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SUHMARY

It is common praotice in silicone rubber technology to give rubber
articles a long higch temperature post oure in air in arder to achieve maximum
resistance to compression set. In the present work it is proposed that this
1s mecessary to destroy hydroperoxide groups established in the rubber during
vulcanisation. Systems are described in which maximum resistance to compression
set can be achieved without post cure.
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1 INTRODUCTION

Polydimethyl silicone rubbers became avallable commercially in 1945; in
their original form they were vulcenised by & peroxide initisted free radical
process. These rubbers had eacontional heat stability u: shown by conventional
heat aging tests but were relatively poor in reaistance to compression set at
temperatures as low as 160°C. This led, initially, to the introduction of
additives for improving compression set resistance, These additives were
princirally metallic oxides, the most favoured bteing ..ercuric or mercurous
oxide and cadmium oxide. Such systems recuired a relatively long heat treatment
at 250°%C in order to develop low compression set and they never proved entirely

satisfactory,

Vilcanisation of polydimethyl silicones with orgmic peroxides is an
inefficient process and in an effort to speed up cure a low concentration of
vinyl groups (~ 0.2 mole per cent) was introduced at random along the polymer
chains. This not only had the desired effect but also produced a marked
irprovement in compression set resistance but it was still found necessary to
give a relatively long high temperature treascment in order to achieve maximum
performance. Recently it has been fourd that certain curatives1 s when used with
vinyl-contalning polymers, give rise to rubbers which do not require such a heat
treatment in order to develop optimum compression set resistanc ., This re-

presents an important advance in silicone rubber technology.

In the present work the mechanism of curing and heat ageing in vinyl and
nou~vingl polymers is reviewed and reconciled with their resistance tc compres-
sion set., A rational explunation is provided for the effects of high tem-
perature post cure on compression set, and for the existence of no-post-oure

systems based on the vinyl containing polymers.
2 EYVERIMENTAL
241 Meterials

Folymers used were a methyl-vinyl silicone containing 0.2 mole per cent
of vinyl groups ard a methyl-phenyl ailicone containing 0.1 mole per cent of
phenyl groups, Vuloanisation was carried out with bis 1.4 diohlorobenzoyl
peroxide and 2.5 dimethyl-2.5 ditert ary tutyl peroxy hexane.

2,2 Compourding and vuloanisation

Pclymer and vulcanising agent were mixed on a laboaratary roll mill,
Thin sheeta of thickness 0,010 inch were produced for swelling measurements
and blocka 0,25 inch thiock for compression sct tests,




All ocompounds were heated under pressure for a time sufficient to

completely decompose the peroxide; this amounted to at least <ight half-lives,

2.3 Swelling measurements

About 0,2 g of vulcanisate was weighed accurately and immersed in an
excess of benzene at 28°C. After a period of 48 hours the rubber had reached
its equilibrium swollen state, and was then withdrawn, surface dried, and
weighed in a stopvered bottle, Finally it was dried to constant weight at 14.000.
The volume of rubber in the swollen vuicanisate was calculated using values of

1,08 and 0.876 for the density of polymer and benzene respectively,

2.4+ Compression testing

Compression set measurements were made at 160°C sccording to B.S.903
PtA.6. After release from compression the specimens were allowed to recover
for 10 minutes at 160°C and 10 minutes in water at room temperature before being

measured.,
3 DISCUSSION

The ccrupression set resistance of silicone gum vulcanisates at elevated

temperatures will be cormtrolled by three factors:-
(a) main chain stability
(b) cross-link densitv
(¢) cross-link stability,

The stability of the main chain polymer is deterr’.ed principally by its
chemical structure, although it can somectimes become modified through side
reactions occurring during vulcanisation. The oross-link density and cross-
link stability are governed by the oross-linking reagent used ~nd the conditions

of temperature, time, and environment in which vulcanisation is carried out,

It is common practice to use a two-staxe process when vulcanising =ilicone
rubbers. The firast stage - called the nress cure - involves heating the com-
pound in a closed mould wijer wressure four a time suflicicnt to decc pcese
almost all of the peroxide curative., The secord stage - called the post cure -
involves heating the alrcady vulcanised rubber in the open in an air oven for
periods of up to 24 hours at 250°C. It is thought that post curc gets rid of
volatile by-products of vulcanisation which might have a harmful effect on
the heat stability of the rubbcrz.




