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SUMITARY

A series bf ethylene pronylene terpolymer vulcanizates,
| prepared by varying termonomer type, cure system, cure
time and cure temperature, are characterized by determ-
ining the number and type of cross-links present. The
termonomers used represent the types currently avail-
able in commercial quantities. Characterization is
carried out byAmeasuring the C,l constant of the liooney
Rivlin Saunders equation before and after treatment
with the chemical probes propdne-2-thiol/piperidine and
n-hexane thiol/piperidine, thus making it possible to
calculate the relative proportions of mono-sulphidic,
di-sulphidic and poly- sulphidic cross-links. The cure
systems used included both sulphuf and peroxide forms
ulations. Specific physical properties are determined
for each network and an attempt is made to correlate
observed changes in tﬁese with variations in network
structure. 4 survey of the egonomics of each fornula-
tion based on a calculated efficiency parameter for
each cure system is included.

Values of C. are calculated from compression modulus

1
data after the reliability of the technique when used
with ethylene propylene terpolymers had been estab-
lished. This is carried out by comparing values from
both compression and extension stress strain measure-
ments for nafural rubber vulcanizates and by assessing
the effects of sanple dimensions and the degree of
swelling. The technique of compression modulus is much
more widely applicable than previously thought.

The basic structure of an ethylene propylene terpolymer

network appears to be independent- of The type of cure




systen used ( sulphur based systems only ), the
proportions of constituent cross-links being nearly

constant.
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7. INTRODUCTION

1.17. E.P.D.M.'s

R

The virtues of a completely saturated elastoger chain had
long been recognised. Such a polymer would ﬁave inherent
resistance to ozone, oxygen and heat. Butyl rubber was an
approach to this type of structure, being a homopolymer of
1sc-butylene containing about two percent of 1.4 polymerized
isoprens. The resultant polymer had a low degree of
unsaturation, whilst later, prbduction of the ethylene prop-
ylene copolymers introduced completely saturated elastomers.
Difficulty with the vulcanization of both these elastomers was
encountered. The conventional sulphur based cure systems
required soue degree of unsaturation to work effectively.
Therefore, butyl rubber needed a higher loading of curative
whilst the coumpletely saturated polymers required a peroxide,
or to be irradiated, to effect cure. This initiated a search

for a polymer with a saturated main chain which could be cured

by conventional means. The resultant polymer, the ethylene

propylene terpolymer (E.P.D.M.) will be discussed later. i
1.1.1. E.P.D.M. - Historical.

The use of the ethylene propylene 6opolymers as rubbers was
pioneered by the Montecatini Company Qf Italy in the mid
1950's. Despite their completely saturated nature, cross-
linking was facilitated by peroxides or by irradiation. Later,
the Du Pont Corporation in the U.S.A. produced a similar range
of products, which came to be known as the ethylene propylene
rubbers (E.P.R., or as designated by A.S.T.M. - E.P.M.). The

search for a sulphur vulcanizable E.P.M. led to the development

ATt Y i dmmA)lomen (D T A TP DM Y



By 1959, several pilot plants, notably those of Du Pont,
Enjay and Uniroyal, were producing these polymers. Large
ranges of E.P.D.M.'s including several oil extended grades,

were becoming ¢ommercially available by the early 1960's.

1.1.2. An introduction to E.P.D.M.

The ethylene propylene terpolymers are synthetic elastomers
prepared from ethylene, propylene and a small proportion of a
non-conjugated diene, using a solution polymerization process
and a Ziegler/Natta type catalyst. The ratios of ethylene,
propylene and diene are usually 16:8:1, although the amounts
of ethylene and propylene are sometimes varied, the proportion

of ethylene lying between 70 and 30 percent.

The presence of the diene ensures pendant unsaturation after
pblymerization, thus facilitating normal sulphur vulcanization.
The polymer also contains a small proportion of stabilizer.
Current commercial dienes are: (see figure 1)
dicyclopentadiene
1:4 hexadiene
ethylidene norbornene
Many other termonomers have been used or tried, but few héve
been successful. Two shown in figure 1, methylene norbornene
and 1:5 cyclo-octadiene, have both appeared in commercial
polymers, others, which have never reached this stage, are
listed below:
4 vinyl cyclo hexane,1
divinyl benzene2

b

trans 1:2 divinyl cyclcbutene

me‘thylfgetrahydroindéned'

1:5 hexadiene5

Al mmrmt=n Ao




groupings, e.g. 1:4 hexadiene has an alpha-methyl and an alpha-

The essential reguirement of a termoﬁomer is thét T4
addition be precluded since this would leave residuél
unsaturation in the main chain; only 1:2 addition will leave
a completely saturated main chain with pendant unsaturation.
Groupings alpha to the unsaturation play an important part in

the vulcanization reaction. Iach termonomer has different

methylene, whilst dicyclopentadiene has an alpha-methylene and

an alpha*tertiary carbon atom. These will doubtless affect

the vulcanization reaction of their respective polymers. The

and hence the level of crosslinking. Recent developments in

the polymerization process have allowed much greater control

over the proportion of termonomer introduced. The ethylidene

norbornene, claimed to produce the fastest curing polymer, 1is

_the most recent termonomer to be introduced commercially, and

is already used in the greatest quantities.

Polymerisation proceeds in solution utilizing a Ziegler - Natta

catalyst, which is used for its activity and not for its

stereo- specificity. Stereo-regularity causes an increase in

crystallinity and a reduction in the elastomeric properties.

Two typical catalyst systems, both developed for polymerizing

dicyclopentadiene with ethylene and propylene are:

a)

)

a binary system being made up of a compound

of a transition metal of group 1VA or VA and
an aluminium hydride being soluble in organic
solvents.8

also soluble, consists of an alkyl aluminium
sésqui chloride and a vanadium oxitri-chloride

capable of homopolymerizing ethylene but not

propylene.9

%

amount of diene introduced will control the level of unsaturation|




FIGURE 1

TERMONOMER SPECIES
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Table 1:

Table 1

Typical catalyst and co-catalyst species are listed in

Ziegler type catalyst systems

Catalysts:

groups 1 - 111

Co-catalysts: groups 1V - V111

Alkyls AIR

Hydrides L

Alkoxide

% NaR

1A1H4

A1(CH
( 5

Mixed Alkyls/Halides AIR,C1

), (0CH)

Halides CrCl. TiCl4, WwCl

5° 6

Oxyhalides VOCl_5

Alkoxides Zr(OR),

Mixed Alkyls/Halides TiR2012

i




Apart from those properties of this el@sfoﬁer which are
inherent from its chemical structure, the E.P.D.M.'S'are
outstanding for their ability to accept large quantities of
both o0il and filler. Hence, from a commercial point of view,

what 1s basically an expensive raw material can produce a

viable product.
1.1.5. E.P.D.I1. -~ Technology.

Since their comparatively recent conception, the E.P.D.M.
elastomers have captured a large portion of the synthetic
rubber market due to their inherent chemical properties and
their ease of'application. Already, their combination of
processing ease and vulcanizate properties is bringing these
elastomers into the category of general purpose elastomers.
The disadvantage of a comparatively high price is offset by
their ability to accept large quantities of fillers and
extenders. Formulations containing 400 parts of carbon black
and 200 parts of oil are ip common use, although such loadings
do inevitably cause a reduction in the physical properties of
the vulcanizate. As has been mentioned, some producers market
grades which are oil extended td varying degrees, e.g. 50 parts
0il (Du Pont) and 100 parts oil (Uniroyal). The oils used

are generally naphthenic or paraffinic.

The external mixing characteristics of these polymers are
generally good using mainly cold mill rolls and a tight nip.
The higher molecular weight grades tend to be "nervy" unless
some processing aid is used. Internal mixing is usually
preferred, the polymer, oil and filler being added at the same
time. "Upside down" mixing has been used where high loadings

of black and oil are reguired. In this case the o0il and black

4 v e ive molvmer. Hot mixing in an internal mixer




(176 - 205°C ) in the presence of a chemical promotervpfior

to the addition of the curatives is reported to improve the
physical properties of the final vulcanizate. Vast quantities
of these polymers'are used for éxtrusion which normall& takes
place with a cold screw, warm barrel ( 65°C ) and hot head and
die (80 - 120°¢ ). TFor complex or thin sections it is prefer-
able to use a grade having a higher molecular weight or ethylene}

content, which will provide a higher green strength.

Provided that dnly moderately filled stocks are used, E.P.D.IM.
compounds can be calendered over a wide range of temperatures,
Conditions are easily adjusted for skimming and frictioning of
these polymers. As expected, the E.P.D.M. type polymers are
subject to the same viscosity limitations as other general
purpose rubbers, but even so they flow well during compression,
transfer and injection‘moulding. Rapid removal from moulds is
permitted by the excellent hot tear strength shown by these
polymers. Injection moulding is normally reserved for the high
tonnage applications such as footwear, automotive parts, etc.,

due to the high capitéi expense.

Cure systems used with these elastomers are as varied as those
used for natural rubber. In general, higher levels of curatives
are utilized to help overcome the inherently slow cure. Perhaps
the most effective cure systems used are those where sulphur
is assisted by a thiuram activated by a thiazole. Peroxides
are often used in conjunction with sulphur but sulphur donor
systems are usually avoided due to their very long cure cycles.

[

Recently, several accelerators have been developed for use

specifically with these polymers.

L T A “+aoplf well to the newer




vulcanization techniques. High energy radiation has‘béén
used to cure high ethylene polymers and large volumé auto-
motive extrusions are continuously vulcanized by liquid cﬁring
media (L.C.!M.). Compounds can éxhibit short cure cycles if
hot salt baths (eutectic mixtures) are used, provided that

the polymer has a high unsaturation level and is free of
molsture and other volatiles. A high green strength is also
an advantage. Sponges based on E.P. type rubbers are easily
produced by the conventional means utilizing conventional

blowing agénts.

Blends of E.P.D.!M. are now becoming more important as initial

problems of co-cure are overcome.
1¢1.4., Commercial and Comparative.

Severe restrictions on the production of E.P. type rubbers,
levied by the original patent holders (lMontecatini, Dunlop)
have limited use in the U.K., since all such polymers have

had to be imported. waever, the patents lapse in 1972 and
it has been predicted that by 1974 the U.K. Will be the

largest user of E.P. type elastomers in the Western Luropean

Trade Area.

Thus, figures quoted in this section will be mainly for the

U.S.A. and the rest of the Western European area.

Graph 1 depicts the present and expected sales of all E.P.D.I.

in the Western European Trade Area and compares this with

sales of one brand of E.P.D.M. on the American domestic market.

Producers of E.P.D.M.'s in this area are listed in Table p,

N‘a‘“”‘w@*&‘m@m{. S O




GRAPH 1.

Potential Sales of E.P.D.M. in '000 HMetric Tons
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Producers of E.P.D.M.

in the Western European Trade Area

Company Present capacity|Future capacity| Date
tons / annum tons / annum

International Synthetic 15,000 30,000 1970/ 2
Rubber Company Limited

Dutch State Mines 14,000 26,000 197
Huls Hoescht -0 - 25,000 1971/2]
Esso Sp.A (France) -0 - 10,000 1972
Montecatini Sp.A 6,000 18,000 1970/2




It has recently been estimated that each car now leaving the

U.Ss.

factories contains three pounds of E.P.D.M. in non-tyre
products. An analysis of this American E.P.D.M. usage 1s
shown in Graph 2, The polymer cannot yet be used in the
manufacture of tyres because of its low building tack and
- its poor tensile adhesion. The small quantity indicated in
Graph 2 as being used for this purpose represents side wall
compositions and experimental tyre production. It is antic-

lpated that the present problems will soon be overcome and that

the tonnage of E.P.D.M.'s used for tyre production will increase

four fold between 1975 and 1975. At present there are only
six manufacturers of E.P.D.M. in the Western World, these,
together with their trade names and country of origin, are

shown in Table .2

Graph 3% shows the approximate location, together with
present and future capacities, of plants producing E.P.D.M.'s

throughout the world (excluding the Communist Block).

Much of the information contained in sections 1.41.4. and
1.1.5. was obtained by private communication with one of the

major producers of E.P.D.M. rubbers.

A comparison of the properties of E.P.D.M. and other
elastomers is shown in Table 4 The fairly low specific
gravity of the polymer is useful in production of lighter
materials. Its excellent resistance to both heat and ozone
steﬁs from its completely saturated backbone chains. Like
the E.P.M. rubbers, it has excellent electrical properties.

It is resistant to steam, acids and bases but should not be

used in prolonged contact with oils. Its ability to absord




GRAFPH 2.

Breukdown of E.P.D.M. Usage for the U.S. Domestic Market
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GRAPH 3.

Location and Present and Future Capacities of Plants
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Trade Names of E.P.D.M.'s produced in the Western World.

Company Country Trade Name
Copolymer Rubber and Chemical

Co. U.S.A. EPSYN

E.I. Du Pont du Nemours and

Co. Ltd. U.S.A. NORDEL
Enjay Chemicai Corporation U.S.A. VISTALON
Montecatini Petrochemica Sp.A.| Italy DUTRAL TER
Dutch State Mines Netherlands| KELTAN
Uniroyal Inc. U.S.A. ROYALENE
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TABLE 4

Comparison of properties of elastomers.

E : Excellent
G : Good
F : Fair
P : Poor

E.P.D.M. S.B.R. BUTYL NEOPRENE N.R.
S.G. | 0.865 0.94 0.92 1.23 0.9
Resistance to heat E ¥/G E G ' F/P
0, and weathering E P G G F
Cold E ¥/G P F E
Acids and Bases G/E G E F F/G
Oils Not suitable for G P

severe exposure
Abrasion G G F E E
Teafing G F G G G
Steam E G E P G
Comp. set G E F G E
Flame » Require special comp- G P
ounding

Dynamic props. G/E G P G G
Colour-stability E G/E G/E P F/G

Electrical properties E G E P F/P




large quantities of 01l and black assists i1its abrasion 16
resistance, although special compounding is required to
obtain a suitable degree of flame resistance. Its

compression set, colour stability and dynamic properties

are good.

The prices (July 1970) of common synthetic elastomers are
presented in Table 5. Although cheaper than most synthetic
elastomers, E.P.D.M.'s are 50% more expensive than natural
rubber and'S.B.R. However, the oil extended range of E.P.D.IM.'s

can compete favourably in the general purpose range.
1.1.5. Applications.

A convenient classification of end uses for elastomers is
automotive and non automotive which is basically tyre and
non tyre. This is because over half of all the rubber used
is in the production of tyres. E.P.D.M.'s have made very
little ingress into this field but many attempts have been
made, and are being made, with varying degrees of success./|O
Blends of E.P.D.M. and butyl have been tried for whole tyre
production/H whilst side walls made of E.P.D.B. are used on
many tyres in the U.S.A.12 A further use of these polymers
in the tyre industry is as coatings for wire beads, although
this is virtually limited to tyres produced from E.P.D.M. butyl
15

or blends.

E.P.M.'s are also used in this context for coating rayon cords./]4

The excellent ozone and heat resistance of E.P.D.M.'s are
utilized in non tyre aspects of the automotive industry.
Typical E.P.D.M. components used in the modern car include
solid and sponge door gaskets, heater and radiator hose,

bumper facings, weather strip, brake components, cable



Current prices (July 1970) of synthetic rubbers gquoted in

U.

TABLE V

lal

©. dollars per pound

U.B.A. U.K.

E.P.D.M. Slow curing 0.3%0 0.30
Fast curing 0.3%0 0.30

0il extended 0.20 0.21

E.P.M. | 0.27 0.24
Butyl 0.40 0.29
Chloroprene 0.40 0.39
Nitrile ' 0.50 0.43
S.B.R. 0.18 0.22
Natural Rubber SMR1 0.19 0.22
SMR. 5 0.18 0.21

5
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insulation, O-rings, distributor covers and variéus other
mouldings. Non automotive uses include exhaust hoses, door
and general construction gaskets, sheeting, cable insulation
(E.P.I.), C-belts, calendered sheet, Héavy paper rolls,
conveyors for hot minerals, gaskets for washing machines,
refrigerators, etc. It is also being used to line the main
fuel chambers of both solid and liquid fuel rockets. Small
quantities of E.P.D.M.'s have already been used to improve

the ozone resistance of other elastomers.by blending.14

1.2. THEORY
10267 Introdﬁction

Rubber networks may be represented as in Figure 2 which shows
a schematic diagram of the typical features. The character-
ization of such a network involves measurement of cross-link
density by physical means, the use of chemical probes to react
with specific types of cross-link, and the use of model

compounds.

Rubber-like substances are capable of undergoing large
deformations and exhibit almost spontaneous recovery to near
their initial dimensions when the deforming force is removed.
The molecular requirements necessary are summarized below.
Long molecules, existing in the unstressed state in a large
number of random configurations, are essential. Under stress
these molecules will straighten out and become more ordered,
but when the deformation is removed, they will return to

the random state. Low inter-molecular forces, i.e. the absence
of polar groupings and crystallization forces, together with a
suitable glass transition (Tg), ensure that the polymer will

Mawra +ha Faandem +06 ranidly take up the random configurations.




Fermznence of structure is attained by a comparatively
small  number of cross-li ks, which prevent <clippage of

the chains,
l.2.2. Stress. Strain RBehaviour.

The  stress strain behaviour of rubber 1like substonces hes

. y 15a .. 16 . . 17
been described by looney > s Rivlin and Saunders {, by

f = 2AO('>\-?\'2) (cl + A 02).. . (1)

where f 1is the deforming force producing cn extension ratio A
on & specimén with cross cectional area AO. Cl and 02 are

two parameters, normally known as the elastic parameters,
required to complete the <relaztionshiv. By anzalog vith
similar expressions derived from a statistical thermo dynamic
approach to elasticity theory ( see Appendix VII ), Cl can

be related to N ; ; the physically menifested number
C.Dphys

average molecular weight of the inter cross-link network

chains ( equation 2 ) :

o

PRT (2)

2 M
C.phys

This will not necessarily be iderntical to the number

\

average molecular weight between chemical cross-linke ( Lc cheﬂ)
® i i1

dve to the <vresence of chain ends and entanglements. P 1is the
density of the rubber hydrocarbon, R is the gas constant and

T the absolute temperature, Statistical derivations assume that

the network comprises of infinitely long chaing connected only
by teirafunctional cross-links ( figzure 2 ). Hence the

relationship between the cross-1link density and ( 2 I
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FIGURE 2

Features of a typical rubber network.

X S-S
c d e
S 52 SX2’5 _
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cross-linking site (termonomer)

carbon-carbon cross-links (peroxide vulcanization)

mono-suiph;de cross-link

d) di-sulphide cross-link

e) poly-sulphide cross-link (three or more sulphur atoms)

) main chain modifications, e.g. cyclic sulphides, pendant
accelerator fragments, conjugated unsaturation etc.

g) extra network material, any material added at the

polymerisation or compounding stage, or formed during the

vulcanization, which is not chemically bound to the network.




FIGURE 3

Ideal network structure.

Cross-link e

to infinity ~—~—»

In reality, no chains extend to infinity and chain ends
affect the behaviour of the network, as do purely physical

entanglements. An outstanding contribution by Nullinsqgenmﬂed

a calculation of ¥ , /-M dynes cm - for natural rubber
C.Chem n _

where Mn is the number average molecular weight of the rubber
immediately before vulcanization.

1.2.%. C, by extension.stress strain.

/]

Values of C may be obtained from simple stress strain

/]

measurements using a technique pioneered by Greensmith.qg
A series of values of deforming force (f) and extension ratios
("N\) are determined experimentally. The resultant plot of
/(N - ?fg) against 1/A 1is depicted schematically in graph 4.
The slope is given by 2A002 whilst the intercepts at 1/°A

=1 and 1/ A =0 are 2Ao<01 + C,) and 2A C, respectively.

The portions of non-linearity or "upturn" are due to the limits
of elasticity'theory being surpassed. The technique can also
be used with samples swollen tO egquilibrium when the governing

> i
equation becomes: (equation 4)

f = EAOVI‘—% () - )’2) (C/I + C,;'\_q’) N €D




GRAPH 4 .

. -2 :
Plot of £/ (A= XN °) against 1/A to determine C,] for

extension stress strain technique.
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where Vr 1s the volume fraction of rubber in the swollen

network.

Telotte Cq by compression of swollen samples.

At high degrees of swelling it has been shown that the C,
constant of equation 4 becomes effectively zero, reducing

the expression to: (equation 5)
- -2
f=2AOQ,]Vr‘}(')\—')\ ) R )

The required Vr values have been quoted as 0.25 or 1885.20,21

Further approximations, the first (equation 6) being valid

for small deformations, the second (equation 7) experimental,

result in é much simplified expression for C, (equation 8).
A- AT° - 3an/m, . . . . . . (8)

hS hovr—j ] e ® ® ..o e e e ° (7)

1

.

€

f/ah (h /6A ) . . e e e e . (8)
where ho’ hS and éh represent the i1nitial height, the swollen
height and the deformation of the sample. In this simple
expression, the term f/&h is obtained from the slope of the
plot of experimental compression stress strain values of f and
corresponding values ofsh. The term ho/6AO is determined

solely by the original dimensions of the sample. Later

refinements of the approximation to (A- 1‘2) produced a

. X 22
modified expression (equation 9).°%
C/] = f e ho . 1 e ° (9)
Ah A s -3 el
o 1 + Vr A h ho

Workers at the Royal Aircraft Establishment have used results

relying on a single load and deformation measurement. The
. . . -2

exact expréssion contains no approximation to the (A=-A"9)

term, but has introduced a new measurement, hd’ the height of

. 23,24
the swollen, deformed sample (equation 10) 5




A further exact expression was derived by Melley and Stuckey””
(equation 11).

— 2 2 -1

£V 5> h ah® - 3 nSan -an’
C, = e« (1)
2

o)

0n w

2A h - 2h241h+h.a_\.h
] S

Experimental techniques vary mainly in the size of sample
tested. Cluff et algo'and the "single point" exponent525’24
used samples 9.75 inches diameter, 0.5 inches thick and 0.5
inches diameter, 0.25 inches thick respectively (compression
set buttons being convenient). Smith, after developing the
reticulometergq, used much smaller samples, 0.4 cm2 by 0.2 cm
thick, these having the advantage of feaching an equilibrium
swell value in a much shorter time. An assessment of the
validity of these equations is discussed in section 1.%. The

effect of sample dimensions and Vr will be investigated

together with that of the mathematical approximations; and the

technique of compression modulus compared with that of extension

stress strain.25 The compression technique is preferable with
the E.P.D.M. elastomers since their rapid relaxation rate and

poor gum strength do not lend themselves to the extension

method.26

1.2.5. Use of the Flory Rehner Equation.

27,28 29

This equation (equation 12) later modified by ¥lory
(equation 13) relates the MC value of a swollen vulcanizate

to its V_ value and the polymer solvent interaction parameter.
I\ .

