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SUMMARY

The molecular weight of natural rubber 1s very high

and must be reduced by mastication so that it has suff-

}_J

cient plasticity To enable the incorporation of compoud-
ng ingredients. Such a reductlon in molecular weight
increases the number of elastically ineffective chain

encds which reduces TtThe physical properties of vulcanisate.
This thesls describes an attempt made to decrease the
number of free chain ends by combining them with radical
acceptors that will form vulcanisable end groups. These
will form cross-links during the vulcanisation process

and tie the free chain ends into the network. Such vulcani-
sates produce gignificantly better physical properties. A
method to quantitatively assess the reduction in free chain
ends has been developed.

It is necessary Tto carry out the mastication process
under nitrogen as competition from oxygen,which acts as a
powerful radical acceptor, reduces the yield of reactive
end groups. This improves a serious practical limitation

on the method.
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CHAPTER 1

L-INTRODUCTION

This chapter will cover a brief survey of the
present work,and relative studies carried out by resear-
chers in the same field. It summarises. relevent

experimental work carried out in tinis project.

}WASWICATlON AND NFCHANOCHEMICAL REACTION

Natural rubber is produced from the latex of the
rubber treegs HEVEA BRASILIENSIS and nas the structure of eis-

<1’2>.It has initially a very high mole-

1,4, polyisoprene
cular weight (about and because of this it has a
very high melt viscoslty which makes it difficult to process

and difficult to incorporate the numerous compounding

’_l-

ngredients required to produce a vulcanisate of sultable
properties.
(&) ..

In 1830, Hancock discovered the process of mas-
tication to increacse the plasticity of the rubber and con-
slsted of subjecting the rubber to high mechanical shear
This was first achieved by the rotation of a spiked roller
within a spiked chamber (Hancock,s pickle) but was later

accomplished using two roll-mill or mixer .

It was appreciated that the importance of both mech-

nical work and heat contributed To the softening and self-

adhesion-produced in the rubber,but there was no attempt




made to explain the chemilical reactions involved.Thilis could

not take place until the polymeric structure of rubber had
been recognized.

Staudiﬁger'(5)firSt demonstrated by osmotic pressure
measurements that the mastication of natural rubber caused
a degradation of the polymer which produced a great reduction
in initial molecular weight,the extent of decrease depending
upon the temperature and the shear forces imposed during the

mastication process.

1-1-2-EFFECT OF TEMPERATURE ON MASTICATION

Busse<6>showed That when natural rubber 1g masticated
in an internal mixer at various temperatures for a constant
or speed ,the efficiency of degradation was mini-
mal at 11577, The positive and negative temperature coefficie-
nt ol the two degradation processes on elther side of the
minimum temperature of llBOCShow that two different mechanisms
are involved and are referred to as cold and hot mastication
respectively. The primary degradation step of cold mastication
1s the rupture of the rubber molecules by the shearing forces
to give polymeric radicals,which after reacting with oxygen
or another radical acceptor present in the rubber,are con-
verted to the degraded molecules. Hot mastication on the other
hand,is the normal oxidative sgcission of the rubber(7’8’9).

The rate of degradation is greatest during the early
stages of mastication and slows down eventually to zero.

Eventhough the rotor speed 1s constant,the decrease in viscosity
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due to the reduction in molecular weight causes a decr-
ease 1n shear rate.

i ... (10,11
Staudinger and Bonay( 0,11)

suggested that,cold
magtication 1s not a conventional thermal reaction,but
that the required energy is supplied direetly as mechan-
lcal energy,the molecules being ruptured by the shearing

forces 1lmposed during the deformation of the bulk rubber(%z)

Mullins and Watson<13> in a comparative study of the
vigcogity-molecular weight relationship for natural rubbern
degraded thin films at lBOOCand lMOOCprepared from hot
and cold masticatad natural rubber =and showed that there 1is a
greatresemblence 1in molecular welght distribution on deg-
radation by hot and cold mastication treatments.They have
also pointed out that hot mastication differs from cold
mastication by the fact that the former is primarily an oxi-
dative-sclssion reaction.

The differences in hot and cold mastication were
rationalized by Pike and Watson(7)who suggested that rupture
occurred at the &-methylene groups in the cis+l,4-poly-

isoprene molecule as follows:

CH3 CHZ shear CH3 gHB
-C =CH-CH2-CH2-¢ =CH- ———» .C =CHCH2* + .CH2-C =CH-
' !
CH3 - gHB
-C ~CH=CH2 CH2=C -GCH-

They further suggested that in the absence of oxygen
these radicals would recomblne and produce no overall re-

duction in molecular welght,because of the reaction:
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R. + R, —* R-R

R
R——™>R-p" g

§
R e RH + L°

R. +

In fact an initial icrease in molecular weight due to
the branching reaction is often observed. In the presence of
oxygen, however,the alkenyl radicals react to produce zlke-
nyl peroxy radlcalsg which decompose To produce inert pro-

. o (1h), . N s
ducts. G.Russel later showed that Tthe decomposition

proceeded along these lines:

RCH2—4-CHpR ———~— 2 RCH2.
RCEpe + 02 —————» KCH500.