3.1 Main chain stability

In polydimethyl end polymctlyl-vinyl silicones at temperatures up to
25000, there are two reactions whioh can oocur in the main polymer chain
and lead to struotursl changes in gum vulcanisates., (ne is a hydrolytio
reaotion leading to scission of ~Si-O- bornds and the othcr ic an oridative
reaction at methyl side groups leading to tue formation of cross-linksE. Onoe
stable cross-links have been established the compression set resistance will /
be governed by these two reactions. Under such circumstances one means of
improving resi stance to comoression set is by the use of chemical additives
capable of inhibiting or retarding hydrolysis and oxidation. Ancther -
possibility is to produce structural modifications in the base polymers which

will make them less susceptible to hydrolytic and oxidative attack.

3.2 Press oure

g

Silicone rubbers are invariably oross-linked with organioc peroxides.

In principle the reaction "s simple

heat

RO-OR———> 2R0.

> P, + ROH

PH + RO,

2P, ——>P-P
oross-link.

In practice it is found that different peroxides can recct with a given
1
base polymer to produce vulcanisates of quite different stability .

By way of illustration consider the vulcanisation of a polymethyl vinyl :
polymer with bis 1.4 dichlorobenzoyl peroxide (DCBP) and 2,5 dimethyli-2,5 ..
ditertiary butyl peroxy hexane (VX). Vuloanisates were prepared by fress-
ouring compounds containing different levels of oeroxide anl the elastlc constants
derived from equilibriun swelling measurements. The variation of elastio
oconstant (C1), whioh is direotly propartinnal to cross-linlc density, with molar
concentration of each peroxide is shown in Fig,t. It oan be secn that both
peroxides produce oross~linke with the same efficievcy anmd that a plateau is

el et L

reached which represents the maxioum cross-link density attainable with this
base polymer. The level of C1 represented by ¢he plateau is determined by the
concentration of vinyl groups in the unvulcanised polymer. In the absence of
vinyl groups the VX peroxide would fail to produce & measurable number of aross-
1links, This confirms that the ocrosa-link density achieved in vinyl containing
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polymers arises entirely Jrom reaction at vinyl sroups. It is thought that
the reaction nroceeds as follows:~

heat
R-0-0-R > 2R0.

CH
& &
~0-81-0- + RO. > -O-‘Si-O—
CH ROCH
I |
CH, CH,
CH CH CH
| 3 | 3 E
~0-8i-0- + -0-Si-0- — > -0-5i-0- + RO,
ROCE Cii (|}H2
“, i
Tﬂz
—O—Ti—o-
Oy

At the optimum concentration of peroxide (as ahown Ly the dotted line in Fig.1)
both the DCEP and VX vulcanisates contein equal numbers of cross-links of
jdentical struoture. It seems reasonable to suppose, therefore, that they would
possess a olosely similar resistance to compression set, The results in

Table 1 show ‘hat this is not so. Also shown in 7 ble 1 arc vilues of the
continuous stress-relaxation rate constants (k) for the two vuloanisates in
moist air at 160°C.

Table 1

Stability ol oress-cured methyl-vinyl silicone vulcanisates
in air at_160°C

'/ compression s t'Continuous relaxation rate
Curative| Concentration|’ ‘ 3 oonstant k in moist air
in 24 hr at 160°C o
at 160°C
DCBP | 1.5 per ocent 51 2.5 x 107k
VX 2,0 per oent 23 | 1.6 x 107
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The compression set results show a substantisl difference in stability
between the DCBP and VX vulcanisates, The stress-relaxation results also
show significant differences in the rates of network soission. Previous
studies of network stability in silicone rubbers in the temperature range
from 120 to 250°C showed that scission cbserved at 160°C was due to hydrolytic
reactions in the main polymer cha.in5 o It is possible, therefore, that the
poor resistance to compression set of DCBP vulcanisates is due to an increased