(X).




- (Mn (1 -V 2 A3
, ( ( I‘> + VI‘ +XVr) =PVOMC \fg :

1

— /" 1 2 ""/l 3’ .
i (1= V) Vv ey it (v - vp/2) e e (13

I

where Vo is the molar volume of the solvent.

Thus, knowing X , Mclmay be calculated from V. only. However,
insufficient data has been assembled to assess the variation
of X with changes in the network to make this a universal
technique. The results.of this work show changes:ﬂl?CValue
after the network has been treated with chemical probes. Other
workers have already shown that a small change in X results

in quite largé changes in MCBO and that values of X for

samples of natural rubber cured with C.B.S. change with the

31

state of cure.
1.2.6. Chemical Probes.

A chemical probe may be defined as a reagent which will react
quantitatively with a ;pecific type of cross-link, and which
can be introduced homogeneously into, and beiyemoved from a
network without causing any undesirable side reactions. These
requirements were specified as early as 1948 by Bloomfield.32
Commonly used chemical probes are:

a) aqueous sodium sulphite

b) methyl ‘iodide

¢) tri phenyl phosphine

4) 35g

e) lithium aluminium hydride

f) tri alkyl phosphites

g) sodium di-n-butyl phosphite

h) propane-2-thiol ./piperidine Y"thiol amine" reagent




j) xylene thiol/piperidine

~) . ) e Al . L3 A
2) aqueous sodium sulphite 3,34 reacts with dialkyl polysulphides

by removing the interterminal sulphur atoms. Unfortunately the

agueous medium orecludes it from widespreac

i

use with rubbers.

S

5

b) methyl iodide, first used by ieyer and Hohenemserjs and later

< . - O S
developed by Selker and hem93 s destroys all sulphur cross—links
under suitable conditions, leaving only carbon-carbon cross-links

intact. It is easily swollen into and removed from the network.

37

c) tri phenyl phosvhine, developed as a prove by loore and Trego™ ',

is used in solution in dry benzene. The action of the probe is to
remove sulphur atoms from poly-sulphidic chains to produce di-
sulphides and in cases where there is en alkenyl terminal group,

to produce mono-sulphides. This probe is normally used in conjunction
with total combined sulphur determinaztions for the determination:

of the E and E' parameters. The E parameter introduced by Moore and

TregoB8 is defined as in eguation 14.

g. atons of netiork combined sulohur/ ~.network . . (14)

g.molecules of chemical cross-links/ g.network
The E' perameter is defined by the same expressi?n but using values
measured after the network has been treated with tri phenyl phosphine.
By inspection, it becomes obvious that the exvression E - E' is
a measure of the average number of sulphur atoms per poly-sulphidic
cross—link. whilst E' — 1 gives a value of the amount of sulphur

- combined as main chain modification.
i i 3¢ 1 a T semiguantitive estimation

d) radioactive S can be use or emiq

of poly-sulphidic linkages by making wuse of the sulphur

) .39 s hi in na and
interchange reaction™ . S1NCE this probe, 1n ature a

technicue is different from the more conventional types, its
hnigue, s

i liscusued ! . ‘They are listed
many other uses will not be discuszed nere i ey' 5
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e) lithium cluminium hydride in tetrah

hydrofuran will react with

di and voly sulphidic cross—links, converting internal sulphur

atoms to hydrozen sulphide and terminal ones to bound thiol Zroupns.

41,42

D

MmMAg e 1 A} 3 o g > N v .
i0ls work vioneered by Studebaker and Nabors , entailed the

estimation ol bound thiol groups and mecsurement of the volume of
gas evolved. The probe is suspect in that many side reactions
take place with certain main chain modifications and pendant accel-

erator groupings

f) tri alkyl ohosphites, the esters of tervalent phosphorous acid,

are chemically closely related with tri phenyl ohosvhine, and de-

sulphurate poly-sulphidic linkages to disulrhides vith ease. They

44

will also cleave simple disulphides in a simple reaction.

g) sodium di-n-butyl phosphite, now discredited due to 1ntenue side

2
reactions, has been used to cleave poly and di sulphide cross-lings?

h,i,3) the 'thiol amine' vrobes utilise the nucleophilic

attack . by a thiolate ion wupon & poly-sulphidic linkage.

The extent of the reaction of the ion, formed oy the interaction

of a mercaptan and a base ( normally piperidine ), depends upon

the reaction conditions, i.e. the nucleophilicity of the ion,

time and ‘temperature. A solution of propane—c—-thiol and

piperidine4o in n-heptane will cleave, under the prescribed

conditions., 98% of poly-sulphidic linxages but only 2% of

s 240 L. 145,46
the di-sulphidic linkages, whereas n—hexane thiol or xylene thiol 25

in piperidine will cleave all poly and di-sulphidic cross-links, The

.

amlne reagents

-2

probes to .ve used for this work are the two thio

. . .. - end neheswd . . dine.
propane—2—thlol/plperlﬁ ine in n-neptane and n-hexane thlol/plperld-ne

. - ané otl hods of charact z8
Further information on probes ana OuheT methods of characterization




can be found in the review by Saville andaWatsoan and. the

relevant chapters in certain well known texts.47s48,49

1.%. Purpose of Work.

et

1.%.7. Hetwork Structures.

A series of networks as described in section 1.2. using
_polymers containing different diene species will be prepared
by using various cure systems and by varying the vulcanization
temperatures and times. These networks will then be character-
ized in terms of the total number and the relative proportions
of mono-sulphidic, di-sulphidic and poly-sulphidic cross-links,
by the use of the chemical probes propane-2-thiol/piperidine and

n-hexane thiol/piperidine.
1.%.2. Correlation with Physical Properties.

In an attempt to correlate the physical properties of the
different vulcanizates with their chemical structures, a
number of selected properties will be measured. These include:

a) hardness

b) modulus at 100% extension

¢) elongation at break

d) ultimate tensile strength

e) compression set

Since all vulcanizates are unfilled, the physical properties

will be very inferior and of no practical significance.

1.3.3%, Experimental Techniques.

The techniques envisaged for thie work have been used previouslys




Thus, their applicability

TP )M . ) .
to E.P.D.IM. vulcanizates will be investigated and suitable

conditions determined. The technique used to obtain cross-—

link density (compression modulus determination) will be
investigeated in some depth in order to ascertain its validity
i.e. comparison of the values of Cq obtained from compression
and extension stress strain data using natural rubber
vulcanizates. The effect of sample dimensions, the degree

of swelling and mathematical approximations will also be

investigated.

1.3.4s Efficiency and Economics.

An attempt will be made to define an efficiency parameter
with which to assess the various cure systems used. This
parameter will be compared with the economic considerations

of the individual formulations.
14, Previous Work.

No work at the time of commencement. had been published on

the characterization of E.P.D.I1. networks. A few of the more
progressive reports are mentioned below. DunnBO,looked at
the effect of sulphur on the peroxide cure of ethylene prop-
ylene rubbers, and its relation to their physical properties.
The work involved the use of stress relaxation techniques
although Vr determinations were made to estimate the propor-
tion of poly-sulphidic cross-links and total cross-link
density, the chemical probe propan-2-thiol being used to
51,52

differentiate between them. Laud and Stuckey used

stress relaxation to study the thermal and thermal oxidative

ageing of E.P.D.M. vulcanizates, = use of two thiol amine
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eagents was 1ntecrated i 5 : .
reag tegrated to look at the relaxation properties

of specific cross-links. Two papers describing the work on

the reaction mechanisms and structures obtained from several .
BE.P.D.M. (Nordel) vulcanizates were presented by Saegebarth45
46

and Frensdorff. Infra red examination was used to study

the removal of unsaturation from the rubber during vulcan-
ization_and the mechanisms were likened to those of natural
rubber and S.B.R. These workers only differentiated between
mono-sulphides and cross-links containing two or more sulphur
atoms, using xyiyl mercaptan/piperidine reagent. An excellent
correlation between entanglements and chemical cross-links in
E.P.D.M. vulcanizates was made by Baldwin, Borzel and Makowski55
of the Enjay Corporation. By using a peroxide cure system they
obtained an equation whereby the chemical network chain

density M could be determined (equation 15).

c.chem

O =N (1 - 2PN ) 4 (g + b)) (1 - 2p/(MC\$+p>)2 . (15)

where \$ =

M N
C

and the subscripts t and ¢ refer to the total and chemical values

L

respectively.

M is the number average molecular weight of the elastomer
directly before vulcanizing and¢§ and b are constants for that
particular polymer. Unfortunately, the constantség and b

were evaluated for a specific E.N.B. polymer and hence only
figures for this material can be converted to Mc.chem'
Recently several papers on this topic have emerged frpm Japan.
One by Kujimato and Nakade54 looked at the effect of the diene
monomer on the rate and structure of cross-linking in E.P.D.L.'s.
the structures were

Using a range of commercial termonomers,

determined with the aid of lithium aluminium hydride and tri




phenyl phosphine whilst the rates were studied byyfollowing

the usage of unsaturation by an infra red technique. In a

contempary paper, Imoto et 8195 looked at the nature of

sulphur existing in the vulcanized network. They used,

extraction, HCl treatment ang lithium aluminium hydride

. . [
technigues to resolve the network, In a further paper)6 this

- tean lqoked at the oxidative degradation of E.P.D.M.'s

utilizing stress relaxation and oxygen absorption techniques.

Levine and Haine357 have now perfected an infra red method

for determining ethylidene norbornene in E.P.D.M.'s.

The conclusions of the above workers will be discussed with

.the results of this work in a later section.

o

e
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The cumbersome nomenclature in certain equations was used to -

conform with that of the computér program.

2.1. Vulcanizate Preparation.
2.7.1. Formulations.

The E.P.D.IM. fofmulations are shown in Table 6. A.B.C. and V
were used to study the effect of variation of the vulcanizing
system for a given termonomer (Enjay 3509 - methylene
norbornene). 'A and B are analogous to the conventional high
sulphur and sulphur donor systems used with natural rubber,

C 1s a simple peroxide cure system and V is based on a new
accelerator Vocol,58 deVeloped for use with these polymers.
Formulations B,N,E and Rwere used to look at the effect of
different termonomers using a single vulcanization System.
The termonomers used were: methylene norbornene, ethylidene
norbornene, dicyclo peﬁtadiene and 1:4 hexadiene.
Formulations based on natural rubber (used iﬁMthe comparison
of techniques for defermining Cq> are shown in Table 7. These
simple forumulations, differing only in peroxide loading, were
used to produce a range of cross-link densities. ZYormulation

3 was used to determine the effect of sample dimensions on

compression modulus results.

2.1.2. Polymers Used.

The natural rubber used throughout this work was technically

specified as Natural Rubber R.S5.5.1 (yellow circle).

T

ST



The b.P.D.I. elastemers were Royalene 3%01T (Uniroyal Ltd.),
Nordel 1040 (Du Pont Ltd.) and Vistalon 479 (Enjay Corp.
Ltd.). Technical specifications of these polymers are listed
in Table 8. All polymers contained a small proportion '
(0.2/0.25 weight percent) of stabilizer added at the poly-

merization stage, a typical substance being a butyrated

hydroxy toluene. |
2.7.3. Vulcanizing Ingredients.

Tetramethyl thiuram disulphidé (T.M.T.D.), mercaptobenzthiazole
(I1.B.T.), dimorpholinodisulphide (D.M.D.S.) and zinc diwn—butyl
dithiophosphite were donated by Monsasto Chemicals Ltd. who

use the trade names Thiurad, Thiotax, Sulfasan R, and Vocol
respectively. The T.M.T.D. was recrystayized from chloroform
(m.p.t. 148 - 149°C) and the M.B.T. recrystallized from benzene

after decolorisation = with animal charcoal (m.p.t. 180°C) .

The D.M.D.S. and Vocol were used as supplied. Di-cumyl
peroxide (Dicup R) was provided by Hercules Powder Co. Ltd.

Titration with iodine and thiosulphate showed it to be 99%

pure; because of its instability it was stored at -20°¢C

until required.

2.17.4, Compounding.

The natural rubber peroxide formulations were compounded on a

water cooled 12 inch laboratory two roll mill. The polymer

was cut into small pieces, banded on the mill using a tight
nip and the peroxide added. The stocks were milled to a

Wallace plasticity of 18.5. Each stock received eight endwise

passes immediately prior to vulcanization to ensure good

dispersion.




tr

P.D M. Formulation.

A B C v N E R
Enjay 3509° 100 | 100 | 100 | 400 | - - -
vNordel 1040b - - - - 100 - -
Enjay 479° - - - |- - 100 | -
Royalene 3011 | - _ - - - _ 100
Zinc Oxide 5 5 5 5 5 5 5
Stearic Acid d 1 1 1 d 1 d
Sulphur 2.0 | - - 2.0 | - - -
T.M.T.D. 1.5 2.0 - 0.751 2.0 2.0 2.0
M.B.T. 0.5 - - 1.5 - - -
D.I1.D.S. - 2.0 - - 2.0 2.0 2.0
Dicunyl Peroxide - - 2e¢5 - - - -
Vocol - - - 5.0 | - - -

: methylene norbornene (M.N.B.)
1:4 hexadiene
: ethylidene norborrnene (E.N.B.)

dicyclopentadiene (D.C.P.D.)




TABLE 7

Natural Rubber Fornulations.

d 2 3 =
Natural Rubber 100 100 100 100
Dicumyl Peroxide 1 o) 3 4
TABLE 8
Technical Specification of E.P.D.M.
Polymer Termonomer |Z /P Ratio|[ML4@100 [t ,No. Wt . %
Royalene
301T D.C.P.D. 65/35 60 10 3.0
Nordel o .
1040 1:4 Hexa-| 59/41 75 |10 .
diene
Enjay '
3509 M.N.B. 60/40 57- 18=-10 | 2-3
67
Enjay
479 E.N.B. 60/40 62 |12 4
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fwo kilogram batches of the E.P.D.M., polymers were masticated )
on the mill using a tight nip for five minutes and the zinc

oxide and Stearlc.acid added until dispersed. The remaining

ingredients were then incorporated, the sulphur, when used, 1

: + o+ ~ . ’ .
being the last to be added. In all cases mixing times were

Yrant o Y : N N . .
kept as short as possible, each batch was welghed after mixing
‘to ensure that there had been no loss of material. The Nordel

proved to be easier to handle on the mill than the other polymers.

2.1.5. Storage.

Compounded stocks and vulcanized sheets were stored in sealed

polythene bags' at - 20°c.

Prior to vulcanization the stocks were allowed to reach room
temperature and then remilled on a cold mill to ensure redis-
persion of the ingredients. Stored vulcanized sheets were
allowed to reattain ambient temperature and wiped with a clean

dry cloth before experimental samples were taken from them.

The inhibition of maturation reactions in the vulcanized
sheet by the cold storage process was assessed by determining
the modulus at 100% extension of samples removed at weekly

intervals. There was no detectable change over a period of

eight weeks.

2.1.6., Vulcanization.

The natural rubber formulations (1-4), used for the correl-
ation of the two techniques for determining Cq, were vulcan-

ized in frame plate moulds preheated to the vulcanizing

temperature (140 -7

+WOC). The moulds, measuring 30.5 cm square'

SIS SRR i
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were sprayed with a mould release agent, as wéfe the 0.24
cm spacers. They were then loaded and returned to the steam
heated presses for the vulcanization time of 120 mins = 30 secs,
after which time they were quenched, opened and the sheet
removed. Samples used for the investigation of the effect of
dimensions on compression modulus results were prepared 1in a
stepped mould. This mould, being 15.25 cm square, had a

cavity varying from 0.18 cm to 0.29 cm in three increments
producing specimens of nowinal thicknesses 0.18 cm, 0.25 cm

and 0.29 cm. This sheet was cured in a steam heated press at

140 X 39C for 6 hours.

The B.P.D.M. formulations A,B,C, and V were each vulcanized

at 150°C, 170°C, 200°C and 240°C for 15 mins, 30 mins, 60 mins,
120 mins, and 240 mins, giving a total of twenty vulcanizates
per formulation. FYormulations N, E and R were vulcanized at
150°C and 170°C for each of the above times. Vulcanization

was carried out in preheated frame sheet moulds (30.5 cm
square) using a spacer 0.2 cm thick. Release agent was not used
as it was found to produce staining. Cures at WBOOC and 170°C
took place in a steam heated press with temperature control

of X %OC. The higher cure temperatures required an electrical
induction press which had a temperature control of % 2°C. Long
cure times were measured to A 30 secs, whilst the shorter ones
were measured to -~ 10 secs. Aftef the requisite times the
moulds were quenched in cold water and the dried sheets stored
at -20°C. When vulcanizing at higher temperatures, porosity
became a problem and most vulcanizates exhibited the effect to

some degree at o40°C., Visible degradation occurred around the

edges of the sheets at o40°C after 240 min.

This took the form of surface discoloration and embrittlement

24
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and 1n exireme cases it made the removal of +the

»vuloanizat?
from the mould difficult.

2.7.7. Continuous lleasurement of Cure.

Samples of the compounded stock were vulcanized on the model
'L.S.D._ﬁonsanto Rheometer fitted with micro dies59 at temper-
f atures of 150°C, 170°C and 200°C. 1In every case the rotor
amplitude was 50, & torque range of 100 inch pounds was selec-
ted and a preheét period of 30 secs. allowed before the
commencement of recording. Since the upper temperature
limit of the llonsanto Rheometer is EOOOC, the cures at 240°C
were followed 'using the Wallace Shawbury Curometer. The

purpose of these cures was to estimate the time required to

attain 80%, 90% and total cross-linking.

Plate 1 shows a general view of the lMonsanto Rheometer and
plate 2 a close up of the micro die and rotor. The Wallace
Shawbury is shown in plate 3. Both instruments have been

fully described in the literature.6o’6q

2.2. Sample Preparation.

2.2.1. Cutting FProcedure.

To avoid the edge effects caused by the lower temperature
associated with the edge of the press plattens, samples were

always taken from the central portions of the very large test

sheets (30.5 cm square).

For the C,-tension determination, strips (0.46 cm x 15 cm)

were punched from the sheets using a specially made cutter.




) e

The test svecimens for com

pression modulus determinations

(nominally O.5 cm square), however, were cut from the sheets

1 aQl Y - .
using a surgical scalpel. This method was preferred because

it avoided the concave edges produced by the punching operation.6‘

2.2.2. Sample leasurement.

All measurements of length were made using a vernier micro-

scope reading to 0.001 cm. Weights were determined with an

analytical balance with a sensitivity of I 0.0001g.

For Cq tension determination, AO (the average cross-sectional
area) was required. This was calculated from the weight, length
and density of the sample. Density determination is discussed

in section 2.%.4.

The values required for compression modulus determination were

AO, ho (the initial height of the sample) and the sample

weight (wtr). Wtr was determined as sbove, and h  was obtained
by averaging four readings of the height. Ao was computed from

the values of length of the four sides of the specimen as shown

L

in figure 4.

2.2.3. Physical Test Specimens.

Samples for the determination of ultimate tensile strength,
modulus at 100% extension and elongation at break were
punched using a British Standard dumbell cutter (B.S.90344 ),

The thickness and width of each test sample were obtained

1T - A
by averaging three values of each. Hardness tests were carried

out on surplus material. Compression set samples were cut

from the sheet using a 0.5 inch diameter cork borer.




FIGURE

Dimensions of a compression modulus sample.

N
a i
—_ -
3 b
X —4
| c N
I |
Ao=:( a + C ). (b+d)

g
T
—-——-’-
— ]

o
L]
jny

T
ey
00
g

T




teasurenents of height N . o .
lea LS height were made using a thickness gauge

reading to 0.007 inches,

2.%. Swelling.

™

2.%.1. Lxperimental Techniques,

Compression modulus samples were weighed (wtr) and then

completely immersed in solvent contained in welghing bottles

with tightly fitting polythene caps.

These were placed in a thermostatically controlled water bath
at 25i%00 for'a period in excess of the determined equilibrium
swelling time, (2.3.3.), usually overnight. The swollen sample
was blotted lightly to remove excess solvent before weighing

in a tared bottle (wts). Deswelling took place in a vacuum
oveﬁ at 50°C until a constant weight (wtd) was reached.
Incremental swelling65 was considered to have so little effect
as to be ignored. The sophisticated technique for determining
the swollen weight (wts) proposed by Ellis and Welding64 was

not used since the reproducibility of the results indicated

a suitably low error.

The volume fraction of rubber hydrocarbon in the swollen

network, Vr’ was calculated according to the expression:

_ Volume of rubber in the swollen sample

Volume of rubber in the swollen sample + volume of
swelling solvent.

(wtr/ denr) . . . . (16)

(wtr/ denr) + (wts - wt:) / dens




. e ) o _ ,
Jhere denr and dens are the densities of the rubber network

and the solvent respectively. A more accurate expréssion

was obtained by using the deswollen weight, wtd, thus accounting

for solvent removable material. This was used throughout .

this work.

_ (wtd/denr) ‘
Uy = - NGl

(wtd/denr) + (wts - wtd) / dens

ixtra network material (e.n.m.) was obtained using equation 18:
€. N.Ms = Wtr - Wtd ° ° ° e ® (/]8)

2e%e2 Choice‘of Solvents.
The solvent selected had to produce a suitable value of Vr
and have a reasonably short equilibrium swell time. As
n-heptane was required in the probe work it was an obvious
choice. A series of specimenS of formulation B were swollen
in various solvents in order to determine Vr' From these
experimentally determined values, together with their
respecti&e equilibrium swelling times, n-heptane was chosen
for the work with E.P.D.M.'s. The solvents investigated are
listed below:

n-heptane

benzene

toluene

carbon tetrachloride

methyl ethyl ketone

tetra hydrofuran

decahydronaphthalene

Benzene was used with natural rubber 1n order to conform with

previous work.




2.%.%., mguilibrium swelling Tipe.

Equilibrium swelling times were obtained by measuring the

values of a nunt o )
v, umber of specimens which had been allowed -

to swell in the chosen solvent at 25°C for a series of tinmes.

The intersection of the extrapolated linear portions of the

V_ vs. time curves (see figure 5) was taken a

r s the minimum

time required under these conditions to reach swelling

equilibrium,

FIGURE 5

Determination of Equilibrium Swelling

Tine.

——A— — =
:\ Equilibrium Swell Time
\
¥

Swell Time ——l




2.%.4. Determination of Physical Constants.

