reinforce 

silicone rubber and it may be possible to discern the 

mechanism of this reinforcement. A preliminary exoari- 

mont has shown that swelling la reduced by pigments by a 

dilution effect and by a reinforcing action. Piirther 

studies will attenqot to show the effect of various volume 

loadings of pigment on those swelling characteristics and 

various pigment types and sizes will be studied.

J



Of particular interest toward both theoretical and 

practical considerations will be a study of samples com¬ 

pounded with DuPont GS199S pigment to which no benzoyl 

peroxide has been added. This study should provide 

knowledge of the number of cross-links effected by the 

coated pigment and it should similarly permit differ¬ 

entiation of the reinforcing effect due to particle size 

and that due to the organic surface coating of the oigment. 

Swelling measurements with the apparatus used in this 

study and with the unique procedure for graphical cal¬ 

culations should orovide a valuable tool for future study 

of the physical as well as the thermodynamic properties 

of elastomeric polymers. 
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