rate of hydrolytic scission in such systenms,

The results of Fig.1 show that both DCBP and VX arc cross-linking with
a low efficiency in the methyl-vinyl polymer. If oross-linking efficiency
were def¥wed aa the ratio of the number of cr-ss-links formed +9 the number
of radicals produced by the initiator the values for DCBP and VX at optimum
oonditions would be about 20 ner cent. In both cases there are, therefore,
large numbers of radicals avallable to engage in side reactions. It is known
that DCBP and VX differ nocably in their reactivity towards primary hydrogen
atoms; for example DCBP will cross-link a non-vinyl silioone fairly readily
whilst VX will not (seec Tig.2). In the methyl-vinyl polymer both percxides
react readily with the vinyl groups which subsequently produce cross-links.
When VX is used theve will be no further reaction between polymer and
initiating radicals, whercas with DCBP there will be a substantial amount
of reaction between aryloxy radicals and primary hydrogen atoms on the pnlymer,

CH
& ™3

0-81-0= + ArQ.——> -0-Si-0- + ArOH.

CH} CHZ

The rate of dimerisation of the resulting radicals is always low in a
polydimethyl silicone; in the present system it will be especially low sinoe
they are being produced in a three dimensional netwark struoture already
established by reaction at the vinyl groups, There is every likelihood, there-
fore, of their participating in side reactions which do not result in crosa-
linking. Cne such reaction could be with oxygen to give a hydroperoxide.

The presence of hydroperoxide groups on the rubter oould provide an
explamation for the o aspression set and stress-relaxation results. Thermal
decompoaition of these groups during a high temperature test would lead to
the production of water in the vulcanisate and this in turn would .ead to an
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increased rate of hydrolytioc scission. This mechanism would alao account for
the poor resistance to compression se ‘shown by polydimethyl silicones cross-
linked with DCBP and benzoyl peroxide,

It is often stated tlmt the poor compression set resistance of press-
cured DCBP vulcanisates is due to the presence of 1,4 dichlorchbenzoic aoid
formed during vulcanisationz’h. This acid ic readily soluble in benzene and
solvent extraction of the vulcanisates should, therefore, result in an
improved resistance to ocompression set and s lower rate of centinuous stress-
relaxation, In practioe a long berzene 2xtraction failed to charge ‘he results
from those shown in Table 1.

If hydroperoxide groups on the polymer can produce network instability
it should be possible to do *he same by the introduction of other organio
nydroperoxides, In this context a: attempt was made to vulcanise a poly-
methyl vinyl silicone with cumene hydroperoxide., This molecule undergoes

thermal breakdown to give an aryloxy and iroxyl radical:-

CH
"

heat ’ 3
Q// >-?-0—0-H

> </ \-CC. + JOH
CHy CHy

Cumyloxy radicals react readily with vinyl groups on a nmethyl-vinyl posy-

mer to give cross-links; even sc it vas not found possibie to proiuce a
vulcanisate with cumene hydroperoxide. After suitable press cures the polymer
was always found to be completely soluble, and viscosity neasurements indicated
a significant drop in molecular weight (see Table 2).

Table 2

Effeot of heating methyl-vinyl silicone with cumene hdropercxide

Concentration of Heat % solubl f N.Wt. in toluene |
hydroperoxide treatment ° ! at 25°C

e —

0 None 100 | 549 500 :

} !

©.75 parts 2 hr at 180% 100 | W67 700 !

. J

These results suggest that there is an apnreciable arount of eain chain
scission ocourring during the heat treatment, aid this is presumably due to the
production of water in the aystesm,




3.3 Post cure

The final stage in processing silicone rubbders for low compression set
resistance is to subject them to an open high temperature post cure in air;
this often lasts for 24 hours at 250°C.