The densities of elastomer vulcanizates were determined ﬁsing
Archimedes Principle. vThe water bath in which measurements
were taken was maintained at 25°C. The densities of the |
solvents were obtained using specific gravity bottles. Values
of Vo (the molar volume) for each solvent were calculated

from the experimentally determined density and the molecular

weight.
2.4. Tension Stress Strain.

The apparatus and method described below were devised at the
Natural Rubber Producers Research Association (N.R.P.R.A.)

by Dr. H.W. Greensmith. '’
2.4;1. Apparatus.

The apparatus shown in plates 4 and 5 was built to specifications
provided by N.R.P.R.A. The function of the equipment was to
determine the.loads (f) required to maintain a series of fixed
extension ratios (“\) upon the test sample. This was carried

out by clamping the saﬁple between two grips, the upper one
being movable, the lower one being fixed and in circuit with

a small neon light, making it possible to determine a ZET0 or
null position. The upper clamp could be moved to a number of
fixed points or stations which corresponded to integral steps

of 1/A of .05 over the range A = 1.05 to 5. Fixed points
covering grip separation of 9.950 cm to 10.000 cm were available
for determining the initial length (lo) of the specimen. A

weight pan was attached to the lower grip for counterbalancing

the tension in the test plece.

s

I




For correlation with compression modulus results, determinations
3 y P eN V] L
N v e ~ =] O .
should be carried out at 257°C, however, as the laboratory

temperature was noted, the expression quoted by Bristow and
.65 .
Porter - was used (equation 19) to convert the result to a

' ~e O
value at 2570,

C O~\X 208
1(7~C) 7
C1(esc) = N G D)
27% + T

2.4.%. Sample Preparation.

The sample prepared as described earlier (2.2.1.) was cut to
a length of 12 cm and from the surplus a 1 cm length was

retained.
2.4.4, Test Seqguence.

Calibration of the instrument was carried out by setting the
right hand (graduated) chain dial to zero and placing the 1 cm
length of sample on to the weight pan. The null point was then
found using the left hand chain dial. The small length of
rubber was removed. The grips were removed from their clamps
and the test specimen fixed in them. A Jjig (plate 6) was used

to ensure the correct alignment of the sample in the grips.

« i
This produced an lo value of approximately 10.00 cm. 1o

avoid sample deformation the SCIews were tightened only with

the fingers. The exact length of rubber between the clamps

was determined by extending the sample over the range 9.950 cum.

to 10.000 cm. A strict time schedule was observed; SUCC@SSlV?

. . : - . the loads belng
extensions were made at sixty second intervels, T

: ined f onds.
read only after the extension had been maintained for 55 sec




Before the main determination was carried out, the Saﬁple‘wés
relaxed for a period of fifteen minutes. It was then extended
over the range A = 1.05 to 5. A set time sequence was again
followed, in this case successive extensions. were made at

intervals of two minutes, the loads producing the null points

being taken one minute fifty seconds after each extension.

All determinations were carried out in triplicate. The strict

timing of the tests minimised relaxation effects.
2.4.5. Treatment of Data.

1, was determined from a plot of clamp separation against the
load required to produce the null point. The curve was extra-

polated to zero load to produce the value of lo (figure 6).

Cq was calculated by the graphical method already described

(1.4.%.) i.e. from a plot of f/ (A-—?fz) against 1/ A .

Values of (A - ;\—2) and (1/A ) were cbtained from the tables
prepared by A.d. Lovett66. These tables, together with the

various c¢lamp separations, are presented in appendix I.

2.5. Compression Modulus.

The technique to be used was based on the micro method
described by D.A. Smith.zq Tension techriques were unsuitable

‘for reasons already mentioned and the micro compressicn method

represented a much nmore convenient and rapid determination.
2.5.1. Apparatus.

The apparatus marketed under the name "Wallace Smith

T ot A3 ke W H., Wallace of Croydon'
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plates 7 and 8 show a general view and défaii;of the
compression head and solvent pot respectively. A line
diagram of the more important features is shown as figure 7.
1t comprised a Wallace rubber micro hardness tester®! with afi

wedge factor of 6:1 modified in the following respects:

a) the I.R.H.D. dial guage was replaced by a dial

micrometer graduated in 0.01 mm dimensions.

b) a jacketed reticulometer test cup was substituted for
the flat base of the test bed and a flat circulat
stainless steel disc (1.9 cm diaw eter)tmk the place
of the indenter.

¢c) a larger weight pan was fitted.

A source of thermostatted water at the test temperature was

required, together with a means of circulating it through the

reticulometer pot.

2.5.2. Experimental Conditions. i

The pot was!fiiled with solvent before testing and allowed to

equilibrate to the test temperature (2500). Loss of solvent

by evaporation was overcome by periodic addition of fresh

solvent also at 2500.

2.5.%., Sample Preparatiomn.

This has been described in sections 2.2.7. and 2.2.2

Throughout the test sequence samples were kept 1in individual

labelled bottles.

2.5.4, Test Sequence.




FIGURE T.

Sy 1 o ot . I ,
Line Diecgruom of the Important features of the Reticulometer.
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swollen weight (v :

the reticulometer pot. Using wheel B the

compression head was lowered until imnersed, at which point the
4

dial guage vwes set to zero ( wheel A ) as was the centre reading
]
galvanometer ( I ) using wheel D. The head was lowered until the

N

t made I b owit e it i
t made contact with the sample, when it was locked in

)

o+

oot ju

6]

g

St Aar with T "M
osition with the lever U. The sample was prestressed by the addition
of 2 load in excess of the proposed experimental range for a period

of twenty seconds. After a relaxation period of five minutes,

%)

a dead load weighf was added to the weight pan for sixty seconds

and the first experimental load was then placed on the pan causing

a defleotio? on the galvanometer F. The wheel A was turned,

raising the pot, until the galvanometer returned to zero. The

stop watch Haé then started, the load removed and the reading on the
dial guage noted before it was returned to zero by means of wheel

A, After twenty seconds the dead load waé returned to the pan and tae

cycle repeated for each experimental load. A typical series of load

vilues is presented in figure 8.

FIGURE 8.

Typical loads for Compression iodulus Determinations.

Excess Load s 500

09

25

- Dead Load

053]

150 g, 239 g, 250 g, 399 g,

09
‘_)
&
O

m

.

50

Experimental Lozds

300 g, 250 g, 200 g, 150 g, 100 g, 5V &.

The number of experimental loads used in a determination varies

- N 21 | P .
oreatly. Smith, in his early work, used 3077 but with his more

20 . 20 .
refined approximation used only 12773 Cluff et al used 10

whilst Thomas et a143’24 used only one. At Aston, various workers

73 &
63 4~ 69 s Y -
have used between 10 and 80 depending on exverimental




conditior

out using 8 readings.
A1l determination were carried out in triplicate.
2.5.5. Treatment of Data.

Data for this technique were in the form of a series of loads
(f) and the corresponding changes in sample height (@h).

These coul& be analysedAby any or all of the methods indicated
in section 1.2.4. A plot of load (f) against &h, or a function
of ah, produced a straight line, the slope of which was

proportional to the Cq constant.
2.6. Standardization of Compression lModulus Conditions.

Several points regarding the general applicability of the
micro compression technique have been raised7o’25 Those
listed below were investigated before commencing the charact-

erization studies:
a) Effect of Vr on values of C1 obtained.
b) Effect of sample dimensions on values of C,I obtained.

¢c) Maintenance of sample shape during compression.
2.6.1. pffect of Vr on values of C,I obtained.

Formulation 3 (natural rubber - dicumyl peroxide) was chosen
for this work. It was cured at 140 231°C for six hours and
ten minutes. Triplicate sets of samples (0.4 cm square) were
immersed in each of the following solvents at 2590:

Benzene n-heptane

decahydronaphthalene toluene

IR T DU VN mothvliethviketnne

LA



g

The solvent in which the sample was swollen was used in e
reticulometer pot during the compression modulus determination.

A series of values of C, and V. were thus obtained. JFPrevious

g

: 2
figures for the upper limiting value of Vr were 0.2 or less”/1
and 0.2571, however, Vr values of up to 0.33% have been used
22,25

with success.” These are reported in sections 3%3.2.2. and %.5.

2.6.2. Effect of bample Dimensions on Values of C,1 Determined.

A sample of for@ulation 3 was vulcanized for 6 hours 710 minutes
at 14Oi%OC in a stepped mould which produced a moulding of
three different sections; 0.18 cm, 0.25 cm, and 0.29 cm. This
extended cure‘time was that required to reach the plateau

level as determined in the Monsanto Rheometer. Twelve samples
were cut from each section, comprising of four different cross-
sectional areas in triplicate. This resulted in twelve
combinations of AO and ho. These samples were swollen at 2500
in benzene for a period in excess of the equilibrium swelling
time, Cq was then det%rmined by compression modulus. Three

Cq tension samples were cut from the surplus and Cq determined
»4by this technique (section 2.4.) o
The results gave a series of values of C,l corresponding to a

combination of AO and ho, and are presented in section 3.2.3.

2.6.3%. Sample Deformation.

It was essential that the specimen maintained its rectangular
section throughout the test and that no "barrelling" occurred,
since this would make the calculation of the load bearing

cross-sectional area difficult. Using the larger test p1806822’24
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this point could be checked visually, a point made by Moore'™,

however, the use of the reticulometer precluded a visual check.
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samples in the reticulometer. A siﬁple appara%us (piatek9),‘ 
was devised with a balance arm capable of compressing a sample
between microscope slides, whilst allowing continuous visible
checks to be made. The whole apparatus was immersed in a

bath of solvent.
2.6.4. Extent of Compression.

Much discussion‘has taken place regarding the percentage comp-
ression which should be used. This depended to some extent

on the mathematical approximations used in analysing the dats.
Use of the simple expression of Cluff et 8120 required a

maximum compression of 5%,22 though use of a more exact

21 2% .24

approximation increased this value to 15%. Thomas et al
when examining E.P.M.'s stated that compression should not be
below 4%, but values as low as 2% have been used without noting
the gross errors that he suggested (section 3.2.3.).

2.7. Comparison of the Tension and Compression Technigues.

Formulations 1 - 4 were milled to a Wallace plasticity number
of 2022 (molecular weight range 177,500 to 197,000) prior to
vulcanizing at 14Oi%OC for two héurs as previously described.
From each sheet were taken three Cq tension samples and three
compression modulus samples. The values of Cq were then
determined in the manners previously described. Values of

Cq tension for formulation 4 could not be obtained since the

samples proved to be too brittle for clamping. The results are

presented in section 3.3.

2.8. Use of the propane-2-thiol/Piperidine Reagent.

-

The probe solution consisted'of a sclution Of;nnpam%ﬁéﬁ@olfayw




and piperidine
laboratory érade as that used for swelliling. The propane-ééfchiql5
obtained from B.D.H. Ltd., was checked for purity by gas
chromatographic means. Due to 1ts unpleasant odour and ease

of oxidation it was purchased in small guantities and hence the
use of G.L.C. became a standard procedure. (Al1 samples were
above 95% purity, many of them assaying 99%) They were stored
at -20°C. Piperidine (Robinson Bros. Ltd.) was distilled

under nitrogen at reduced pressure in two litre portions as
required, aﬁd stored undér an atmosphere of "white spot"

nitrogen in the dark.
2.8.2. Sample Preparation.

Samples were prepared as described in sections 2.2.71. and

2.2.2. i.e. as for compression modulus.

2.8.3. Preparation and Use of the Probe Solution.

The solution was preparéd in a vessel so designed that an
atmospheré of nitrogen could be maintained in £t. A three
necked, round bottomed flask fitted with two gas taps and a
stopper was used for this purpose. The vessel was well

flushed out with "white spot" nitrogen and BOO ml of n-heptane
introduced. To the solvent were added 12.84 ml of the
piperidine and 12.21 ml of the propane-2-thiol before the flask
was sealed under nitrogen. The vessel used for probe treatment
(figure 9) was well flushed out with "white spot" nitrogen before
the test samples were introduced. It was then half filled with
probe solution and sealed under nitrogen. During the requisite
reaction time it was shaken occasionally. All tests involving

probe solutions were conducted in a fume cupboard. After the



acti time had elarp o . -
reaction d elap samples were returned to their

1abelled bottles and the probe removed by heating at'SOOC for

48 hours 1n a4 vacuum oven. Some workers74 recommend that on
removal from the probe solution the samples be washed with
30-40 pe being placed in the vacuun oven, however,
R 5 . . ) .

Campbell states that this is purely a matter of choice

N lternative technique 74 )

An alternative ftechnique,’” developed by Russell (N.R.P.R.4.),
involved the preswelling of the samples before introducing

them into the probe.
2.8.4. Probe Reaction Tine.

The'probe reaéts by the mechanisn depicted in fig 10, by
cleaving poly-sulphidic linkages. There is, however, a slower
reaction between the probe and di-sulphide links (fig. 11).
The extent of the slower reaction may be linited by careful
choice of reaction time. With natural rubber vulcanizates,
for example, a reaction time of two hours at 25°C will

cleavé 98% of poly-sulphidic links but only 205 of di-

76

sulphidic’®. The optimum reaction time for E.P.D.M.'s was
determined by reacting a series of samples for various times
with the probe solution. The Vr values of these sanmples

were then determined in the normal way and plotted against
reaction time (fig. 12).

The optimum reaction time was taken as the intercept of

the straight portions of the curve, relating to the fast

and slow reactions. The results are presented 1n section

3.2.4,
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FIGURE 11.
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5,8.5. Post Treatment.

After treatment with, and removal of the chemical probe
solution, the samples were swollen to equilibrium in n-heptane
and their Cq values determined by compression modulus,

(Section 2.5.4.)

2.8.6, Destruction of the Probe Solution.

Two methodé were availabie for the destruction of used chemical
probe soluticn. The first involved addition to an acidified
solution of aqueous potassium dichromate; the second, addition
to an ammoniacal solution of copper sulphate. The latter was

preferred as the reaction products were comparatively odourless.

Excess probe solution was kept for no longer than five days,

after which time it was destroyed.

2.9. ¥se of the n-hexane Thiol/Piperidine Frobe.

2.9.1. Reagents Used.

&

The probe solution consisted of a mixture of n-hexane thiol and
piperidine. The piperidine used has been described in section
2.8.1. The n-hexane thiol was purchased as required from
Eastman Chemicals Ltd. and assayed before use Dy G.L.C. All

samples were found to be of at least 08% purity.

2.9.2. Sample Preparation.

Preparation of samples has been discussed previously 1n

Sections 2.2.7. and 2.2.2.




2.9.3, Vrevaration and Use of the Probe Solution.

The vessel used ( figure 13 ) consisted of an H-tube, one arm of

which terainated in a vacuum tap and cone, the other with a socket
A b

9]

and suitable stopper. 10.0 ml of piperidine was introduced with
the samples into arm 4, and 2.1 ml of n-hexane thiol into arm B.
The stopper was then replaced and the vessel evacuated. The
reagents were degassed twice by freezing with liquid nitrogen

before being mixed. The degassing was repeated once after mixing

and the vessel sealed wunder vacuum ( 0.1 to 0.01 Torr ), before

3

being

9

placed in a water bath ( 25°¢ ) for the predetermined

o

reaction time. After that time had elapsed the samples were
placed in individual bottles and all traces of the thiol and

piperidine removed by heating for twenty-four hours in & vacuum

oven at SOOC.
2.9.4. Probe Reaction Time.

Both di- and poly-sulphidic cross—-links were cleaved by the reagent.
Tﬂg reaction was chemically similar to that of the propane-2-thiol
/piperidine probe. The increased reactivity was caused by an increase
in the nucleophilicity of the. alkane thiol ion, which in turn was
due to a change in the electron donating nature of the alkyl
grouping ( figure 14 ). The optimum reactién time was determined

in the manner already described for the propane—Z-thiol/piperidine

probe ( section 2.8.4. ).

2.9.5. Post Treatment.

.

As for the propane—;-thiol/piperidine probed samples ( section

2.8.5. ).




*IGURE 1%

Vessel for the n-hexane thiol/piperidine treatment.
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2.9.6. Destruction of Probe solution.

As for propane-2-thiol/piperidine probe solution (section

2.8.6.).
2.170 Physical Tests.

2.70.17. Ultimate Tensile Strength, Elongation at Break

and Modulus at 100% Extension.

All these determinations were made on a single test piece using

'E' instrument. The preparation of the

a Tensometer type
specimens has been descrited earlier (section 2.2.%.). The
results represent the average values obtained from six individual

tests. In cases where restricted elongation prohibited modulus

at 100% extension being messured, modulus at 50% extension was

used. Figure 15 shows a typical stress strain curve and
indicates the analytical technique used.
2.10.2. Hardness.

‘ o
Hardness in I.R.H.D. was measured using a Wallace Hardness
tester (standard foot test). Five readings of hardness were
taken for each vulcanizate, the final result representing

an average of them.
2.10.%. Compression Set.

Sample preparation has been described in section 2.2.3%. Using

o

the British Standard (B.S. G0% pt. 18) constant deflection
nethod. samples were compressed to 60% of their initial height
(ho) for 24 hours at 70°C. After they had been relaxed for

one hour their height (h_ ) was measured. Compression set was
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calculated from equation 20. The determinations were,

carried out in triplicate and the average taken.

Compression Set = ——————— ¥ 100% . . . . (20)

FIGURE 15

Typical Stress-strain Curve and Analytical Technigue.
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|
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' .
stress : of clamps
pounds %ﬁ—————
|
{
|
|
§
{
“_7. YH 5%
distance moved by chart (inches)
* chart speed = crosshead speed.
Z
Ultimate Tensile Strength = x full scale deflection/Aop.s.i.
C
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% Elongation at Break = (Y/original separation of clamps) x 100%

X
Modulus at 100% extension = x full scale deflection/Ao P.S.1.
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32,1, Use of Coumputer.

The time required for hand calculations would have been so
excessive that it was decided to utilise the computer. A
number of programs were written over the period of research,
the one finally used being written in Algol 6O77 and run on

an I.C.L. 1900 series computer. From the experimental data

the progran caléulated Cq by the various methods available.
Graph plotting was elimihated by the use of the method of least
squares. Mc.phys’ and cross-link:density (C.L.D.) were-derived
from the calculated value of Cq. The program, together with

the specimen data and print out, is presented in appendix 2.
3.,2. Standardization of Technigues.

%2,2.17. Equilibrium Swelling Time and Vr’

Benzene was the solvent chosen for the work with natural

rubber in order that the results obtained could be compared

with those of previous workers.2q Using samples of the size
described in 2.2.1., equilibrium swelling of natural rubber

in benzene was attained in about two hours. The solvent

chosen for the characterization work with E.P.D.M. was n-heptane,
since it was to be used for the probe work, had a suiltable

V. value (0.24) and swelling time (5 hours), and was readily

available.
3.2.2. Lffect of Vr on results of Compression Technique.

Using a variety of solvents, a series of values of Vr and Cq




was obtained for a single natural rubber network. The solvents

used and the resultant values of C,l and Vr are presented in
Table ©. The results are depicted in Graph 5. Solvents
numbered 1 - 5 having Vr values in the range 0.22 to 0.3%3

produced values of C, in the order 2.76 % O.4 , an error of

/]
+ , )
-~ 14%. The error was much greater than either the average

. . ) . + . .
experimental error found for C1 determination (=%.8%) or the

variation between Cq tension values and C,I compression values

( see section 3.3.).

From the results it appeared that the value of Vr would affect
the results which made solvent choice an important factor, how-
ever, a changé in Vr caused by changes in cross-link density
did not have the same effect (3.2.3.). The high values of Vr
and Cq obtained with methyl ethyl ketone (no. 6) were due to
the fact that the solvent was polar in nature and thus somewhat

incbmpatible with the base polymer.

The e¢hoice of solvent which would yield a value of Vr giving
the correct value of C% was difficult to make. The value of
C, (extension) for the vulcanizate was 2.35 I 0.5% g.cm“2 X 10-5,

and one solution was therefore to select theﬁéolvent which gave

this result in compression.

Neither technique was absolute so in the absence of any new
technique the problem remained unsolved. For this work 1t was
decided to use comparison with C1 tension to estimate the

suitability of any solvent.

3,2.%, Effect of Sample Dimensions on Compression [Modulus

Determinations.

%

Cq was calculated for specimens of varying dimensions prepared
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TABLE Q

Effect of Vr on C1 as determined by Compression Modulus.

Solvent No. V.. C, g.cm"2 x 1072
benzene . 1 0.2%5 . 2.63
n-heptane | 2 0.332 3,10
decalin 3 0.223 2.3
toluene s 4 O0.234 2.95
T.H.F. 5 O.2%4 2.80
M.E.K. 6 0.616 4,01




GRAPH 5.
Vr against Cl as determined by Compression Kodulus
0.8. Solveht No.
:bénzene 1
n-neptane 2
0.6- decalin 3
toluene 4
Vr
T.H.F. 5
Q.4- M.E.K. 6
0.2° e
by dry extension
2.0 - .
0 1.0 4.0 569




as previously described (2.6.2. Values of AO used were

).
j . ) 2 2 2 < 2
approximately 0.13 cmn”, 0.2% cm~, O0.42 cm~ and 0.62 cm

and of ho, 0.18 cm, 0.25 cm and 0.29 cm. The Vr value for

all these samples was found to be 0.245 s 2%. A summary of

the values of Cq (including those by stress strain) is presented

in Table 10. The variation of C with sample dimensions, 1s

1
'depicted in graphs 6 and 7. C, was found to be 2.56 L 6%, the
variation between individual sets being I 6.4%. Thus it can

be concluded that dimensions of the specimen did not effect
the estimate of Cq_obtained using the compression modulus
technique. G, obtained by dry tension was 2.35 = 0.5% (max)
which indicated that the compression technique produced results
higher by 8.5%, which was approximately equal to the variations
found by Loan7q and Smith?q The extent of compression was
dictated by the cross-link density of the material, the maximum
and minimum used being 20% and 2%.

%2,2.4. Determination of Optimum Reaction Times for the

“ Chemical Probes.

The results are in the form of a series of Vr values obtained
for samples after treatment with the probes for Qarious times
(t) (2.8.4. and 2.9.4.). The data for the propame-2-thiol/piper-
idine probe and the n-hexane thiol/piperidine probe is

presented in graphs 8 and S.

The optimum times for the probes, when used with E.P.D.IM.
vulcanizates were 5 hours thirty five minutes for the propane
2-thiol/piperidine reagent and forty eight hours for the
n-hexane thiol/piperidine probe, the latter was the same time
as that required for natural rubber. The reaction times were

for the conditions described in sections 2.8.%, and 2.9.3.




Values of C,l Messured by Compression Modulus for Samples of

Varying Dimensions.

A em© 0.13 0.23 0.42 0.62
ho cm

0.18 2.4 2.7 2.64 2 48

0.25 2.69 - 2.40 2.48

0.29 2.5% 2.61 2.6 2.5%

C, measured in g.cm—2 x 1072

2

C, (dry tension) : 2.35 Y 0.5% g.oecn © x 1072

3.3%. Comparison of Cq by various techniques.

By use of the techniques of compression modulus and dry extension
streds strain, the Cq constants for a series of natural rubber
vulcanizates (formulations 1 - 4) were determined, Table 11

shows the peroxide loading, experimentally determined densities,

Vr values and values of Cq obtained by each technique.

65

The Cq tension values were corrected to 2500 and the C

1
compressibn modulus figure was calculated by the Kay Moore
Thomas24 equation. Each of the experimental results represented
the mean of a triplicate set. Average errors are presented at
the foot of each column. These figures are shown diagramatically

i
in graph 10 where C,1 tension was plotted against Cq compression.

The results calculated from the compression modulus data by
all of the treatments mentioned earlier are presented in Table 1241
Although the differ-nce in numerical values increased with

increasing Cq value, the percentage variation decreased.




Effect of Sample Area on Compression Modulus Results.

C, from Compression lodulus
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GRAFPH 7.
Effect of Initizal Height of Sample on Compression Modulus Results
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At lower values of C, variation of 15% was found, this 13

decreased to 6% at higher values i.e. within the experimental

error of the compression technique.

From this survey it was concluded that the compression modulus
method was suitable for the characterization work, and further,
that the best mathematical treatments were those of Kay, Moore

and Thomasga’24

and Melley and Stuckey.25 The effects caused
by the various mathematical approximations, however, were small.
Assuming the vaiue obtained by the exact method was correct
then the Cluff,Gladding and Pariser equation produced figures
high by an average of 3%.2% whilst the Smith Khan Khadim method
resulted in values high by an average of 0.6%. Both these
yalues were well within the average experimental error for the

determination (%%.8%). Generally speaking, the compression

modulus technique was much more rapid than the tension method

and also less laborious. . The reproducibility of the technigue

was suitable.

S

2.4, Compression Results for E.P.D.M. Vulcanizates.

These took the form of many hundreds of sets of weights,

dimensions and compression modulus data. After being
systematically punched they were processed 1n the computer
which calculated Vr and the weight of solvent removable
material (E.N.M) and then Cﬂ’Mc.phys and the cross-1link
density (C.L.D.) for each of the mathematical treatments
mentioned earlier. In addition the slope and intercept of

the experimental plots were calculated where relevant. All
determinations were carried out in triplicate and the final
result expreesed as the average of these three values. As the

major aim of this work was the characterization of network

structures, the individual result chosen to express this was



TABLE 11

Comparison of the Values of C,l as lleasured by Extension

and Compression Techniques.,

formulstion Feroxide denr. 2500 Gq C,I
loading g/cc Vr extension | compre
o 2 3 sion
p-p.h.r. 25°C benzene|g.cn” “x107 g.cm
1072
1 1 0.917 0.17% 0.98 1.05
2 2 0.920 0.228 1.79 1.97
3 3 0.920 0.261 2.46 2.60
4 4 0.921 0.310 - 5.59
maximum % error
in triplicate i1.75 1.6 i5.8
set

* Corrected to 2500

** Kay, Moore and Thomas method.




TaBL 12,

Cq ( Compression Modulus ) Calculated by the Various

Treatments.

/‘

* corrected to 2500.

Treatment Formulation
1 2 ) 4
Clufrf
Gladding 1.10 2.0% 2.65 3,72
Pariser
Smith
Khan- 1.06 1.98 2.60 3,65
Khadim51
Melley
.Stuckeyd " 1,05 1.97 2.60 3.59
Kay
Moore 1.05 1.97 2.60 3%.59
’I‘homas55 )
* —
Dry Zxtension 0.98 1.79 2. 46
C, quoted in g.cm“d x 1077




C1 ( extension ) eagainst Cl ( compression )
C1 ( extension ) g.cmhgxli)“3
theoretical
4.0 - /-
7’
L
3.0 - ” .
arez covered by
experimental results
2.0 .
O
1.0 .
0
0 1.0 2.0 3.0 4.0

Comparison of C, Values as Determined by the Extension

and Compression Technicues

3

cy ( compression ) g.cm—gxlo—




that of crqss~link density (C.L.D.). féﬁlé 13 préseﬁts the
values of C.L.D. obtained for formulation A before and after
treatment with propane-2-thiol and n-hexane thiol probe
reagents. Similar tables containing the results for the other
E.P.D.M. formulations are presented in Appendix 3. The
mathematical treatment used, for convenience, was that of Kay,

Moore and Thomas.
%3.5. Calculation of Results.

Using the values of cross-link density tabulated in the
previous section the total cross-link density (C.L.D.) and
the relative figures for mono-sulphidic cross-links (C.L.Dm),
di-sulphidic cross-links (C.L.D.d) and poly-sulphidic cross-

links (C.L.D.p) were calculated in the followling manner.

The value of cross-link density before probe treatment was
taken as a measure of the total number of cross-links present.

]

The equivalent value obtained after treatment with propane-2-
thiol/piperidine probe represented a measure of the sum of both
mono—sulﬁhidic and di-sulphides. The proportion of poly-sulph-

ides present was obtained from the difference between these

two.

After treatment with n-hexane thiol/piperidine the C.L.D. was

a measure of the mono sulphide links present, and the difference
between the two probed values produced a value of di-sulphidic
linkages. This analysis was carried out on all results, the
resulting figures for formulation A are presented in Table 14
whilst those for the other E.P.D.M. formulations are presented
in Appendix 4. These results are shown 1n graphs 11 to 28.

’Graphs 29 to %2 compare the total cross-link densities at each




TABLE 13

Cross-link Density Values Obtained with Formulation A

Treatment Cross-link Densities
g.moles. cross-links/g. network x 105
Cure before propans=—2-— n-heptane
‘Characteristics probe thiol thiol
cure T°C|cure t min. treatment treatment treatment
150 15 5.77 2.26 *
30 9.09 5.91 0.59
o0 11.45 8. 34 2.55
120 12.11 11.10 5.45
240 1%.3%8 1544 8.23%
170 15 10.62 9.46 256
30 1M.72 10.77 5.11
' 60 12.12 | 13.06 8.30
120 11.7% 14.58 1015
- 240 11.40 13.02 11.37
200 15 Q.44 10.55 8.01
30 9.3%3 - 10.07 8.45
60 9.12 10.82 8.12
160 9.28 8.99 8.22
240 8.7% 8.75 7.93
240 15 é.S4 6.6 6.67
30 7.06 6.22 6.51
60 6.62 5.89 6,32
120 6.15 6.58 6.10
240 5.69 6.06 5.48

* sample destroyed by treatment




TABLE 14

Cross—link densities associated with Specific Cross-link

types: formulation A
Cure Characteristics| Cross-link Density (g.moles crosslinks/g..
| network x 10°)
T°C t(nin)| Total Mono-5 Di-S Poly-S
150 15 5.769 - 2.262 3. 507
30 9.092 0.587 5.302 3.183
60 11. 446 2.550 5.786 %110
120 12.109 5.457 5.648 1.010
240 13.380 | 8.233 | 5.147 «
170 15 10.624 2.563% 6.897 T 1064
30 11.719 5.113% 5.656 0.950
60 12124 8.303 %.821 *
120 11.725 10.152 1.573 *
240 11.404 11.371 0.033 ¥
200 15 9.43%9 8.007 1.432 *
- 30 9.333 8.447 0.886 *
60 *9.122 8.118 1.004 *
120 3.289 8.223% 0.772 *
240 8.733 7.930 | 0.803 *
240 15 6.54% 6.6 * *
30 7.069 6.508 0.561 *
60 6.619 6.3%19 0.300 *
120 6.152 ©6.099 0.053 *
240 5.695 5.484 0.2711 *

L Negative Value,




!,"'“' ) o
' cure temperature.

( and those in Appendix %) indicated that a few results for
the number of poly-sulphidic cross-links would be negative
numbers. Formation of cross-links during or after the probe

reaction could have accounted for these results. Such a

. ; . N . 4
reaction was thought possible by workers a N.R.P.R.A.7 who

believed that cross-links could be introduced by reaction
between pendant thiol groups and any remaining unsaturation,
or as the result of oxidative attack during or after the

probe reaction. Further to this an increase in Vr was noted

58

by Moore and Trego after treating an E.P.M. with probe

78,79

solutions. This has also been noted by others.

These results are discussed in section 4.

The units of C.L.D. and time in graphs 12 to 33 are g. moles of

cross-links/g. network x 105 and hours respectively.
5:6.wPhysical Test Results.

The results of the hardness ultimate tensile strength modulus
at 100% extension elongation at break and compression set tests
carried out on vulcanizates of formulation A are presented in .
Table 15. The corresponding values for formulations B,C,V,N,E
and R are presented in Appendix 5.°

These results will be discussed in section 4.6.

3.7. Comparison with Rheographs.

Monsanto Rkheographs were obtained for each formulation at all

‘ 0 . o
temperatures apart from 240 °C (when Shawbury Cureometer traces

were recorded). There was excellent agreement between the
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GRAPH 29.

Surmary of the Total Cross-link Densities for all
Formulations_studied at 15)00

Total Cross-link Density against cure time

Total Cross—link Density g.moles of cross—link / g.network x 135
28
Cc
Cc
24
c
20
c
16 | ¢ )

Cure Time ( mins, )
0 15 30 60 120 _ 242




GRAPH 39

Summary of the Total Cross-~link Densities for all
Formulations studied at 1730C

Total cross-link density against cure time

Total Cross—link Density
g.moles of cross-link / g.network x 1)5

24

/C‘—C\C .
— c

20

16

: A
12 /v
. v

<p

J 15 30 69 120 240

Cure Time minutes




20

16

12

GRAPH 31.

Summary of the Total Cross-link Densities for those

Formulations studied at 20°¢

Total Cross-link Density against Cure Time

Total Cross-link Density

g.moles of cross-link / g.network x 197
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CRAPH

32.

Summary of the Total Cross-link Densities for those
Formulations studiegd at 24DOC

Total Cross-link Density égainst Cure Time

Total Cross-link Density
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TABLE 15,
Physical Properties as Determined for Formulation A.
Cure Cheracteristics Physical Property
Temperature| Time Hardness| Fodulus| Elongation| U.T.S.| Compression
¢ min, I.R.H.D| (100%) | at break | p.s.i.| Set %
pP.s.i. | %
150 15 59 139.6 543 319.2 14.6
30 59 149 380 297.0 10.3
60 61 164.3 262 266.8 7.9
120 62 180.8- 240 289.3 4.5
240 64 179.1 212 267.6 5.5
| 170 15 63 155.9 233 229.3 8.7
30 63 170.0 260 281.1 7.2
' 60 64 164.4 290 289.4 5.5
: 120 62 163.7 | 242 251.3 5.7
240 61 157.9 223 230.6 7.0
: | - 200 15 58 | *111.8 86 138.9 6.2
: 30 58 | ¥101.6 79.2 | 122.3 3.5
i 60 58 | %109.3 86.7 | 138.5 5.4
: 120 57 | *100.0 80 123.0 4.0
- 240 55 | *¥101.3 95.8 136.9 5.2
240 15 53 #1027 118 146.5 4.8
30 55 ¥106,2 105 150.0 4.7
60 51 * 94.7 109.2 132.0 3.3
120 56 | * 99.4 111 138.9 4.3
240 56 | ¥101.6 126 135.2 5.6

¥ :: 50% Modulus
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2 ormula n ¥ AR - .. .
34 (£ lation B cured at 150°C) is reoresentative of those

! o - PP . .
where asgreement was fair. A kinetic analysis was performed on all
rheo~ravhs using tl + I . N ~ 87 R

heosravhs using the technigue described by Coran”'. The results

of this analysis hive been presented in table 16B.

3,8, Errors.

3 ~ - poye] <43 ~ . A .

Using an analytical balance, weighings were carried out to the
J . o . )

nearest 1/10th mg. ( = 0.0001 g ). Dimensions of specimens were
Lt . . . +

measured with the aid of a vernier microscope to — 0,0005 cm.

Vulcanization and probe reaction times were measured with a stop

- - - o + +
clock to an accuracy of — 3) seconds. A stop watch ( — 1 second )

was used for the technigues of C. determination. Overall experimental

1
errors are stated below. For swelling determinations the error was
+ L - .
2 1.75%. This figure was for unprobed samples; after treatment
/ S = ' H

with a chemical probe there was more scatter in the Vr results and
. - + Ly . s
the error could increase to — 3%. The dry tension technigue for C1
e - B
produced results with an experimental error of = 1.9% (max)

. . + . .
whilst compression modulus gave values of = 3.65%. These figures
represented the average error recorded over & range of cross-link

densities, in both cases the error decreased with increasing cross-

link density, as did the variation between the two technigues.

Experimental errors noted in the physical test determinations were
. - . ; . e 1 p
larger than those recorzed above, the maximum being - l.Jj IoT
+ . + < s =
hardness. — 3.7% for modulus, = 16.7% for elongation at break,
+ . . F . 3
~ 18.5% for ultimate tensile strength and — 5.0 for compression
> v - 03
' set. These errors are exegzerated because of .the very low level

of »physical provperties associsted with non reinforced E.F.D.M.'s.
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GRAPH 33,
Comn

Density and the Monsanto Rheograph for Formulation A

cured at 150°C.

arison botwe t icti ; i
¢tween the Curve depicting Total Cross-link

120
- Rheograph

.89

. 40

- 0

O 69 12D 180 249

' Cure Time minutes

GRAPH 34.
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Comparison between the curve depicting Total Cross-link

Density and the- Monsanto Rheograph for Formulation B
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RESULTS.,
4.1. Structure of E.P.D.I., Networks

4.1.1. Structures in General

(SN

a3 nle L 3 .
The cross-link structures obtained from the E.P.D.M. vulcanizates
s . S entad e :
investigated were, in general, as exvected., The predominance of
h +at ~ : L~ N .
thermally stable cross-links had been previously reported from stress

51,52

relaxation data and was later confirmed by the more sophist-
icated technique of cross-link mensuration45’46. A Tew general
conclusions regarding the structures investigated in this work are
presented below, whilst more detailed comments are contained in the
follovwing sections ( 4;1.2. to 4.1.7.).
a). Polysulphide links: although this cross-link type is no doubt
a precurser to the shorter di- and mono-sulphidic links 1t seldom
appears in any abundance iun the E.P.D.}. network. “hen the elevated
temperatures ( 200 and 24300 ) are used, no poly-sulphide links
could be found. However one must assume that at the shortest cure
time investigated ( 15 minutes ), all of this cross—link type must
‘have undergone shortening reactions. At the lower temperatures
one half of the vulcarizates had lost their poly-sulphidic content
before one hour of cure had elapsed. kost of the other networks

' <
retained a proportion of these linkages, however small, up to
and presumably beyond a cure time of four hours.
b). Di-sulphide links: these links often reached concentrations of
over fifty percent in the early stages of cure, then decreasing
as they desulphurated to the predominate mono-sulphide link. In
formulations A.B and V at low temperatures ( 15UOC ) this level
(i.e. fifty percent or more ) was in fact retained for at least
one hour of cure whilst at l?OOC the period was 75 minutes, (30
minutes in the case of formulation 3 ). Wita different termonomers

:nd B were similar

V]
o

various effects were noted. Formulatlons

whilst formulation N at lSOOC never reached a di-sulphide content




..l.l---'-_'__—* B

greater than fifty percent. Formulation E on the other hand

maintaing thi

w
fa—
6]

Fal ) Ne) - .0
level for over two hours at 150°C. 4t 170°C both
ati N ang © . .
formulations I and B reach this level after 30 and 6J minutes
respectively.
Tebles showing the proportions of cross-link types exoressed 2s a

ntao £ n ¥ R et
percentage of trhe total cross-link density are presented as table 16

( formulation A4 ) and Appendix VI ( formulations B,V,N,E and R ).

4,1.2. Cure Systems.

a). Sulphur based systems.

The seemingly constant proportions of thermally stable mono-

sulphidic links found in sulphur cured compounds are indicative
.

of the similarities in the network structures of E.P.D.M.'s. The

overall conclusion which can be drawn relating to the effect of

cure system on structure is that network structures appear to be

‘ ) independant of cure system. This would indicate that, providing all
cures were taken to optimum, the basic structures would follow &
set pattern.
As the cure system appears to have little effect on the structure,
other aspects which are dependant upon the Curevsystem becone
very imfortant. Certain of these , tefmonomer type. and concentration,
cost, cure time and temperature, are discussed in the following
sections, others are discussed below.
The structure at optimum cure is independant of the cure system

so that rate of attainment of this ontimum becomes of interest.

The values of the first order reaction rate constants ( k')

( table 16b ) for those systems with various cure systems and the

same termonomer indicate that the fastest system is formulation V,

' . s [ 4 iy S a1 nk
whilst the slowest is formulation 8 . Since the optimum cress-link
came order and time to optimum cure

density values follow the

varies such that formulations V &na b are similar and formulation A




1 TTer + 34 . - e = - - :
much greailer, 1t becomes obvious he e of niriction ofcros.-

LIRS Y . .
links need not be the only important factor. In fact there are certain

anpplications 1ok ne - . - .
op 33 ( hish temperature injection moulding, L.C.M. curlng

PR &5

) : - - ) 3 3 - - )
etc., ) where the induction period becomes of prime importance. Again

)

are

it can be seen from table 16b that the induction periods ( t!

i
for formulaiions & and V ( 1.5 and 3.2 minutes respectively )
much shorter then that for Fformulation B ( 13.75 minutes ). Optimum

4 27 = N -~ 3 o 4 .
cure will also be affected by the rate of change of the proportions

of the constituent cross-link types; which themselves will be

dependent upon the cure system @nd also on the termonomer type
( section 4.1.3. ). The order of rate of loss of poly-sulphides
e On .
during cure at 150 C is:
L]

formulation V > formulation B) formulation A
There are available now many accelerators which are known to
produce faster cures in E.P.D.M. polymers. The only accelerator
specifically recommended for use with these polymers which has
been investigated in tais work is Vocol (-a di-thiophosphate ).
This did produce higher levels of cross—linking but at the lower

temperatures there was 1little difference between it and the

conventional -accelerated sulphur system ( formulation A ). Other

accelerators which are known to produce good fast cures in E.P.D.li.'s

are listed below:

TPellurac : ( tellurium diethyldithiocarbamate ) Vanderbilt

CuPS : ( copper salt of M.B.T. ) American Cyanamid

Copper DD : ( copger di nethyldithiocarbamate ) Robinson 3ros.

Roy=zlac 133 (errric dimethyldithiocarbemate ) Uniroyal

Royalac 141 : ( undisclosed ) Uniroyal

It is of interest to note that these materials are salts of metals

other then zinc. and this may be the reason, or one of the reasons

for their success.

A second factor which must be considered in relation to the cure




retem is thot of e ; - ,
sysiem 15 iast or level or degree of. inki The finsncial

o]
i

a SR NS vy —~ . ~
aspects cure systems and desres of cross-linking have been

discussed fully in section 4.2.2, fTue data obtained from kinetic
analysis of the Yonsanto rheosraphs shows that the maximum rheometer
modulus obtzined { whie R e e . o .
modulus ootzined { which can be related with modulus at 300% extension).
] =+ ‘o P P N . ;
is greatest for formulation A and srallest for formulation 8 at

190 i ; . ) '
150°C, whilst the maximum cross-link density figures show formulat—

ions A and V in reversed positions. The tine required to reach

maximu. cross-link densities indicate no-trends worthy of note, a

fact which is also true for: the thD and t90 values obtained from

analysis of tae rheographs. The t

grarx 60 values ,however, do indicate

P

a

o+

o

t formulation B is the slowest to reach

a trend which suggestis
level of modulus development , foriuulation ¥V being the fastest.

A further point which has been shown to affect the level of cure
is the procortion of available sulphur in the cure system. This
value has been proved to be directly proportional to the optimum
total crozs—lirk density ( section 2.3. ).

The thermal stability ( resistance to reversion ) of the networks
produced for this work wzs on the whole good when compared to

that associated with the general purpose elastomers. The systen

utilising Vocol was in general the best from this view point with
the exception of the cure at 24JOC. In this case formulation V
exhioited an almost catg strophic reversion.

Other renarks of a more general technological nature which
relzte to the cure systems have been included in section 4.2.1.
If we consicer the overall balance of vulcanizate characteristics

based on structure and structural characteristics, rate of cure,

induction veriods, scorch times and cost etc. then we can deduce

the following points:-—
a) zt 15000 formulation V offers the best overall range of

. R . +3 i How mulati
properties and formulation B tne Worst. However, formulation A




the overiding factor,
bj as the temperature increa

<O R
ases to 170°C the characteristics

3 . R S s . .. . .
offered by formulations A and V become virtually identiczl and

=3 nes } ) T 13 ~ I ) . LR s
thus the cholce . would be governed by -economic considerations.

N1y 5 ot - P s . 3 . . N N
This status also @pplies for thosevulcanizutes produced at even

higher temperctures,

b). Peroxide cured networks.

The major variation between sulvhur and peroxide cure systems

is that peroxide cure produces a much higher cross-link density,
nearly twice that sroduced by & sulphur based system. This is
easily expla}ned since the sulphur is limited to an unsaturation
point for cross-link formation whereas the peroxide one is not.
This means that there is a limiting cross-link density for sulphur
systems beyond which they may not pass whilst the peroxide system
is not limited in any way. It is of interest to noée that the
peroxide system showed reversion and a general lcwering of cross-
link density with increasing cure temperature and time. The use

of peroxides by themsedives is not common in industry as in most
cases where & peroxide is used, one tends to find the use of a
co—agent'as well. Typical co-agents are sulphur,idi—ethylene glycol
and triethanolamine. The action of these substances would be
either to aid the initial decomposition of the peroxide, or to
react with the radical formed by the abstraction of a hydrogen

atom from the main chain to form the cross—link precursor.