It is instructive to s.s how the 1deas developed in the previous section

fit the observed effects of post cure on comoression set,

Table 3

Effect of post cure on comnression set resistance in silica filled
silicone rubbers

r t Post cure treatnent | * SaBpression set
Polynor Curative Filler concentrotion tn 2 tr ot 160%
Mothyl=vinyl | 1.5 parts DCBP 40 pt AERCSIL None &
Methyl=vinyl | 1.5 parts DcEp 40 pt AERCSIL 2l hr at 250% 29
Mothyl=rinyl | 2 parts ¥X Lo pt AERCSIL None 33
Methyl=vinyl | 2 parts VX Lo pt AERCSIL 24 hr ot 250% 39
Dimethyl 8 parts dicumyl Lo pt AERCSIL None )
peroxide
Dinethyl 8 perts dicunyl 10 pt ERBIL 24 hr at 250% 38
peroxide
{

The results in Table 3 show that high temperature post cure has virtually
no effect on the compression set resistance of a VX vuloanisate. In the DCEP
system it produces a large improvement., During post cure in air hydroperoxide
groups on the polymer will be broken down and any water formed will be removed
from the system, The compression set resistance of a DCBP vulcanisate should
then become roughly the same as that of a VX vulcanisate. This i1s confirmed
by the experimental results, High temperature post cure also produces a big
improvement in compression set resistanoce in polydimethyl silicone vulcanisates,
the values becoming comparable with those for fully post cured methyl-vinyl
vulcanisates (snee Table 3),

It has been proposed that high temnerature post cure is effective in
reducing sompression set because it removes harmful by-products of wvuloanisa-
tion from the system, and in particular in the DCEP system it gets rid of
1.4 dicrlorobenzoio aoidz’!’. Long term compression set tests on fully post
cured DCEP vulcanisates are shown in Figz.3 along with those on a VX vuloanisate
and on irradiation cured silioconc at 200°C. The actual values for compression
set are of no significarce in this case becausze the DCEP vuloanisate is at a
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much higher cross-link density tharn *he others; what is significant is the
different shane of the DCBP curve relative to the others, In compression set
tests at 200°C oxidative cross-linking will be proceeding at a significant rate
and its effect will be superimposed upon that of hydrolytic scissien. The
shape of the DCBP curve is suggestive of a catalysed cxidative reaction whereas
that of the VX and irradiation vulcanisates is not. It is knosn that trace
acidic impurities catalyse the oxidation of hydrocarbons and it would therefare
appear that & post cure of 24 hours at 250°C is inadequate for the removal

of 1.4 dichlorohenznic acid from a 0,25 inch thick specimen of silicone rubber.

High teaperature post cure has a marked structural effect on silicone
vulcanisates, quite apart from the proposed decomposition of' hydroperoxide:
groups and removal of volatile residues, Heating a methyl-vinyl vuloanisate
in air at 250°C introduces aalitional cross-links at a substantial rate (see
Fig.h), amd the results show that in a gum wuicanisate the value of Gy increases
by a factor of about 10 during the nost cure nermally given te a low compression
set silicore rubber., This in itself is likely tc have a beneficial effect on

compression set resistance
L COMNCLUSIONS

The compression set resistance of press cured silicone rubbers is very
dependent upon the type of peroxide used in vuicanisation, These differences
are attributable to differences i.. reactivity of peroxides towards methyl group
on the polymers., In vinyl containing polymer: only thc most "vinyl specific"
reagents should be used if maximum compression set resistance is to be achieved
on press curing. Use of non snecific reagents such as DCBP amd benzoyl neroxide
involves the polymers in side reactions which detract from their commression set
resistance, In these cases it is proposed that hydroperoxidc groups are pro-
duced on the pelymer as a result of abatraction of primary hydrogen atoms by
aryloxy radicals. Thermal decorposition of these hydropcroxides during a com-
press.on test leada to the formetion of water which in turn results in an

increased rate of hydrolytic scission,

The effects of high tempereture post cure are to destroy the hydroperoxide
groups and remove the water from the system, and also to produce a substantial
increase in ¢ross-link density. The indications are that a full high tempera-
ture nus*t cure fails to remove ali the residual dichlorobenzoic azid in a DCBP

vulcanisate.

This work shows that if "vinyl sncoific" reagents, such as VX, are usecd

a8 high temperature post cure is not required to vroduce optimum resistence to
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compression set, It is clearly a retrograde step tc introduce vinyl groups

into the polymer amd then to persist in the use of non-specific reagents.
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Fig 3
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