TABLE 16;

Proportions of Constituent Cross-links

from Formulation A,

in Vulcanizates prepared

Cure T |Cure t |Total C.L.D.| % mono- |% di- % poly—
°c  |nmin. sulphide |sulphide |sulphide
150 15 5.796 - 39.2 60.8
30 9.092 6.45 58.55 35.0
60 11.446 22.3 50.5 27.2
120 12,109 45.0 46.6 8.4
240 13.380 61.5 38.5 -
170 15 10.624 24.12 64.92 10.96
30 11.719 43,63 48.26 8.11
60 12.124 68.48 A31.52 -
120 11.725 86.58 13.42 -
240 11.404 96.98 3.02 -
200 15 9.439 84.83 15.17 -
30 9.333 90.51 9.49 -
60 9.122 88.99 11.01 | -
120 9.289 88.52 11.48 -
240 8.733 90.80 9.20 -
240 15 6.543 - - -
30 7.069 92.06 7.94 -
60 6.619 95.47 4.53 -
120 6.152 99.14 0.86 -
240 5,695 96.29 3.71 -
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e =

-t V-I

kl

kll

60
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100

ined from the kinetic analysis of the Mon

TADLT léb.

il 0

1
Rheogravphs,

maximun modulus as recorded on the rheometer

( units: inch-pounds torque )

time recuired for the compound to exhibit an
increase in modulus of two scale units from
its minimum velue ( units: minutes )
induction time noted prior to the commencement
of the initial vulcanization reaction

( units: minutes )

induction time noted prior to the comiencement
of the second slow vulcanization reaction

( units: minutes )

rate of the initial ( fast ) vulcanization
reaction ( units: minutes"l )

rate of the second ( slow ) vulcanization

. . . -1
reaction ( units: minutes = )

time rejuired to complete 6J% of the vulcanization

L.
reaction as shown by rheometer m&dulus development

( units: minutes )

time reguired to complete 9J% of the vulcanization

reaction as shown by rheometer modulus development

( units: minutes )

time required to complete the vulcanization

reaction as shown by rheometer modulus development

( units: minutes )
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4.1.3. Structure end Termonomer Type.

The polymers investigated in this

work contained those termonomer

types Currently 11 commercial use. Polymers were chosen in order

that the only reecl difference was in termonomer type. The effect
of termonomer content was not investigated as the polymers all had
similar unsaturation levels. As can be seen from Table 8 the range
of iodine numbers of the polymers investigated was only from 8 to
12, representing a weight percent unsaturation of between 3 and 4.
Polymers with iodine numbers of up to 24 are now available and are
recommended for fast cures, high temperature cures and for blends
with unsaturated polymefs.
Graphs 29 and 30 compare the total cross-link densities of the
polymers containing the various termonomers when cured at lSOOC and
l?OoC. The values of cross-link densities §btained covered a wide
range although there is a tendency for the range to narrow at higher
temperatures when competing reactions become more prevalent. The
wide range of optimum cross-link densities obtained with the various
termonomers is evidence of the difference in reactivity of the
pendant unsaturation groupings. As was mentioned earlier, one of
the requisités of a termonomer species was that it contained two
non-conjugated unsaturation sites of differing reactivity. The im-
portance of the differing reactivity was evidenced by the abortive
attempts to utilise cyclo-octa-1l:5-diene which resulted in completé
gelation since both double bonds were of equal reactivity. From the
figures obtained at lSOOC the order of decreasing optimum cross-
link cdensity is:-— |

ws )  BNB ) 1:4 hexadiene ) DCPD
aid at 170°C is:-

T ) - ) 1:4 hexadiene )  DCPD

Table 16z shows the order at lSOOC with the unsaturation point

and its alpha-groupings.




TABLE 16a,

Termonomer reactivity at 15OOC

m . 34
Fermonomer HNB ENB 1:4 hexadiene
Decrezsing
Optimum N
C.L.D. -
Unsaturation H CH, .~ H - {
Site ‘o=’ @ 3C"c—c"'CHz H‘c c’H H‘c c’h
P AN V4 - = ~ = ~
H CH- ' “ce-  -cyl e, -cH”  CH.-

Unfortunately, despite the fact that we have four types of alpha
gfouping and four values of optimum cross—link density, the poss-
ible use of simultaneous eguations to derive an expression for
reactivity o£ any polymerised termonomer is ruled out by the
number of permutations in which these alphé groups may be situated
about the double bond. In addition, variations in stabilisers,
shortstops and molecular weight modifiers from manufacturer to
manufacturer would all effect the resultsobtained. A further point
worthy of note is that the three terpolymers which produced the
highesf cross—1link densities also exhibited reversion whilst the
dicyclopentadiene did not. Another point in favoﬁr of this ter-
monomef.was that as the cure femperature increased the optimum
.cross—link density was unaffected, whilst the polymers produced
from the other species showed definite reductions in this value.
The rates at which the cross-links were introduced followed the
same order as for the optimum cross-link densities. The major var-
iance here is that the reactionwith the DCPD appears to start off
at a much earlier stage than do those for the others. Perhaps the
rrocess of building an elastomer networkis not far removed from,
to be analogbﬁs to crystal growth, where the slower the reaction
the more pérfect the product.

Finally, the rate at which the poly-sulphidic links were converted
. .



to mono-sulphidic ones varied

between the termonomers. Reference

graph 23,25, o + .
to graphs 15,23,25,and 27 show that at 150°C the rate at which

— 1phidi cals -~ . .
poly-sulphidic cross-links -are lost is in the order of ter—

monomers:—
DCPD ) iFB D 1:4 hexadiene » ENB
This indicates that th i
: a he termonomer species have some effect on
the stability of the initially formed poly-sulvphidic links. As
the cure temperature increases these differences hecome smaller

and smaller.

4.1.4. Structure and Cure Time ( at constant temverature).

A change in cure time at any given temperature will result in

two major changes in the network, namely

il

) a& change in the total cross-link density

ii) a change in the proportions of the constituent cross-
link types

The reasons for and nature of these changes will be discussed 1n

this section.

As the‘network is built up there are two competin; processes

occurring. These are the introduction or formation of cross-links

and thermal degradation due to cross-—link and/or main chain

scission. Since there is a limit to the number of cross—-links

e a maximum

(o

which can be introduced then there will obviously

value in the plot of cross-link denzity ageinst time. The position

of this maximum could be expected to vary with the type of ter-

monomer, the ammount of available sulphur in the cure gystem and

Hy

i~y

fect of the

=

: . : . Ny e
to some extent on the cure system itself. fhe e

termononer on the time reguired to produce & given degree of

' . s . | S
cure. i.e. the rate at wnich it can be used to introduce cros

links iss:-



KNB > ENB > DCFD >7 -154 hé%adiene

fastest ‘ slowest ‘ | -
The rate in general is found to be to be roughly proportional
to the total concentration of available sulphur in the cure system.
Reversion processes are very slow at the 1lower temperatures and
again the rate of these tends to be somewhat dependant upon ter-
monomer type, the order being

MNB ) 1:4 hexadiene‘ ) ENB = DCPD at lSOOC
and ENB ) MNB ) 1:4 hexadiene ) DCPD at 170°C
The effect of cure system on reversion would indicate that form—
ulation B 1is least stable whilst formulations A and V are
comparable apd stable at temperatures upto QOOOC. The comments-
listed above relating to the formation of a network will also
apply fo the peroxide cure systen, except'that in the case of
such a cure the rate of attainment of the maxima 1in the cross—
link density curve will depend solely upon thé half life of the
peroxide at the cure temperature. The effect of a change in cure
time upon the total cross-link density is more difficult to define
as it will depend upou the relative times and consequently could
either cause an increase or a decrease. |
When conéidering the effect of cure time on the proportions of
the constituent cross—links it is as well to consider the method
by which the network is built. When a cross-link is first intro-
duced to the network it will be poly—sulphidic in nature. At a
later stage in the vulcanization these initial cross-links will
undergo a succeasion of de-sulphurating reactions until they

ultimately contain omly one sulphur atom. 4s we have defined our

cross-link types as poly-sulphidic ( those with three or more
sulphur atoms ), di-sulphidic ( those with two sulphur atoms)
and mono-sulphidic ( those with one sulphur atom only ) then we

can consider network development as being the resultant of three



] ie oy } a4 o . . L. .
b) desulphuration of poly-sulphide links to di-sulphides,

c) desulphuration of di-sulphide links to mono-sulphides.

The initial introduction of

<.

I-(j

olysulphide links would, if no
further reaction was possible, follow a curve identical to thet
describing total cross-link density. As reactions 'b' and ‘c!
take place, however, the provortion of poly-sulphidic links

passes through a maximum value and derlines, the species ultimately

becoming "extinct". Using similar reasoning one can see that
the provortion of di-sulphidic links will also pass through a

maximé and decrease whilst the stable mono-sulphide links continue

to increase. This build up is depicted well in greph 11. The build
up of the network by the prccess described above will be dep-—
endant upon cure time, cure temperature and the extra network
materials ( accelerator complexes, intermediates etc.). The rate
of build up of mono-sulphidic lirks is fastest for formulation V
at 15000 but at higher temperatures there is 1little to choose

between formulations V.and A. Formulation B is the slowest throu-

ghout'thé temperature range. When relating this rate to the
termonomér type it interesting to note that at 1500C the build

up with 1:4 hexadiene and DCPD are roughly equivalent and faster
than the others, whilst these positions are reversed at 17000.
Formulation V shows the shortest time to peak poly-sulphide and
disulphide content although again at higher temperatures the
difference becomés less. As with total cross-link density, it is

very difficult to make an assessment of the changes that could be

expected as the result of a change in cure time, without knowing

both the initial and the final time
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structure and Cure Temperature.

A a b T3 ] s 3 N
There are many similerities between the effects of cure temperature

and cure time. In most cases an increase in cure temperature will
cause the same effects as an increase in .cure time. The one major
variation of importance is that an increase in cure temperature
will cause a decrease in the optimum total cross-link density
obtainable. In fact as we go from a cure time at lSOOC to one at
~0 .
240°C for formulation A the optimum cross-link density is halved.
This fact is general for all of the cure systems studied as is
shown clearly in graphs 29 to 32. A further point worthy of note
is that as with other chemical reactions a change in temperature
causés a charlze in the rate if the reaction. Thus, an increzse
in vulcanization temperature causes an increase in both rate of
introduction of cross-links and in the rate of conversion of poly-
sulphides to mono—sulphiéic links. Coupled with this we also observe
an increase in the rate of reversion, presumably being caused by
the thermal degradation of the main chain and/or cross—links.
The effect of temperature on rate can be most easily observed
with peroxide cure systéms since any increase in temperature will

reduce ‘the nhalf life of the peroxide in the system, thus releasing

(
A

radicals for cross-linking at an earlier stage and more rapidly.

With the increasing useof high temperature cure media in the

industry, the high temperature cure behaviour of E.P.D.M. type

polymers is becoming more important. This work has not elucidated

the situation to any degree since the shortest curetime invest-

igated i.e. fifteen minutes , is far to long toobe of any commercial
. 0

interest. Cure times of less than one minute at 220°C are now

common in salt baths and fluid beds. Obviously the compounds

used Tor such cures are specifically sesizned Tfor them, the major

if 1 ing i svstem chosen. It seems relativel;
difference being in the cure systlef %

i
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suie tnal the processes which have taken place

[=n

1 o [&3 o~ 3 o 3 P 3 3 s s 5 i 3 °
n the systems investigated in a matter of minutes will
take place in & matter of seconds ‘in a svecially designed comp-

ound for high temperature curing.

4.1.6. fTime Temverature Interdependance.

It is somewhat difficult to use the results as oresented for
prediction of wvulcanizing conditions. As a result of this a
contour graph was pnrepared which presented a swamary of the
characterization of one cure system. As the graph itself was
large and complex, only a description of the method of cons-—
truction and a simplified version of the vlot will be

presented. The graph was based upon the interdependance of

time ( t ) and temperature ( T j:
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1he various stages of the construction of the graph are

outlined below:

(the results used are those obtained for formulation A)

- a) A plot of percentage of mono-sulphide linkages against

cure temperature for a given cure time was prepared.

his 1UC e - ams 1 < ~ . .
This produced a fam;ly of curves (one per cure time) which

were straight lines and roughly parallel (graph 35).

- b) By reading values of time at a given percentage of mono-

sulphide links a time/temperature graph was prepared
showing curves for a given percentage of monb—sulphide link-
ages. Again a family of curves was . obtained, which was
almost exponential in form (graph 36). The témperature
scale went only to 210°C since at most temperatures over

200°C the proportion of mono-sulphide cross-links was high,

even at short cure times. This series of curves can be

used to obtain an estimate of mono-sulphide links given
the cure temperature and time (or vice versa).

- c) Stage 'a' was repeated using the values of di-sulphide cont-
ent. Here a family of parabola type curves was. obtained
which indicated the build up =nd subsequent decline of this
cross-link (graph 37). The full lines indicated the region
covered by experimental results, the broken lines
indicated their probable course.

- d) A repeat of stage 'b' using graph 37 to produce the values
of percentuge di-sulphide loading and time produced the
the time temperature plot relating to di-sulphide linkages
(graph 3%8). Again the dotted portions of the curve were
supposition and the time scale was extended to cover the
probable extent of these curves.

- e) The two time temperature graphs (36 znd 38 ) were then
superimposed on top of each other using the larger axis;

those used for the original plot measuring fifteen inches

by twenty five inches.
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Plot of rercentage mono-sulvhide cross-links against
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the graph to the left of

- f) Light shading of the portion o

the maxima of the di-sulphide contours marked those portions
of the time temperature plot where poly-sulphides were
found (graph 39); the unshaded areas being those where

poly-sulphides were rare.

- g) From the rheographs the times required to obtain 80%, 90%

and 100% of cure <t80’ t90’ and tﬂOO) were obtained. These
were then plotted on the time temperature graph to show at
which conditions the cure became technologically viable.

Should there be pronounced reversion then two values of

t9O and even t8O may be required at each temperature thus
setting an upper and lower limit to cure time.

- h) From the'total cross-link density curves, the times required

to attain the maximum cross-link density at each temperature!

were noted (tmax). These can be plotted on the time

temperature plot.
- i) Finally, the total cross=link density values at the
various cure times were added to the plot using a second

vertical axis. The value of the maximum cross-link

density obtainable at each temperature was plotted against

that temperature. f

SRS

The resultant graph is depicted in graph 39 which shows the
outline of a contour graph and comprised only:

1) limits of mono-sulphide contours (10% and 80%)

2) limits of di-sulphide contours (10% and ©60%)

3) time to 100% cure (t100> from rheographs

4) time to maximum cross-link density (tmax). *
5) maximum obtained cross-link density.

The contour graph could be used to predict, under prescribed

cure conditions, not only the cross-link density obtained but

the cross-link composition‘produced, and whether or not the cure

was technologically viable. aAlternatively, for a given cross-lin
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Contour Graph showing the network structures obtained
s )

with Formulation A over the whole time and temperature

ranges.
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composition and density, a range of suitable curing conditions

i.e. temperature ang timey could be selected., A plot of this type
was only applicable to a given formulation but once performned,
comprehensively des

cribed the possible varictions of network struct-

ure, and how they could be obtained.

4.1.7. Structure and Physical Properties

a Doe

In order to leave the networks free from extraneous materials

and to avold the use of chemicals which would or could in some

way inteffere with the cure media tne investigations described in
this work were conducted on gun vulcanizates. The poor physical
properties developed by unfilled E.P.D.M. vulcanizates are accepted,
and hence gréat difficulty was found in observing strict trends

in the measured proverties. In general few comments can be made
relating the observed structures and the measured properties. At

4

the lower temperatures the physical properties followed those trends
that would have been expected of them. 4t higher temperatures,

where the network structures produced were a relatively constant
mixture of mono-sulphidic and di- sulchidic linkages almost all
semblance of any correiation had disappeared. Hardness and modulus
follow the total cross—link density at the low t%?peratures

whilst tensile strength and elongation tended to follow the

disappearing poly and di-sulphidic linkages. Compression set

as expected followed the mono- sulphidic link concentration.

A further generalisation which can be observed as 2 result of this
woTk is that the tensile strength and elongation reach a maximum
fairly early in the cure whilst compression set and modulus "peak"

at a later stage.




4,2, Other Conclusions Re

PP I3 ":\/ : ’
garding E,P.5.M.'s,

4.2.1. Technological Aspects.

The compounds examined for this work would be of little use in

. 1 PR -1 4o 33 s ) I L 3 1
lnausiry ¢ue vo thelr poor physical properties and excessive prices

-

¥

( economic aspects will be discussed in the following section ). It
is, however, possible to discuss a few general points which arose
during this investigution end to embelish this by drawing upon the
literature.

a) The polymers used for this work were easy to process on a
mill, although specialised technigues had to be used. Excessive

.

mill times were avoided and as long as tight nips were used , few
problems were encounterea. The Nordel ( 1:4 hexadiene ) and Royal-
ene ( DCPD ) polymers handled better than the others. This fact
is probably more indicative of the polymerisation technigues
than the termonomer used. It is difficult to generalise when

discussing the processability of E.PD.li.'s since this work was

condubted on polymers of similar characteristics. It is known
that with polymers of differing ethylene content new difficult-

necessitating
neeeessati-ng

O

ies other technigues are noted. 0il extension also
effects processing ease as does molecular weight and molecular
weicht distribution. The use of internal mixers is known to
produce some problems with this class of polymer but provided
care is taken these are easily ovefcome. Certain types of E.PD.HM.
are notorious for crumbing in these mixers if left by themselves
and thus early addition of fillers and extenders is necessitated.
In cases where high filler and oil loadings are used "upside

dovn mixing" is preferredin order to improve dispersion and to
decrease mixer cycles. Injection moulding and extrusion of E.P.D.M.
latively easy providing that care is taken in

compounds are re

compounding. Grades are nov available with low mooney viscosities
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which vere developed specifically for these fabrication techn-

iques. E.P.D.MN. sheeting Prepared on calenders is now used as
pond liners and egain provided that careful compounding 1is used
there are few problems in fabrication although the inherent sloﬁ
cure.and general low temperatures of sheet curing equip-ment do
ten& to slow down lines.

b) The moulding characteristics of these polymers were good

although

W

little difficulty was encountered at higher temperatures
where some visible degradation took place around the edges of the
samples. Flash extruded easily into the channels and voids were

not encountered . In soﬁe cases at higher temperatures, localized
porosity occurred, but not in sufficient amounts to make the

e

cutting of samples difficult. Although this could not be tolerated
in production it onLﬁgggﬁggg after e%tended cure times which Gould
be commercially impracticable. No sticking to moulds was encoun-—
tered and this is agein evidence of the non-tacky nature of these
polymers. This fact indicated that there is no need to use a mould
release agent and in any case the use of such a material produced
staining on the sample surfaces.

c) .No quéntitative tests to assess tack were carried out but
the Royzlene and Nordel polymers were marginally better than the
Enjay materials, although this level was negligable when comparéd
with the tack of a general purpose elastomer. The various cure
systems had no appreciable effect on the tack.

d) Colour is often unimportant since in most cases the polymer
would be filled with carbon black. They are,however, cu?rently
finding applications in white compounds and this problem should
be considered. Of the compounds investigated the "whitest", as

expected . was the peroxide cured system. The sulphur based vulc-

anizates exhibited varying degrees of discoloration, moving from

A, which was quite lightly discoloured, to V which was badly




iscoloured. Ti - - s . : . . )
d ed. The degree of discoloration increased with increasing

cure tempersa SV : o
perature. The problem in the samples investigzted could
0€ over-come oy the judicious addition of titenium dioxide. In
industrial compounding of light coloured compounds efforts are
made t S fhe : : .
mace 1o resirict ine choice of curestives to those which are non-
staining and non~discolouring. Unfortunately, most of the fuster
accelerators for these elastomers ( section 4.1.2. ) tend to be
F
stainine and /or dlscolouring, thus in conseguence titanium dioxide
loadings of up to 30 P.h.r. are common,
e) Only vulcanizates produced from formulation V exhibited a
lasting and unpleasant odour, which could have been detrimental
in service., The characteristic odour of dicumyl peroxide and of
peroxides in general can be overcome by the use of blends of
., 80 . .
beroxides . The problem of odour and taste can become very imp-—
ortant when the final end product comes into contact with food
stuffs or drinking water, since the taste and / or odour are
easily transferred.The odour is easlly removed by the addition

of a reodourant whilst the problem of taste mnecessitates the

reformulating of the mix.

f) At normal processing temperatures ( 150 — 2009¢C ) the
cure of E.P.D.IM.'s offered no problems apart from their inh-
erent slowness. Scorch seldom worries the compounder, neither
does rate of cure , both being varied between '"'safe' limits
by careful choice of accelerators, polymer and filler. Cross
link density again could be varied by choice of compounding
ingredients. Under normal conditions reversion was a factor which
did not need to be considered , because, due to the hot'tear
strength of these polymers they are often removed froa the mould
after oniy fourty to fifty percent of the cross—linking hés
occurred. The ctability of the E,P.D.K.'s make them aptly suited

to the newer high temperature vulcanization technicues such as
nev g T
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salt baths, fluid beds, C.V.

tubes and with suitable compounding

micro-wave ovens,

g) Bloom ¥as, quite surprisingly, not noticed on any of the
vulcanizaties prepared for this work. In general press cured
'E'PfD'H' is qu;te prone to blooming. Current thought on this
problem is thet there is 2 threwshold limit for each accelerator
below which it will not bloom. In generai these limits are im
the order of 3.0 phr for the thiazoles and most sulphénamides,
2.0 phr for some of the higher molecular weight dithiocarbanates
and 0.8 phr for the thiurams and the bulk of the di-thio-

carbamates,
4.2.2. Economics.

Although the various merits of the cure systems and polymers

have been discussed, the economic aspects, which are of
prime importance, must be considered. A comparison was
therefore made between the cost per unit weight of the
vulcanizates and the cost per cross-link formed. By
obtaining the current prices ( July 1970 ) of ingredients,
of accelerators from Monsanto Chemical Limited, of polymers

from Uniroyal Chemical Division Limited, and of other

ingredients from R.A.P.R.A. ( Rubber and Plastics Research
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a simple costing was performed.

Association of Great Britaiﬁi;
Table 17 shows the cost in pence per kilogram of vulcanizates
(excluding processing costs which were assumed to be constant).
The second column eXpresses the figure as a percentage of an
arbitrary average price of 60 pence per kilogram for ease of
comparison. In order to differentiate between the simple cost

-

per kilogram of vulcanifate and the cost per cross-link, the

price per gram was compared with the cross-link density to

produce a relative figure for the price of one gram molecule

of cross-link. This was also expressed as a percentage of an
arbitrary value of 800 pence pér gram molecule of cross-link.
The cross-link density figures used were the maxima obtained at
15000 cure. Perhaps the most interesting fact which arose

from these figures was that although formulation C had the highest
cost per kilogram, it had the lowest relative cost per gram |
molecule of cross-link, the latter figure being more important
when a tigﬁt cﬁre was required. Although formulation V was
recommended for use with E.P.D.lM.'s it was more expensive on
both counts:than the standard formulation A. Formulations N
and R were both reasonably priced when concerned with the bulk
price of the formulation, but both produced very expensive

cross-links, being three times and nearly five times as

expensive as formulation C.

In vulcanizates B,N,E and R the séme compounding ingredients
but different termonomer type E.P.D.M.'s were used. As the

polymers were equally priced the costing based on pence per kilo-

gram was the same, but due to the different termonomer activation
there was a very large difference in the cost per gram

molecule of cross-link, 628 to 1,390.




TABLE 17

Prices of Formulations

Costing COSt/k% expressed | cost/g.mole | expressed
‘ d/kg as % of of cross- as % of

Formulation 60d/kg é}gkmole* BOOd/g.mofe

1 47.2 79 1021.6 128

2 - 52.0 87 602.6 75

3 57.2 9% 502. 4 6%

4 . 62.0 103 393.18 49

A 64,3 107 476.5% 60

B 69.4 116 641 .4 80

C 76.0 127 293 .4 57

v 66.5 111 531.9 67/

N 69.4 116 1035.8 129

E 69.4 116 628.6 78

R 69.4 116 13881 17%

* old pence




4.2.%. Efficiency of Vﬁlca

nization.

The number of Cross-links introduced by a sulphur based system

was  limited by the number of cross-linking sites available.
By assuming that one cross-link required two points of =
unsaturation, &‘d calculating the theoreticél number of double
-bonds present, relative efficiency parameters (Q) were

galculated for each cure system. The theoretical number of double
bonds was calculatedas welght of polymer containing one gram
molecule of termonqmer and compared with the figure for the
weight of vulcunizate containing one gram molecule of cross—

link (calculated from the value of the maximum cross-link density
attained). The result (Q) was expressed as a percentage. Table

18 presents the § values for formulations 4,B,C, and V when

cured at 15000.

TABLE 18

Efficiency Rating of Formulations A,B,C, and V.

A

Lure systen A B C v

|
Q % , 4.3 76,4 182.9 88.3

The main point indicated was thut formulation C had a Q value

of 182.9%, suggesting that it was not limited to points of
unsaturation as cross--linking sites. The empirical statement
"that total cross-link density is related to the proportion of
sulphur" can now be ratified. The weight percentage of sulphur
Present in each of the cure systems 4,B, and V was compared with
the respective @ values. Table 19 presents these results, and
they have been plotted'as graph 40. As can be seen there was a

linear relationship between the total concentration of available

sulphur and the efficiency of wvulcanization.
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TABLE 19

Efficiency of Cure and Concentration of Available Sulphur.

+

Formulation A B v
< 94.3 76. 4 88.3

It was obvious from the total cross-link density curves that
the maximum value decreasedwith increasing cure temperature.
The Q values of all the E.P.D.M. formulations have been

calculated to show this effect. These are presented in table

20 and graph 41.

TABLE 20

Efficiency of Cure at Various Temperatures.

Teup °C 150 170 200 240
Formulatid
A | 94.% | 79 68 51
B 7.4 | 56 22 19
C 182.9 | 156 123% 91
v 88.3 | 80.5 67.5 Lty
N 3%.6 32.0 - -
B 66.2 | 55.5 | - -
R 44,0 | 44.0 - -

As can be seen, formulation R had a constant value of @ whilst
all the others showed a definite decrease in @ at varying rates.

. L . ‘ ines ecr i
Formulations A, V and C showed an almost linear decrease 1in

Q over the range studied.
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.Althoucgh cross-link density figures indicate a reversed order;
the-higher»efficiency noted with formulation R when comﬁaredv
to formulation N, is easily explained. On considering the molec~

ular weights éf DCPD and 1:4 hexadiene ( 132 compared to 82 ) it

becomes obvious that for equivalent weight percent loadings

their will be more molecules of 1:4 hexadiene than DCPD.




4.3. Conclusions With RespéciqTo:Tééﬁnxquas'Uséd.
4.3.1. Swelling

In' general, »technique of equilibrium swelling is a simple,
rapid and accurate method of determining the cross-link density
of-a vulcanizate providing the polymer solvent interaction par—
ameter for the polymer/solvent pair is known. In this work the
stress strain behaviour of the vulcanizates was observed when
samples were in the swollen state in order that the effect of the
C2 parameter of the M.R.S. equaﬁion becomes zero, thus simplifying
the calculations., Choice of solvents for the swelling procedure
was of some importance since this affected the value of volume
swelling ( V_ ) obtained, which in turn had an effect on the
calculated value of C >and hence on the determined value of cross-

1

link density. Although earlier workers limited the maximum values

71

of Vr to 0.2021 and 0.25 values of up to 0.33 were used in
this work without any detrimental effects. Perhaps the most
critical procedure in the swelling technigue 1s that of weighing
the sﬁollen sample. In order to minimise the loss of solvent

63, 64

during this operation Ellis and Welding devised a sophistic-
ated %echnique wherin the swollen sample was weighed in an atmos—
phere of solvent vapour. The findings described in this work
indicated that provided adequate care is taken and the weighing

is performed speedily, the use of a tared stoppered weighing
bottle could pfoduce accura%e results.

The solvent chosen for use with E.P.D.M. in this work was n-heptane

since not only did it produce a Vr value in the required order

but it was also to be used in the probe work.

4.3.2. Cl by the Tension Technique.
The tension stress strain technique is recognised as a well

established and accurate technigue for obtaining values of Cl

= 12 -




%
.

maintain accuracy by removing relaxation effects. In consequence

for network evaluation. Although normé_ uSéd fpr<dfy specimens
it can be adapted ‘for use with samples swollen to equilibrium.
It has the advantage of producing values of 02 as well, although

at present little additional information can—be obtained from

these values., The strict time sequence is essential in order to

it can only be used with polymers possessing snitable relaxation
rates ( low ) and green strengths ( high ). In general it is found
to be laborious and the calculations would have presented some

difficulty to the amateur programmer since the areas of " -

upturn" were variable. However, the computer was used to calculate

2

values of (A - A ) and 7\—1 over a suitable range66.

4.3.3. Cl by the Compression Modulus Technigue.

This technique, used for the bulk of the determinations mentioned
in this work produced results which in evaluations compared fav-
qurably with those obtained when utilising the tension technigue.
As neither technigue is absolute it is difficult to compare
results from other than a relative stand point. Careful choice of
solvent ( 4.3.1. ) and use of the exact mathemafical expression

( 4.3.4. ) increase the accuracy of the technigue and widen the
range of experimental copditions over which the technigue is
applicable. The use of the micro-method described by Smith21
decreases the time regquired to swell the samples. Use of the
smaller samples has produced a number of critisims from other
workers7o, the main one being the danger of anisotropic swelling
producing false values of C1 and that a similar eerr'caused by
gross edge effects and barrelling of the samples during the determ—
ination.'The>effect of each of the above has been evaluated

and found to be negligible. The technigue itself requires rigor-
ous timing in order to reduce relaxation effects but is some-

what less tedious than the extension method. The most laborious



part of the techrigue is that of caleulating the leparaméfef ”
from the experimentally determined load ( £ ) and deflection
(& h ) values. This task was congiderably shortened by the

utilization of 'a computer ( 4.3.5. ).

4.3.4. L.athematics.

s

As has been indicated earlier in this work the calculation of
cross—link density is dependent upon the relationship between
the C arameter and the M M P

1 pé . e ]c.chem or “c.phys' The C1 vparameter
itself is obtained from the experimental results taken during

the compression modulus determinations performed on swollen

samples. The experimental values of load and deflection are then

%)

evaluated in such a manner that when some function of T /'( A - A

is plotted against some function of 1/;A the slope of the graph

will be some simple function of C.. The major problem in this

1
mathematical analysis is that of obtaining the values of the
2

)

function of (A = A 7). As further refinements were made to

the original Cluff et 212" equation ( equation 8 ) by Smith et a122,

( equation 9 ) , Thomag et 2154 ( equation 10 ). and by Lelley
et al ( eguation 11 ), the only difference apar£ from a loss i
of simplicity is a decrease in the degree of appfoximation occuring |
in the mathematical analysis. The degree of approximation varies

with the ecross—link densities although at these levels of cross-
linking it is numerically smaller. Both the approaches of Thomas

24 25

et al are mathematically exact and at normal

and ielley et al
ranges of cross—link densities produce the same results, which
are closer to those results obtained when using the Tension method

than any of the other approaches. Throughout this work results

obteined from the compression modulusg techrigues have been comp-

ared to those of the dry stress strain technique in order to

evaluzte their credibility. For the bulk of the work the results



nroduced by il . : - .
! c by the Thomas et al equation were used, simply because

of their ease of abstraction from the computer throwuout;'Howeﬁer,
1t should be pointed out that there is no evidence that the res ults
obtained by esither method are absolute. Thus in reality the results
presented ir this work should be treated as relative, and not

as apbsolute, until some new fundomental technioue for evaluating
cross-link densities can ve found. The ranges of experimental
conditions over which the various mathematical aporoximations

can be used depends uzon the desree of tie approximation itself,
but aiso, as 1s evidenced when considering the two exact deriv-
ations, upon those parameters chosen to be measured. Thus even
an exact derivation will be limited in use to that range of

exrerimental conditions in which the parameter can be accur—ately

determined.
4.3.5. Use of the Computer.

Despite the simplicity of the original expressions formulated by
.20 . ‘ .
Cluff et al the evaluation of ten or more sets of data by hand
became a laborious task. Uze of the nmore complex expressionderived
. 25 e e . o .
lielley et al resulted in & laborious time consumnlng procecm to
evaluate one data seguence. By use of the computer the time
required to analyse & complete set of data by all known mathematical
approaches was reduced from three hours to a fraction of a second.
Careful vrograming resulted in a single prograzm which eliminated
the need to produce a graph in crder to obtein the clove and
. : . -2y .
interceot of the plots of a function of ( A -=A ) against 1/A .
Using the method of least squares the equation of the best straight
line is calculéted thus providing values of both slope and intercept.
The colculztions in 2 work of this csize make 1t essential to

utilize the computer to its fullest extent in order that sufficient

time is available to complete the experimental work,




4.3.6. Chemical Probes.

Both chemisal probes used in obtaining the results noted in
previous sections were of the "thiol/amine" type, namely the
propane-2-thiol/piperidine and the n-hexane thiol/piperidine,

and vwere found to be easy to use, requir-ing little exotic app-
aratps. However, due to the unpleasant nature of both probe sol-
utions, extreme care was essentizl in the preparation, use and
disposal of these materials. Due to the relative ease of oxidation
of these materials it became essential to store the thiols in a
refridgerator and to check the quality of each new batch on arrival
and periodically during storage. The piperidine used wéé distilled
in an inert.atmospbere and any subsequent storage was in a sealed
vessel under an inert atmosphere and in the dark. The solutions,
once made up, Were used immediatelyAﬁhere ever possible, but in
any case no solution was kept longer than five days. With regard
to the disposal of the prepared probe solutions, the method
preferredof those investigated was that of addition to ammoniacal
coprer sulphate solution. The main reason for this choice was the
comparative odourless products when compared to those products
formed during other disposal techniques.

Initially reaction conditions for the use of the probe solutions
with E.P.D.HM. Vulcaniza£es had to be determined and as a start—

40

ing point the technigues used by N.R.P.R.A. were adopted and
the reaction time adjusted to suit this polymer. It was found
that for the propane—Z—thiol/piperidine in n-heptane the optimum
reaction time was five and one half hours ( asopposed to that

of two hours for natural rubber ) whilst in the case of the
n-hexane thiol/piperidine a similar time to that required by
naturalvrubber, namely foriy eight hours, was found té be

suitable. In the use of n-hexane thiol/ piperidine the reactions

were conducted in vacuo but at a lower pressure than suggested




by N.R.P.R.A4,

and without noting any ill effects. The resistance

of tie polymer tg oxidative zttack may be the prime factor for
this. Several experiments using propane-2-thiol/piperidine,
conducted on samples of vulcanizates cured for either long timeé
and/or at high temreratures indicated an increase in cross-link
density. After a series of extensive experiments to check these
resuits it was obvious that the effect was genulne and appeared
to be exhibited under conditions where the cross-link being
"probed" for was expected to be absent. In such a case the probe
solution would become effectively redundant. It is possible that
under these conditions éxidation of the probe on a small scale
could resultrin a cross-linking reaction but to date no plaus;

able explanation has been forwarded to deal with this phenomena.




A'Af Discussion regarding the work of Previous Workers.

The conclusions regarding techniques, drawn from this work have already

been discussed in light of conclusions drawn by other workers in previous
sections. Thus this section will be confined to the major aim of the work,
namely'the elucidation of the network structures of E.P.D.M. vulcanizates.

The work of Laud and Stuckey °L, 52

, which was in fact the precursor
to this project was conducted on the same base polymer (Enjay 3509), using
the same formulatiéns and ingredients. The only variation was that Laud
included a small proportion Qf carbon black (15 phr of FEF black) in
order to give his vulcanizates sufficient strength for the analytical
technique of stréss relaxation. The important facts evolving

from this work were the high levels of the stable mono-sulphide links
observed and the rapid rate of conversion of polysulphidic links formed
initially with the sulphur donor system. |

Frensdorf 46 and Saegabarth 45 both presented work from the same

source. They investigated vulcanizates of 1:4 hexadiene polymers swollen

in cyclo-hexane, and followed the compression technique described by

Cluff et al 20, limiting the extent of compression to 5%. Investigations

into the éffect of solvent choice showed that for a good solvent (cyclo—hexane)
the measured value of X was constant whereas for a poor solvent (T.H.F.)

thé X value varied and was in fact a function of V.. Their work

utilized a thiol-amine probe based on xylyl—thiol! They varied mercaptan,
base and solvent, only to get the same result, thus proving that the probe
solution was breaking all cross-links with more than one sulphur atom.
Although they experimented with filled vulcanizates they found it

impossiblé to obtain meaningful results. They too assumed that during sulphur
vulcanization 507 of the unsaturation would be consumed and from .
experimentation, working from this premise, figures of 40 - 45 elastically
effective cross-links per hundred initial unsaturation sites were obtained

for a cure system similar to formulation A ( TMIM : 1.5 ; MBT : 0.5 ;

Sulphur : 3.0). This is equivalent to a Q value of between 80% and 907,




This figqre s very much higher than the figures obtained in this work

for 1:4 hexadiene polymer but there are certain facts which make a
comparison dangerous:-

a) no mention is made of the complete range of polymer charactéristics

’b) the cure system contains 1.0 phr more sulphur

c) the cure system utilises a more effective accelerator c.f.

TMIM ( tetra methyl thiuram monosulphide )
It is of interest to note that these workers believe that it is posible
that the number of attacks at unsaturated sites involving allylic
rearr%%ements may outnumber those involving simple saturation. Optimum
Cross—link density was attained in 20 - 40 minutes at 160°C, which when
bearing in mindthe formulation variations mentioned above would appear to
agree with the results obtained from this work. These workers also noted
the tendency for modulus and ultimate tensile strength to follow the total
concentration of cross-links and for compression set and ageing characteristics
to follow the concentration of the shorter mono-sulphidic linkages, a fact
deductéd from this work as well. Frensdorf, however, did not differentiate
betweén polysulphidic (-S 3 -) and disulphides (—82~) and thus any sulphur
linkage comprising of two or more sulphur atoms was considered as being
poly-sulphidic in.nature. When commenting upon the effect of cure time
(at 1600C) these workers state that an increase in cure time causes an
incréase in cross-link density and in the proportion of monosulphidic linkages.
However, since as in this work reversion was noted, it would be safer not
to generalise on the effect of cure time. "When comparing various cure
systems (conventional sulphur, specialized sulphur, sulphur donor) these
authors note that with respect to the time to optimum cross-link density the
order is:-—

Specialized ) S - domor > conv. S
and the level_of'cross-linking is the same. It is interesting to note
that the percentage of mono-sulphidide links (after two hours of cure) also
follow this order. In this work the order of conventional sulphur and

sulphur donor systems (A & B) are reversed, this being undoubtableydue to the




additional sulphur used by Frensdorf et al in hié conventioﬁai éulphuf system.
Nordel (1l:4 hexadiene termonomer) produced the highest percentage of moné-
sulphidic cross—-links, with the exceptioé of the ROYALENE D.C.P.D. compound.
When considering the effect of the concentration of sulphur it was noted that
as the level increased so did the cross-link densit§ and also the concentration
of mono-sqlphidic links (160°C for 60 minutes)l As cure temperature was
increased it was noted that the time to optimum cure was halved for each
10°C rise (approximately) but that this was accompanied by an overall drop in
cross—1link denéity. The proportions of mono-sulphidic links remained consistent
indicating that the activation energy for conversion of poly-sulphides to
mono-sulphides at each temperature is the same. All of these have been
substantiated by this work. Frensdorf spent much time in analysis of Monmsanto
Rheographs of each formulation and noted that the plot obtained from the
kinetic analysis of his Rheographs indicated that the vulcanization comprised of
two reactions, the first, a fést one (kl) the rate of which was dependent upon
the cﬁre system, the second one (k2 ) being slower and having a constant
rate value, suggesting it be for a reaction involving a common intermediate.
Although some Rheographs produced for this work could be shown to indicate two
reactions there was no notic;ble similarity or conclusion that could be made
regarding them (see Table 16B).

.

As can be seen, where k2 values are obtained no constructive
information can be obtained from them. It is of interest to note that k&,
values for these formulations using the sulphur donor system (B,N,E and R),
at 150°C do show some similarity although this is beginning to disappear at 170°%

The workers at the Royal Aircraft Establishment (24) confined their
evaluations to E.P.M.'s and apart from the single point technique, which has
been discussed, perhaps the most interesting fact to come from this work is the
linear variation of X with C (and Vr)-

Baldwin (53) and his co-workers spent much effort in producing an
equation equivalent to the Mullins equation, i.e. one taking into |
consideration entanglements and chain ends. However, the equation 1is

Suitable for use with one polymer only and hence was of little use in this work.




Klingbeil, Philis and Tokita (84) ‘have indicated that E.N.B.. is more
effective than D;C.P.D. or 1:4 hexadiene in sulphur cures. They °
measured the utilization of unsaturation in such cures and noted that
E.N.B. utilizes 50% of its unsaturation whilst 1:4 hexadiene uses oﬁly
20—252. Thus these figures correlate well with those presented in this
work. These authors also predict an optimum sulphur level and note the
similérity in efficiency between 1:4-hexadiene and D.C.P.D.

Angier and Lauria (85) compared the physical properties of filled
Vistalon 3509 with various cure systems. The results have been summarised
in Figure 16D and compared with those obtained from this work. However,
these.comparisons me an véry little due to the nature of the unfilled
vulcanizates gtudied.

5
Imoto and co-workers, '

investigated a series of cure system
Types, some at various loadings. Their analysis of structure consisted

of measuring combined sulphur via the schematic shown in figure 16E

"Figure 16D

Comparison of physical properties of filled Vistolan 3509 with various

cure systems. (cured for 30 minutes).
( S: sulphur SD: sulphur donor ' P: peroxide )
Progertz Angier & Lauria R.E.M.

ORDER RANGE ORDER
Hardness Shore A é)SD » P 76 - 74 P3 S »SD
M200 SyP>» SD 1900 -940 S»SDyP
U.T.S. S»SD3y P .2400 -1140 S»Shy P
E/B , SDyP » S 460 - 300 SD) S) P

Mooney Scorch S»SD 8 - 17 P»S) SD




Figure 16E

Schematic Analytical Pattern

TOTAL S* ( FREE S
( RETAINED S* (ZnS
(COMBINED S* ( MONO S
( POLY S*

Values denoted * were measured, the remainder were

obtained by difference.

They obtained cross-link densities from swelling data and differ-
entiated between mono and poly sulphides by the use of Lithium Aluminium
hydride. They noted that whén sulphur is used as a coagent it finishes
up bonded to the.polymer. They found that most of the combined sulphur
is present as mono-sulphide links. As expected, these workers noted that
in a pure sulphur donor system the proportion of mono sulphide linkages
far exceeds the proportion of poly-sulphide links, but what was not so
predictable was that with a sulphur/TMID cure a faster rate of change from
poly to mono was recorded. These workers also produced evidence to show
that the rate of formation of zinc sulphide is equivalent to the cure rate.
These results, in general, are very similar to those trends pointed out
from this work.

Another notable Japanese contribution is that ofikujimoto and Nakade
(54). They used equilibrium swelling in toluene of samples containing
various cure systems and cured at 160°C. After assuming a X value of 0.49
they used the Flory-Rehner equation to provide values of cross—link density.
Cross-link types were identified by the use of Lithium Aluminium Hydride
(polysulphide) sand use of Triphenylphosphine gave figures for combined
sulphur and average length of poly-sulphidic chains. Much use was
also made of infra-red techniques. The system based upon Royalene 301
utilizing a cure system bésed upon TMTD/MBT/Sulphur and cured at 160°¢C
produced a structure which was generally very similar to that produced with

Formulation R of this work, however, a much higher cross-link density was

recorded by Kujimoto et al. .




. 8
Dudek and Bueche 6

investigated the # values and noted that

for an BE.P.D.E. ( 53% ethylene ) % was a function of the cross-
link densitiy in heptane and benzene. They measured % and crosé~
link density in fourteen solvents, using only swelling and comp-
ression modulus, limiting their deformation to 5%. They noted that
plots of % versus V. in n-heptane were both linear and horizontal
whilst for benzene the equivalent curve was only linear. Thelr
investigations indicated that there was a chain entanglement
contribution with E.P.M.'s and this of course will lead to a large
02 value,

Loan in his excellent chapter in the S.C.I. Monograph on Techniques
of Polymer S,cienoe71 evaluates the compression moduius techni@ue
utilising natﬁral rubber, S.B.R. and polyurethane., He notes that

although C, is only slightly dependent upon Vr’ C2 is dependent

1

in a linear fashion and in fact becomes zero at Vr = 0,25, Treloar

has shown that:-

-

f v?
— - . = Cl
2o (A=-N")

is followed quite closely during compressive deformations., The
work cérried out for this contribution utilised Vr values of up

to 0.33 without the gross errors one would expect when considering
the work of Loan and the large C2 values suggested by Dudek and
Bueche. Loazn also investigated peroxide cures of E.P.M's and noted
that secondary hydrogen abstraction would lead to cross-linking
whilst tertiary hydrogen abstraction would lead to scission.

Loan also notes that the use of a peroxide would lead to cross-
linking with an efficiency greater than or equal to one, a fact

confirmed by the work described herein.




4.5, Summary of Conclusions
4.2.1. Concerning Vulcanizates of E.P,D.N.'s.

The most im?ortant facts which arose from this work with regard
to structures §f E.P.D. M. 's were:

bl) The network structures based on sulphur cross-~links were
all vefy similar regardless of the cure system used. They cont-—
ained a prevonderance of thermally stable mono-sulphidic cross-—
lirks. At extended cure times the di and poiy—sulphide virtually =
disappeared.

2) A much higher level of cross-linking was attainable with
peroxide cured vulcanizates.

3) The nature of the termonomer affected both the rate and
degree of the cross—linking reaction, and‘was in the order:

BNB ) ENB ) 1:4 hexadiene p DCPD  (rate)
and |

MNB ) ENB ) DCPD ) 1:4 hexadiene (level)
respectively.

4) An increase in the éure temperature caused an overall
drop in the maximum obtainable cross-link densities.

5) A simple accelerated sulphur cure system proved to be
both the most efficient and the cheapest, although other advant—
ages were obtained by the use of a more expensive system, i.e.
Vocol gave en improvement in the rate of cure and a much safer

scorch time and such systems exhibited less reversion.
4.5.2. Concerning Techniques Used.

gwelling was asimple yet accurate technigue which, when used
with small specimens, could be guite rapid. If accurate values

o - P .
of % were known estimates of E could be obtained, however it

should not be used after probe work without &n independant




A

> - . v . 7‘ s ’ 3
determination of X , Compression modulus was a rapid and simple

technique for the determination of the C1 paraméter. Choice of
1 . . .
solvent was important since this effected the values of V_ and
T

subseauently of C1 and MC obtained. Vr values of less than 0.33
were prererable in order to avoid gross errors. The micro method

R .21
of D,A.Smith was used as the smaller samples reached equilib-

)

rium swelling in rmuch shorter time., Sample dimensions were

4

found to have 1ittle effect on the results obtained provided that
ecullibrium swelling was attained.Results were taken over larger
ranges of both Vr and percent compression than had been previously
used.'Vr values of up to 0.33 and compression values of between

.
0 and 20 percent were used. Although the use of the more soph-
isticated mathematical approximations éroduced results ever
closer to those produced by the stress—strain technigue, the
percentage change in the numerical result was less than exper-—
imental error for the compression modulus technique and thus these
approximations were of academic interest only. The use of the
thiol/amine reagents as chemical probes was found to be simple
and effective, and invaluable in the characterization of the
E.P.D.ﬁ. networks. Their unpleasant nature required that care
was taken in their storage and use. From the results of this
workit appeared that tﬁe reagent propane—?—thiol/piperidine
was capable, under certailn circumstqnces, of producing a situation
whereby cross-links could be formed. Much cross—checking by methods
such as critical peth znalysis and the use of real and apparent
values of cross—link density etc., however, all produced the
answer that there was in fact a real increase in the cross-link
density. It was of interest to note that this pkenomena was only
observed'ﬁhen the proportion of poly-sulphidic cross-links was so

smell that it could not be measured. The overall range for the

increase in cross-link density was llj.




5. SUGGESTIONS FCR FURTHER WORK

One obvious point which should receive further attention is

that of converting ;
ing the nc.phys values to M Althqugh

c.chem®
this can be done for the Enjay 479 polymer33 the values of the
constants in the final correlation equation must be determined
- for each polymer used. This involves the comparison of the

calculated and measured number of cross-links obtained with

a peroxide cure.

The results of this work are not of major technological
importance since the networks were not filled. A further
suggestion, tﬁerefore, 1s to repeat the characterizations
carried out using filled stocks, using the techniques already

. 81 32
pioneered by Porter and FHussell

On comparing the results of the characterizations and the some-
whaf empirical work on efficiency, 1t would be of intefest to
compare with those formulations already studied an unaccelerated
sulphur cure system and a cure system based on a mixture of a

peroxide and sulphur.

The characterization wofk éould be usefully continued by

looking at the E and E' parameters as defined by loore and Trego3
in order to assess accurately the gquantity and nature of any
main chain modifications present in Z.P.D.M. vulcanizates,

together with obtaining additional information on the exact

nature of the poly-sulphide linkages.

Finally, and a2 little more basically, an examination of the
effects of other termonomers, their level in the polymers, the

ratio of the ethylene and propylene znd the loading and nature



of stabilizers on the sﬁructure of:E;PgD.M.

yield much useful information.
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APPENDIX

@

Containing the values of clamp separation and l/?\ and -

(A -7

in the region J.950 +to 10,000, for the C

techniqgue.

) for test specimens whose initial length is

1 dry extension




CLAMP

SEPARATION

ation

Separation (cm)

Used for

H O Q W =

b

9.906
10.000
10.104

- 10.204
10.306

10. 414

lO

determination

O 03 O v F£F W N -2

AN
@)

10.536
11.112
11.772
12. 500
15.254
14,290
15.394
16.676
18.188
20.006

main
(/,l‘

determination
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APPENDIX II

Containing the computer program used to analyse the
results. The program is written in Algol 60 and is
in dialect suitable for use with I.C.L. 1900 series
machines. The program is preceled . by a list of
identifiers and followed_by'spedjmxn data presentat-

ion and print-out.




Identifiers Used.

cOrMP
LOAD

WTR

WTD -

ENM

- DENS
DENR
VOLS
VOLR

VR

HD
vICGP

CIsK

HSP
LDSP

CIEIT

change in height on compression ( & h)
load (f) required to cause & h
welght of sample

weight of swollen sample

weight of deswollen sample

welight of solvent removable extra network

material

density of solvent
density of vulcanizate
volume of solvent in swollen sample

volume of rubber in swollen sample

volume swelling ratio

dimensions of the test spedmen

crosé—sectional area of the unswollen sample
height of the unswollen sample

height of the undeformed swollen sample
height of the deformed swollen sample

C, by the Cluff et al. mathematical treatment

/“
Cq by the Smith KhanKhadim mathematical

vtréatment’

value of & h in the single point mathod

value of f in the single point method

C. from the mathematical approach of Kay,

1

VMAarnrs and Thomas




IR

GR
IMCR
KIR

CLDR

MCEIMT
KIET

CLDEMT

FORM

COLiD

)
)
)

4 as derived from théfgéﬁhéﬁéfical tfeéﬁmént
of i:elley and Stuckey |

X. via the €luff et =1. mathematics

nolar volume of the solvent

ﬂc,phys as calculated vith t.e wathematics of
Cluff et al.

test Temperature

cross-link density after Cluff et al.

slope of the experintental plot as defined by
Cluff et al.

sp ¢ of the plot after “mith-KhanKhadinm
intercept of the plot after Cluff et al

intercept of the plot after Smith-Khankhadim

sample number

M after Smith-Khankhadim
c,phys

x 1 " 1

i3] it t

cross-link density
slope of vlot | after llelley and sStuckey

intercept of plot

4! " 1" 4] 1

Plo,phys |
X ' i 1t 1"

cross-1link density

e, phys
X

cross-1link density

1 1 1 " 1"

1" 1 11 i LA

identifiers for convenience of labelling

data sequences

e 5 e

PR

R




number of samples investigated in any data
sequence

number of readings taken in the compression

mnodulus “etermination

Control integers used in cycle cammands of

the program.
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OGtalt:
PrACE 2

BEGIH

AM ORI OMIITY o ;oA A
COI .1‘1»;;&_‘. &ILIKJ .L\-.'LOGT;{_{L). \J-Auvblqnmt‘k) mHL: C’] I) —ranuR

‘“ e AT NEIEAM SR RN WYY s TITY N TN T -1
_(/f{ ind -Q_~\/. -—.J-\L _.l...,lA (/‘i‘-.ixb _{‘l{(): \_/(JY\ Dt LKSLJION IVYLODULUS

DATA USING THZ THZOWETICAL TREATNANTS OF CLUFF BT

5 (\y m-y /17 TTIOoe N v T T RS -
AL, I PA/KHANKLADIM, DIELLEY 44D KAY ET ALy
INTEGeR J,1,10,N0;

v or

REAL WIR,WDS,WTD,ENM, DINS, DENR VOLD VOLR,VR,A,B,C,

D,E,F,G,H,40,HO,ES,HD,CICGP P,CISK,HSP,LDSP, CIKMT,
CIREM,KI,VC,I"CPHYS,TEMY,CLD,M, M8 ,GP,GS, 8N, MCEK,

KISK,CLDS,IR,GR,IOR,KIR, CLDR, MCYHTD  KIKI T, CLDKIT,
FORIT, COLD;

INTECES ARRAY A5F [1:50] ;

REAL TRCCAIDURE  SIGka(X,I,N);INTEGER I,I ;REAL X;

BEGIN REAL SUN; S8UM:=0; °Cx I:=1 STZP 1 UNTIL W

DO CUUM: =0U0M+X; SIGHA:=5UM;
LD OF CIGHA 5

VROCEDURE L (Y, %,5,G,I,1);

REAL Y,M,X,G; ILUTEGER I,N;

BEGIH RIAL DENCH; «RRAY 4,B[1:N] ;

FOR I:=1 STEP AUNTIL K DO

BEGIN A4[1):= %42; 3[1]:

~e

DENOI : = N*SIGMA(A[¢] I,N) —SIGHMACK,I,N)4 2;
GQ:(.IG a(Y,1,0)*s16MAA[T],T,0) - SIGMA(K,
)

(B[I] T,%))/DEKOMM;
H:=(N*SIGMA(BZI , W) =SICHA(X, I,3)*sIGMA(Y,I,N))/DE

END CF L83
FOR: qddD,BR;NT(FORM,z,Q);CONﬁ::RE“D; PRINT(COND,

3.1) ;10 =READ; PRIKT(0,2,003
FOR J:=1 STEP 1 UNTIL KO DO

i




BEGLE

N:

_REaD; NEVL Ihl(B) PR

Ihl(h 2.0) 50 SREAD;

PRINT(SH,%,1) ;

BIGIN ARRAY COMP,LOAD [1:07] ;

FOR I:=1 STL2 1 UNTIL N DO

BSGIN CC ;y[r] =RVADNEZWLINE(1) ; PRINT

(coi? L1 7,1,8);LOaDT ) : =READ;
PRINT(LOADETY 3,1)

2HD;

L3Q(LOosDr},corrix] ,M,GP,I,N);

NEWLINE(1) 5 PRINT '(11,8,2) s PRINT(GP,3,2) ;

NEWLINE(1) ;

TENP: =READ; PRINT(ZEIP,%,1) ; DENR: =rEAD;

PRINT( DENR,1,5) ;VO: =RE4D; PRINT(VO,3,4) ;

DiNG: =READ ; PRINT(DENS, 1 ,4) ;wTR: =R24D;

PRINT(WTi,1,4) ;wT8: =RIAD; PRINT (WIS, 1,4)

WDD: =RZAD; PRINT(WTD,1,4);

VOLR: =+/TD/DENR;

VOLS: =(WTS-WID) /DENS;

VE: =VOLR/(VOLR+VOLS3) ;

ELli: =WTR -WID;

NEWLINE(ﬂ);3RINT(VR,4,4)f%RINT(ENM,2,4);

NEWLINE(1) ;

A::READ;PRINT(A,ﬂ,});B::READ;PRINT(B,W,E);

C::READ;PRINT(C,ﬂ,});x CREAD;PRINT(D,1,3);
E: =READ; PRINT(E,1,3);F: =RE.D; PRINT(F,1,3);
G:=READ;PRINT (5,1,5);H::READ;PRINT(H,1,5);

0:=(A+C) /2% (B+D)/2; HO:=(E+F+G+H) /4;
CICGP:=M*981~HO/(6*AO);
OIS : SDENH"8. 31487 TEIE/ (27 CICCP) ;
KI:=(((=DEHR*VO*(Vr{ (1/3 ,_vﬁ/zj\/nciHYs)

_VR-LH(1=VR) } /VR $ 2;

' CLD: zt]/(’)’”C_L “_V“) : ﬁj\:l‘LINE(’I) 3




RINT(CLD 1

LS« ¢<LOAJ[T] (M"“[T] (*O%VRT(”]/Z\”‘OPD[ J
)) 518,68, T,H) ;
NEWLINE(1) 52 RINT(HS,6,2) s PRINT(GS,1,5)
CISK:=118"981~(HO4 2)/(6-40);

MCSK: =DENR*8. 314&7*TEMP/(2*CIBi) ;
KISK:=(((=DENR*VO* (VK § (1/3)=VR/2))/NCBK
) =VR-LI(1-VR))/VR § 2

CLDS: =1/(2~11CS8K) ; NEWLINZ(1) ;
PRINT(CISK,8,1);
PRINT(MCSK,5,2) ; PRINT(KISK,1,5);
PRINT(CLDS,1,8);

HS:=E0/(VRE (1/3));

L84 (LCAD[ I, (s~ ((3=mo= (coiip(T J12) -3~
(1S }2)~corrfr 1{cor (114 3))/((H5 1 3)-
2(uM¢2)uou[I3(Juuinﬁa*mw»gm,
GR,I,N);

NEWLINE(1) ; PRINT(FR,8,2) ; PRINT(GR,8,8) ;
CIREN: =IR*981"HO/(2%AC) 5

MCR: =DENR*8. 314&7* PEMP/(2* CIRE) ;

KIR: =( ((=DENR*VO* (V21 (1/3)-VR/2))/
MCR)-VR-LN(1-YR))/VR % 2;
CLDR:=1/(2*IiCR)

NEWLINE(1);

PRINT(CIREH,8,1) ; PRINT(IICR,5,2) ;
PRINT(KIR,1,5) ;PRINT(CLLR, ,8) 5
NEWLINE(1);

HSP: =READ; PRINT (iSSP, 6),u/of'— EAD;
PRINT(LDSP,3,1);

HD: =HS-HE3P;

CTKI : =(Gi1*LDSE=HO* (1D 4 2))/(2740(

qs 43 -HD 43005




SRR s

s

S

MCKMT::ﬁENR%S,;ﬂ@&?*
KIKNT: =(((=DENR*VO" (VR 4 (1/3)-VR/2))
/MCKNT) ~VR-LN(1-VR) ) /Vi 4 2;
CLDKI'T: =1/( 2 *1iCKNT) ;-

NEWLINZ(1) ;
PRINT(CIKNT,8,1) ; PRINT(HCKIT, 5, 2) ;

PRINT(KIKNT,1,5) ; PRINT(CLDENT,1,8);

END;

END OF PROGRAl;

TEMB/(2*CIKIT);




SRR S S T e

The analysed results from the computer will take the form:-

*N SN
COMP(1)  LOAD(1)

COMP(2) LOsD(2)

COMP(N) LO&D(N)

M GP

TEMP DENR VO DEES WIR WIS
VR ENM

A B C DEF GH
CICGP 1CPHYS KI CLD

NS GS

CISK HCSK KISK CLDS

DR GR

CIREN MHCR KIR CLIR

HSP LDSP

*CIKNT MCEWT KIKMT CLDENT

The section between the

LI

VL

once for every set of data fed in.

Form of Print Out From Computer.

D

“'s will be repeated NO tires,




Presentation of Data

Data is fed into the computer

in the following order:- .

FORM  COND

NO (integer controlling number of sets of results
to be analysed)

*N (integer controlling number of compression modulus
points per sample)

COIP(1)  LO&D(1)

COMP(2) LOAD(2)

(4 °
(]

L] L]
oV L

COMP(N) ILOAD(N)
TEMP DENR VO DENS

WTR WTS WTD

The section between the two *'s 1s repeated NO times:

each repeat containing data for different samples.




APPENDIX  III

Containing tables showing cross-link density ( C.L.D. )
figures for formulations B,V,C,i,E and R; before and
after treatment with the chemical probes propane-2-thiol

/piperidine and n-hexane thiol/piperidine.




treatment

cross-link

g.mole cross-links / g.

density

network = 105

cure before provane—2—- n-hexane
characteristics probe thiol/ thiol/
temp. (°C)|time(min) | treatment piperidine | piperidine
150 15 * * *
30 0.64 . g
60 8.67 6.24 -C.57
120 10.82 9.20 3.90
240 9.10 9.48 5. 74
170 15 2.38 2.87 *
50 7.79 7.72 2.35
60 7.4 | 8.14 4,17
120 5.82 ©.32 4.24
240 4.75 4,81 5.96
200 15 3.15 5.55. 2.63
%0 2.78 3,02 2.59
60 2.92 3.03 2.51
120 2.77 2.95 2. o
240 3.02 3.16 2.67
540 15 2.77 2.64 2.28
30 2;49 2.67 2.28
50 2.49 2.50 2.07
120 2.70 2.86 - 2.59
240 2.25 2.21 1.96

E3

sample destroyed by treatment




FORULATION V.

treatment cross-link density
g.mole cross-links / g. network x 10°
cure before propane-2— n-hexane
characteristics probe thiol/ thiol/
temp. (°C)| time(min) | treatment piperidine | piperidine
150 75 8.24 7.0% 1.28
50 10.69 9.77 2.9
60 12.30 12.32 | - 5.29
120 1210 12.94 ‘5.78
240 12.39 13.81 10.73
170 15 10.69 10.3%9 . 4.7%
50 1111 12.02 7.20
60 11.39 12,01 8.80
120 11.09 | 11.86 9.71
240 10.99 12.20 10.26
200 15 9.17 9.56 . 7.94
30 8.94 9.69 - 8.88
60 9.37 9.81 9.29
120 9.24 8.65 8.67
240 9.59 9.29 8.88
240 15 6.13 7.6 5.12
20 5.21 5.99 4.93
60 4,40 6.57 4.36
120 3.79 4.32 3.46
240 2.95 5.81 5.1




FORMULATION C.

cure temnp.
°c
cure 150 170 200 240
time mwin.
15 14.62 | 21.96 | 17.28 | 12.85
30 19.47 | 21.91 | 17.11 | 12.90
60 22.27 | 20.99 |16.37 | 11.63
120 25.88 | 20.69 | 16.50 | 11.3%6
240 24.78 | 21.42 | 17.66 | 12.77

FORIMULATION R.

treatment cross-1link density
" g.mole cross-links / g. network x 105
cure before propane—2-— n-hexane
characteristics probe thiol/ thiol/
temp. (°C)|time(min) treatment | piperidine |piperidine
150 15 T 0.21 0.05 . *
30 3,33 2.12 0.27
o0 4,90 4,95 - 1.21
120 4,88 5.96 2.78
240 4.73 5.27 5.16
170 15 3.56 2.18 0.07
20 4.96 5.26 1.09
60 4,57 5.58 .2.58
120 4.17 4,98 3.25
240 4.75 5.27 5.21

*

sample destroyed by treatment




FORMULATIOLS N

Jreatment cross-link density
g.mole cross-links / g. network x 105
cure before . propane-2- n-hexane
characteristics probe thiol/ thiol/
temp (°C)| time(min) treatment | piperidine | piperidine
FORMULATION N.
150 15 * * -
30 0.05 * *
60 4,50 2.02 *
'120 6.70 5.21 2.05
240 6.11 5.95 3.16
170 15 0.08 * *
30 6.11 5.26 1.06
60 5.68 5.42 2.99
120 4,25 4,02 5.35
240 5.13 5.22 5.10
FORMULATION E
150 15 * ) '
30 0.28 * "
60 8.3%6 5.17 *
120 10.82 8.74 0.75
240 10.66 8.45 5.24
170 15 0.89 i ’
30 1 9.49 6.3 O.43
60 8.07 6.65 1 2.43
120 6.49 5.97 5.71
540 - 5.08 4.91 5.7

‘*  gample destroyed by treatment




ArPENDIX  IV.

Containing ana.ysed results of network characterization
for formulations 3,V,N,E and R.
All values of cross-link density are quoted in gram

moles of cross-links / gram network x 105.




FORIIULATION

B.

Cure Characteristics

Uross-link density

ettt

temp °C| time win. total| mono- di- poly;
| sulphide| sulphide| sulphide
150 15° - _ _ _
30 0.642| - - 100%
60 8.674| 0.573 5.672 2.429
120 10.824| 3.987 | 5.215 1.622
240 9.104 | 5.743 3,313 *
170 15 2.386| - - 100%
30 7.787| 2.352 5. 366 0.07
60 7.411| 5,165 | 3.246 :
120 5.817 | 4.242 1.575 *
240 4.750| 3.957 1 0.793 *
200 15 3.145| 2.629 0.516 *
%0 2.778 | 2.592 0.186 .
60 2.915| 2.510 0.405 *
120 2.769 | 2.542 0.270' *
240 3,022 | 2.670 0.352 *
240 15 2.679 | 2.388 0.251 0.1%
%0 2.492 | 2.332 0.160 *
60 2.495 | 2.074 0.421 *
120 2.704 | 2.598 0.106 *
240 2.251 | 1.955 0.296 0.39

negative value




FORMULATICN V.

Cure Characteristics

Cross-link Density

temp °C |time nin total |wmono- di- poI}—
sulphide| sulphide| sulphide
150 15 8.242| 1.285 | 5.744 1.213
30 10.697| 2.928 | 6.845 0.924
60 12.295| 5.290 | 7.005 *
120 12,101 7.775 | 4.326 *
240 12.390]10.72G | 1.661 .
170 15 10.670| 4.73% | 5.658 0.279
30 11.4110] 7.197 | 3.913 .
60 11.394 8.801 | 2.593 -
120 11.087] 9.709 | 1.387 .
240 10.998| 10.262 | 0.7%6 .
200 15 9.169| 7.04% | 1.226 .
30 8.9%6| 8.884 | 0.052 .
60 9.%72| 9.289 | 0.083 .
120 9.2%8 8.665 | 0.575 | 0.586
240 9.587 8.879 0.708 6.190
240 15 6.129 5.126 | 1.00% .
%0 ' 5.219 4,926 | 0.292 .
60 4.402 4.%63 | 0.039 .
120 5,790 3.458 | 0.3%2 .
240 2.954 3.109 | ~ :

*

negative value

i e ik R A R T B e A SR BT T i




FORMULATIONS R AND N.

Cure Characteristics

Cross-link Density

temp éC time min | total |mono- di- poly-
sulphide| sulphide | sulphide
FORMULATICN R.

150 15 0.210| - 0.045 0.165
30 3.327| 0.270 1.849 1.208

60 4.903| 1.215 3.688 .

120 4.880| 2.787 2.099 .

240 4.728| 3.165 | 1.56% .
170 15 3.558| 0.073 2.109 1.%76

30 4,964 1.098 3,866 *

60 4,565 2.588 1.977 .

120 4.171 %.254 | 0.917 *

240 4,746l 3.427 1.319 .

- FORMULATION N.

150 15 - - - -
%0 0.050 - - 0.050
60 4,50% - 2.024 2. 177
120 ‘6.704 2.048 3.165 1.491
240 6.105 3%.156 2.796 0.15%
170 15 0.078 - - 0.078
30 6.112] 1.069 4.192 0.851
60 5.681 2.999 | 2.428 0.25%
120 4,250 3.352 | 0.669 | 0.229

o140 3.134  3.105 0.029 *

S

* negative value




A

FORMULATION E.

Cure Characteristics

Cross-1ink

Jensity
tenp °C | time min total mono- di- poly-
sulphide| sulphide ‘sulphide
150 15 - - - -
30 0.2841 - - 0.284
60 8.369| - 5.178 3.197
120 10.8251 0.752 7.988 2.085
240 10.659| 3.240 |5.206 2.213
170 15 0.887] - - 0.887
30 Q.487] 0.4%5 5.87% %.179
60 8.075| 2.434 4,218 1.42%
120 6.498) 3.713% 2.258 0.527
240 5.287 3.875 1.040 0.3%72




APPINDIX V.

Containing the results of the physical tests ( hardness,
ultimate tensile strength, modulus at 100% elongation,

elongation at break and compression set) for formulations

B,C,V,N,E and R.




FORITULATION B.

Physical Pronerty

Cure 100% elong. éoﬁp.
characteristics |hardness| modulus| @reak| U.T.S set
temp(oC} time(min)I.R.1.3.| p.s.i. % lp.s.i %
150 15 57 100.5 251 | 66.2 | 30.1
30 5% 126.2 | 1565 | 491.0 | 2%.2

0 o4 136.7 346 | 240.2 | 9.3

120 65 | 149.8 260 | 224.9 | 5.7

240 66, 154,9 296 | 242.6 5.2

170 15 40 126.0 872 | sas,2 | 32.4
20 64 144.6 274 | 216.2 4.9

60 6L 132.9 207 | 224.8 7.4

120 62 1%8.7 372 | 228.3 | 8.9

210 62 142.6 352 | 206.4 | 8.5

200 15 55 130.3 557 | 262.8 8.6
30 54 127.7 535 | 241.3 7.2

60 51 98.5 407 | 186.7 | 10.6

120 51 120.3 491 | 186.4 | 8.9

240 5% 114 .1 356 | 137.5 | 7.9

240 15 na 115.1 243 | 146.1 | 13.5
30 4 11%,8 265 | 143.5 | 17.2

60 42 106.9 210 | 129.3 | 16.5

120 51 108.2 48 | 113.3 | 13.1

240 42 111.9 276 | 145.9 | 16.1




FORMULATION ¢,
Lure Physical ?roperty
Characteristics| 100% Elong. comp.
temp | time hardness| modulus | @reak | U.T.5. | set
°c min  |I.R.H.D.| p.s.i.| % p.s.i %
150 15 65 104.6 151 190.6 2.8
20 66 120.2 80 152.7 0
60 67 126.8 7% 166.7 1.2
120 67 140.2 7 181.8 1.6
240 65 154, 2 67 178.5 1.0
170 15 65 126, 88 187.9 2.4
30 66 1314 86.5 | 181.8 3.5
60 66 1%5.% |  '80.9 | 180.6 3.0
120 67 126.4 80.8 | 163.5 1.1
240 65 140.2 86.7 | 193.9 14
200 15 6% 104. 5 68.% | 129.2 2.0
20 61, 105.9 79.2 | 145.2 | 10.0
60 61 113.6 90 | 159.9 | 1.0
'420 6 116.3 107.5 | 479.0 1.4
240 61 110.9 87.5 | 148.4 1.0
240 15 57 101.8 7%.% | 129." 2.4
30 60 97.0 76.7 | 125.8 2.1
60 58 99. % 76.7 | 124.1 2.6
120 52 95.7 55 | 100.3 | 1.9
240 59 93.8 67.5 | 106.7 | 2.9




JOMIULATICN V.

Cure

Characteristics

Physical Property

tewmp

°c

time

min

100%

modulus

P.S.1.

elong.

“.break

%

150

120
240

15
20
60

154.9
153.3
163.5
17%.9
176.2

154.9
28%.0
255.0
240.0
208.0

170

120

240

15
30
60

17%.0
84,2
173.9
164.2

175.0

237.0
227.0
207.0
202.0

240.0

200

120
210

15
%0
60

176.4
149,
141.1
137.5
122.9

186.0
15%,0
189.0
210.0
152.0

240

120

240

15
%0
60

*96.6
128.9
123.8
110.3

111.3

98.8
120.0
158.0
148.0

1%6.0

* 50 .

modulus




FORMULATIONS ® AND N.
Cure | Physical Property
Characteristics 100% elong. comp.l
temp time hardness | modulus| @break | U.T.S.| set |
°c min I.R.H.D. P.s.i. o p.s.i ¢
FORMULATICH K.
150 15 53 100 1600+ 685.7 32.7
30 44 119.1 1600+ 372.0 | 26;0
60 55 151.1 245 250.6 R
120 56 155.8 326 275. 6.2
240 56 156.4 | 277 | 239.2| 7.0
1770 15 46 113%.0 772 201.8 24.5
30 53 140.0 306 221.1 6.7
60 5% 136.7 282 199.7 8.4
120 52 122. 4 328 189.3 10.5
240 51 120.6 355 185.0 11.0
FORIULATION N.
very very very very
150 15 soft small large small 50.1
" 30 42 73.% 1600+ | 160 2%.8
60 48 108.3% 570 243,71 11.8
120 49 116.6 248 187.9 7.0
240 48 114.6 368 189.8 6.9
170 |15 35 S 9%.2 | 1600+ | 178.9 | 31.9
30 49 119.1 440 218.7 8.2
60 47 107.1 468 201.1 6.8
120 47 109.7 553 207.7 5.9
240 45 95,2 45 235.7 6.3




FORINULAT IO

R

Cure Physical Property
Characteristics 100% elong. comp.
temp time hardness | modulus | Cbreak | U.T.S.| set
.9¢ min I.R.H.D. P.S.i. p.s.i Go
120 15 35 89.3 | 1600+ | 294.6 | 356.7

30 49 1%22.4 | 1234 [1164.2 | 17.1

60 51 146.9 825 502.1 1%.6

120 ' 52 159.6 553 499.1 12.8

240 50 160.1 324 | 380.3 | 22.2

170 15 . 50 137.6 1563 1233%.2 17.7
70 52 144, 68.2| 454.3 | 10.0

60 52 134.9 872 581.9 19.€

120 48 132.7 822 5C3.% 15.8

240 43 1%4.9 538 312.1 | 16.7

@)




APPENDIX VI.

Containing characterization results in which the values

of concentration of component cross-links have been

expressed as'percentages of total cross-link density.

Formulations DB,V,N,E and R.

O




FORIMULATION B.

Cure Characteristic total
temp(°C) | time(min) | C.L.D.

150 15 -
30" 0.642
60 8.674
120 10.824
| 240 '9.104
170 15 2,386
50 7.787
60 7.4
; 120 5.817
240 .4.750
200" 15 3,145
30 2.778
60 2.915
120 2.769
240 . %.022
S50 I 2.769
20 . 2.492
60 2.495
120 2. 704
240 2.251




FORMULATION V.

Cure Characteristics total
temp(°C) | time(min) | C.L.D.
150 15 8.242
30 10.697°

60 12.295

120 12.101

200 | 12.390

170 15 10.670
30 11.110

60 11,394

120 11.087

240 10.998

200 15 9.169
| | 20 8.936
60 9.372

120 9.238

240 9.587

240 . 15 6.129
20 5.218

60 4.402

120 3.790

240 2.954




FORMULATIONS N AND E.

Cure Charact'eristic total % %
temp(°C) tine(min) | C.L.D. S - -3,.-
FORMULATIONK ..
150 15 - _ _
50 0.050 - -
60 4,50% - 45.0
120 6. 704 30.5 47,2
240 6.105 51.7 45,8
170 15 0.078 - -
%0 6.112 17.5 68.6
60 5.681 52.8 42,7
120 4,250 78.6 15.7
240 3.1%4 99,1 0.9
FORMULATION E.
150 15 - - -
20 0.284 - =
60 8.3%68 - 61.9
120 10.825 6.9 7%.8
240 10.659 20.4 48.8
170 15 0.887 - -
30 9.487 4.6 61.9
60 8.075 | 30.1 52.2
120 6.498 57.1 547
240 5,287 73.3 19.7




FORMULATION R.

Cure Characteristic

total
temp(°C) time(min) |C.L.D.
150 15 0.210
50 3.327
60 4.903%
120 4,880
240 4.728
170 15 3.558 2.1 59.% 38.7
30 4,964 22.1 77.9 -
60 4,565 56.7 4%.% -
120 4,171 78.0 22.0 -
240 4,746 72.0 27.8 0.2




Appendix VII,

Kinetic Theory of Rubber-like Elasticity




One of the major characteristic ubber 1s'£ﬁa£‘it éépfﬁﬁdergo".:
vast changes in shape with insignificant changes in voluﬁe,lfbr
example st?etching to 200% extension is accomplished by a volume
change of O.l%. Hence in theory it is possible to consider such
chagges as occuring at constant volume. Thus if we work from the
first and second laws of Classical Thermodynamics we can consider
the change as a variation in the free energy of the rubber to

account for the work done. This can be expressed in a mathematical

form as g~

CLE A L 73 S
work energy entropy
the work term can also be expressed Nv‘]
as :- '
dW = fdl

3

which as we are considering only

change at constant volume ( V ), ’
can be expressed in detail as :- l
| f
JE 33
po= [—] - -
31 /y g 91 /y n

( T :: Temperature )
The first term,for a gum rubber, is small compared to the second
term; a situation similar to that found in gases. This dependance
upon entropy changes allows the kinetic theory of Rubber-like

Elasticity to be postulatedz.Let us begin with the Maxwell relation:

df _ _f985
JT 1 01 P

which expresses the force neccessary to maintain constant length

during a chénge in temperature. Hence the term ( QE / o1 )V,T
can be obtained by difference.

f volume change must be made and the

In Teality some account O

‘ ' ‘ sy
<« the best replaced by that of (¥f /0T v

/\.n/\le\



Thus for an'ideal" rubber the équ1t10 %éije/ﬁsed wdﬁld::i
¢ lation to be used would become:-

f = (7 .éii_

i.e. we have calculated a value of T in terms of a function of

1. ?hysical defgrmation of a rubber results in its heating up,
because of ?eact%on entropy, a reaction analogous to the pumping
of a gas. It is however, more difficult to calculate S as a function
of volume for the system being considered than it is for an ideal
gas. |

At this point we will define the network chain, and this is that
part of the rubber molecule main chain which joins together two

cross—links,®

network chain 1

network chain 2

Let us'consider single chain properties., These are:-

1) it possesses two ends
2) between these ends is an area of chemical material which

is very flexible = flexibility arises from rotation about single

bonds. Thus when the network: is deformed there 1s a large degree

of distortion of any chain, but this is effected not by distortion

of the bond angles but by changes in the conformation of the

molecule. If we consider our chain as a series of links then the

major defects are:-

a) there is no volume filling

b) there are no correlations petween successlve links

Let tbe~chéin consist of n

1links each of length 1'. The end




to end length of the chain can be 1

A

below )

chain end

We are intefested in the work that has to be done to pull the
ends avart as a funcfion of r. This work will have two éomponents:—
1) free energy
2) entropy
if no change in the internal energy is assumed, then, because’of
Brownian movement of chains, we have work needed since there must
be an entropy change. In order to approach this we can use the
method of statistical mechanics to calculate the number of possible

confighrations. This is a well known problem, namely that of

Random Flight.

S = k log( number of possible configurations )

where k is the Boltzman constant.

The number of configuration$ is greater when T=0, 1l.€. when

the chain ends are touching. The number decreases to 1 when

r = nl!' and hence the entropy will vary from nlf to infinity.

The result obtained from this treatment is of the form
2 2

"= C - Xbr

ution and is given

Yhere o is a measure of the breadth of the distrio

by




3 o 1 ot 3 3 : : 3
This distribution can be termed Gaussian if:

~

a) n is large

N

0) T is much less than n1

The second assunvpiti i ho '
sumption is much harder to Justify. The constant b

L e

can be related 0 1t 2.5, value of 4 74
the R.M.S, value of the end to end distances:

3

b2 = =
2T

where r is the mean length of the chain in the free condition,

Thus we can now writes-— -

) s
3

* + T2k b2 T

f = - T

H

it

This model solution is known as the Entropic spring and applies
only when no energy is going to the internal energy.

When considering a netwbrk comprising of a finite number of chains
one has to first find the entropy of individual chains and then
integrate to get the entropy of the whole sample. In order to

do this we must assume that the point of cross-linking is at a
fixed point. This assuﬁption can be justified by the use of a more

sophisticated model provided that the distribution of the curve
' O

is Gaussian.

Let us now consider a sample which undergoes & deformation thus:-—

.B

LAY




the cross-links at points 4 ang B, move on éxfensidh‘té “-'ti.;‘
k - 104 1o points

A% and B? the mo. , ’ . ‘ . 3 . - ‘
’ movement belng governed by an affine Telationship'

( i.e. that they move in the same' way as the body points in fhe

continuum, and again this ig 3 i
g hi i if the di :
& S 1s Justified if the distribution is

Gaussian),

, s .
A further assumption is that the total-entropy change being equal
to the sum of the changes of each of the individual chains. This
assumption is questioned by some. If the deformation can be

represented by:—

' As

unit cube

then since there is no volume change

%17\27‘5 = 1

i

thus

Pl

2~ .
As - - 28k (Y 425 +2) -3 )

where N is the number of network chains per unit volume. ( 3 is

included in order that ASs = 0 when ’1\1, A 5 and )3 all

equal 1, i.e. no change )

- 2 L.
r2 is the summation of r for a number of free cnalins

- 2 .
r? is the summation of r~ before deformation
1 -

If this ratio can be assumed to be 1t( chemically this might

not neccessarily be true because cross—-linking reactions w111

] aq k rried
take a finite time ). However, much work has to be carrieéc out

i T } v is that reguired to g0
to justify this assumption. The work 3

from #he éube to the new form i.e.




At this point it .

L4

of interest to note some of the assumptions

that were not required, for examples~ it o e
1) no limitations on the sige of A

1’ A?and 23,

. TN , .
2) no resiriction on the chemistry of the chains.

#hen we come to experimental measurements for the theory we must

consider tne case of stretching a square samples—

2
Since sguare dimensions becone l/ A ° which is derived from
;\ X2.= 1 ( since there is no change in volume ), then
2
) o= 2nkT( AT + /A - 3)

and

dw iyxT( 2A S 2/AT) AN

oW as

i}

Bw F 37\

then

P = NkT( A - 1/?\2)

L) 4 - 1011 -

not neccessarily an extension.

- 5 n
P is the force per unit area of unstrained section.

F = T / AO

thus




From the definition of N,}namely,jh numbe

u ] t Volwne ( hlcﬂ{il’l‘ no d | / b2 ‘ -
ni : ) llOVance fO i t :

enelements usend . z
englements caused by the cross-linking reaction ) we can state

that N / P is the number or active network chains per unit weigﬁt;

thus

N Mc / P = No = number of active chains per gram

molecule

Now

k = i

R/ Hy

so that

'k T =P R T / M,

Where Nc_is *he number average molecular weight of the network
chains. R is the gas constant and P is the density.
Thus

s - PRT (A= /AZ) /i
Analysis tazkes into account chazin ends but not physical entanglements
etc. |

é' = NkT 2 PRT/N
or

. PRT (1 - o /M) /M

where 1 is the molecular weight of chains before cross-linking.

With a peroxide gum stock vulcanizate in extension a curve as

below is obtained:—

o -
—

1.0 3.0 5.9




by determining the s

£ -

curve depict ——— ] |
( depicted by —- j, The theoretical curve is a fair fit

to the experinrent _
p i al curve but there is an obvious discrepency at‘

higher values of ).

is f i i
ound in shear, but in this case N is not a

variable parameter. ( see diagram below )

,practical
theoretical

?shéar

In generalnit can be noted that:-—

1) the fit at the origin is good,

n

shape of curve is very similar,

tends to be a little low at intermediate values of 2 .

S %

) deviates at higher values of A , normally an increase,

Point 3, which is true for rubbers at high extensions, is normally

referredto as being outside the 1imits of elasticity. In fact it

could be a crystallization effect. If so it should be alleviated

by increasing the test temperature OT by conducting the tests on

samples swollen to equilibrium, secondly, with reference to the

Gaussian statistical ecuations=-

2
s - ¢ - k v T

. . . +1 t the statistics will not
then if r is not very much smaller than nl

V | i ion ) higher
apply. When r becomes ClOSeT to nlt ( i.e. on extensl ) ;




terms of r become involved ang the Gaussian statiéfiéshao ﬁot
apply. ' : - ‘

Calculations i i i i ' |
s 1nvolving non-Gaussian distributions of ro ( very

difficult ) will give better agrement with the point of breakiné.

o 3 3 s
away from the theoretici¢l curve:-— ( see diagram below )

4 é P

. 14
high C.L.D. ,/ 7 /low C.L.D.
£

POINT OF BREAKING AWAY DEPENDS ON
DEGREE OF CROSS~LINKING

. 11
This effect is called the finite chain extension effect".

!

Fooney and Rivlin, in their work, used the approach of a physicist

' N s 4 . N . 1
or engineer, namely that of consldaering the properties of a '] ump

of stuff " . A more general form of the eguation

2
NkT()§+ g§+ A3 - 3)

1]

W

should be
W= 1\11<T('}.§ +;)\§, +'7«§ - 3 )+
c, (/A2 +1/A5 + /A5 -3)

i nd that
Rivlin emphasised that the material must be homogenegus &
the A terms must De SQUare terms because deformations are
7 I i1 i becomes
possible in all directions. Thus tne simplest expression be

W=fn(Il,12)

where




and

I. = 2 2
< (1/21 +1/)2 +
or to be more specific §

1 /‘7\'?)

io=0 (I - 3) + 0, (I, = 3 )

R ‘
C l = ey N {

i ) A
By using the approach of virtual work we can cet
: S

£o= 2(A-YAT)A N/ /2 (3 /3L, )

and since
and

dw / 512 = C,

the looney-Rivlin relationship becomes

£o=2(n - L/ASIc + 1/A.C,)

or

il

‘f/z()- 1/‘;\2') N/ T, + /AN,

hl

L Nk T ( according to kinetic
theory )

c, + 1/A -Cy ( according

to HMooney-Rivlin )

Experimental results show

: lot of scatter above
,°0.9 due to difficultia;
in computing (A = A7)
. .

&

e /2 (A-27)
|
0.9 1.0




which suggests the validity of the

Extrapolation to 1/ A

Extrapolation to 1/

For values of 1/ N greater than 1, i.e.

£/2(A - A %)

fl

i

0 vprovides

1 provides

rd
/

Hooney-Rivlin relationship,

a value of‘ﬁl
a value of Cl + 02:

in compression we get:-

7/
7/ vtk\\"“‘~—- expected
rd

g

€T~ observed

= 1.
therefore- £ is independant of 1/ above 1/
To get an idea of the molecular significance of C,
i e ( C,)
1len samples. The effect of decreasing V, upon the slope ( >
SWO : .

i i lows—
of the curve can be seen in the figure be

£/2(pn - A

1/A

we must consider

dry sample

decreasing Vr

(increasing'swelllng)

‘parallel to absizsa
i.e. 02 = 0.

- 0.25 - 0.20) »
(V.

=1




. o a i _
i.e. obey's thne Kinetic theory,

When V_ is in th i .
- n the region 0.25 to 0.2 relations are foll d*' 
= owed more
closely and the departures
T noted earlier fad s
- e out on increage

Swellingp
has been noiticed that f ] )
It h - i I0Tr samples i easi T -link densit
¢ of incr asing c i
) oss-1i i ¥y

C, 1s constant whi .
o vhilst values of C1 increase, i.e,:-

T increasing C.L.D.

;;;/////,dry rubber

f/2( N - 'l/,A 2) /
*b: - __-:_-_;?_- highly swollen
/A
i.e. Cz-is constant whilst C1 increases.

This suggests that C, is as predicted by the kinetic theory, i.e.

c; = LNk T

The molecular significance of 02 rerains an enigma. In the case

of egquilibrium swelling ve assume that the elastomer is a liquid

being amorphous and exhibiting Brownizn motion. Of the various

approaches used here the most useful from a practical point of

«

H Their explanation

view is that of Flory-Huggins. produced an

zy change to the network charact-

expression relating the free ener.

.. . . o ] ezree of
eristics via the values of volume swelling ( Vr) , deg

vent interaction para-

polymerization ( X ) and the polymer sol

meter (¢ ).
&G = e (IN(1-V.)

s high 1/x is smal

(1-1/x)vr+xvi)
1 and(1 - /%)

When the degree of polymerization i




11

G is negative at all VélueS'

in all proportions.

J.5 then there will be a limit to the mixine

uvitz

‘1 . . . .‘\,..
ole solvent is found for the polymer a relationship

) ¥ ) -~ 1 PR N - . i
cen te proauced to evaluate mc if Vr and X are known:-

T - 2 l

—(LE(1-V.) ¢+ V 4 = S

(LE(1-V.) +V_ + xXV7) 2V,C, V2

RT
Flory later modified this to:-
737( 1= LT 2 i -
-{Lr(1 lr) PV x,vr) Ve ( Vo= vl/z)-
K
. c

which takes into account the elastic component of the free energy.

In order to have

produced this eguation Flory assumed that the

system comprised of a number of com?onenﬁs i.e, chains, cross-links,
etc. Thus :

entropy of system = entropy of components
and

entrooy of deforued system = entropy of deforned componente
thus

difference = entrooy of deformation

.

S = %Nk(}i +9\§ +A§ - 3)
or as Flory formulated )

s - 2ux (AL + 2, fAs -3 - WA A3

The final term is not impor

in swollen samples S1NCe A 1’

time.

tant in dry rubvLers

A

but is important

and A, all increase at the same
- 3







PLATE 1,

Rheometer

General view of the Monsanto Oscillating Disc

( Model 1LSD )




from the ¥o

nsanto Rheometer showing the two plece

Rotor,
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PLATE 4.

General view of the Greensmith_apparatus for determining the

C, parameter

] by extension stress—-strain.




PLATE 5,

Detail from the Greensmith apparatus sho

wing the clamping




Jig

used to load the C1 dry extension




7

General view of the Wallace-Smith Reticulometer,




the Wallace-Smith Reticulometer

showing the

reticulometer pot and compression head,

i
{




Apparatus used to observe the beh

aviour of a swollen

under a compressive force whilst immersed in solvent.




0)

Suoseax 1Y3114d0d-10) PaAOUIAL LAY SBY JUIJUO))

AJSABDAIL UOISY

ey &TSOTE, T

JONT

©nr