, ) Q‘\ ‘r/~ "\)TT "(ﬁ 53 » ~
2RCHS00 - RCH~CH + RCHO + 02
(The alkenyl peroxy radicals must be primery or secondary

and have at least one hydrogen ztom) . Other reactions of

the RCH200. radicals generated by mastication may be inferred
from those occuring during autoxidation, including that of
rubover itself. In this case peroxy radicals react to
form cyclic diperoxide~hydroperoxide groups, during
which process« -methylenic hydrogen atoms are abstracted
and active sites are generated along the chain at
which further peroxy radicals are formed. Alternatively,
RO2. radicals can add to the double bonds of chain to
produce branched units. Eventually the oxidation chain
reaction 1g terminated either by mutual reaction of
peroxy radicals or by thelr reaction with naturally
present or artificially added i1nhibltors. As a concom-
itant to all these processes, some chaln scission occurs.
This low temperature mastication process became

known as mechanochemical degradation.
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1—7—3 DWbIGN Op TXP FNTA MIXER

Wilson and Wat%on 5>developed a small mixer which
enabled them to study the effect of temperature and
shear rabe in the presence or absence of radical acceptors
using small quantities of elasgstomers. The shear rate was
controlled by the speed of rotation, the viscosity of

the rubber, the distance between the mixing faces (which

!._J .

s controlled by the volume of rubber used) and their

€2}

surface area. Several designs of mixer faces with diff-

erent surface aress were used.

~-1- U~EWFPCT oF RADI”AL ACCFPTORS ON MASTICATTON

Using this internal mixer (unirotor mixer),Pike

(7) (16)

and Watson confirmed the work of Busse and
Cotton<l7>who showed that oxygen was required for
efficient breakdown of the rubber. They reasoned that
radical acceptors other than oxygen should produce the
same result for example thiophenol should react thus:

R. + H-S-Ph — RH + .S-Ph

The benzenesulphenyl radical subsequently reacting
wlth a second polymeric radical or dimerizing. Purified
natural rubber was masticated in an atmosphere of nitrogen
with a number of different radical acceptors including
thiophenol and in all cases a reduction in molecular
weight was observed, although none of them was as effic-

(7)

ient as oxygen . The presence of thiophenol, or other

radical acceptors rather than oxygen, permits degradation
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induced by mastication to proceed uncomplicated by
chemically induced oxidative degradation(7).

This evidence gtrongly supports the mechanoche-
mical mechanism suggested to explain the mastication pro-
cess but the more pogitive analytical evidence that
radical acceptor fragments become attached to the
rubber during mastication has been definitely demon-

2 :
strated<6’for 1,1'dinaphthyl disulphide labelled

)

arz
~dioactive sulphur S-°-

with r and 1,1*- diphenyl-2-

a

picrylhydrazyl (DPPH). Because of the very low
concentration of these fragments 1n the masticated
rubber thelr guantitative estimatlon relies upon
very sensitive detection methods.

The aromatic disulphide, which acts as an effic-
ient radical acceptor during the mastication of an
elastomer reacts with free radicals formed by cleav-

age of tThe 3-S5 bonds:

Re + Ar—SiS—Ar e R~StAr + ArS . Ar = ClOH7

R: + ArS+. —* RS Ar
Ar8. + ArS. =—— Ar SS Ar

After mastication in an inert atmosphere in the
presence of the radioactive disulphide, the rubber was
freed from unreacted disulphide by continous extraction
with acetone and was then found to possess radiocactivity

attributable to combined C10H7S*groups, The number of
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sulphenyl groups determined by radio-assay agreed wlthin
experimental error with the number of scission events
calculated from number average molecular weights deter-
mined osmotically, for the condition that two sulphenyl
groups become attached to the rubber at each breakage.
The diphenylpicryl hydrazyl, DPPH is unusual in
existing asa atdhle free radical -in The solid state and
igs also stable iﬁ the presence of oxygen. The 1ntense
purple colour of its solutions in organic solvents
offers a ready means of ectimating it, even al concen-
trations of 10-5 moles/litre and less. Ayrey, Moore and

(8)

Watson showed that purified natural rubber containing
about 0.1% of free DPPH masticated in an inert atmosphere
combined with some of the DPPH. The amount combined was
in agreement with that calculated on the basilis that each
bond rupture involved the combination of two molecules

of DPPH., The number of bond rugures was calculated from
the decrease of molecular welght as determined by osmotic
pressure measurements.

(18)showed that cold mastication of natural ru-

Bristow
bter in oxygen proceeds more rapidly than that in air,

and that the thermal oxidation of rubber masticated in
oxygen 1s rather more rapid than that of rubber masticated
in nitrogen, 1n the presence of a radical acceptor. He
also showed that gel rubber was produced during masticat-
ion under nitrogen produced by the reaction of polymeric

free radicals at sites along the polymer chaln to yield

branched polymeric Species(lg). He also showed that. the




initial molecular weight of the rubber controls the
extent of gelation, rubber with initial molecular
weights of legs than 3 x 105 showing 1ittle or no gela-
tion, while those above lOé‘indicate upto 50% gelation
after a few minutes of mastication. Such a dependence

on molecular weight of reactlions leading to elther
sclssion or cross-linking, which 1s in accord with theo-
)

. C e 20) .
retical prediction, has also been obServed( in the

s
I
o
}_‘J
O
) —

<
w0
}..J

n

of high polymers. If mastication is carried

out in the presence of oxygen, however, then The free

S

radicals are stablised, and recombination prevented.

¢

Further evidence of the production of free radicals
during mastication of elastomer included the production

of interpolymers when a mixture of purified rubbers were

s . . . . 21)
subjJected to shear 1in the absence of other radical aoceptor( ’

by high shear mixing of an elastomer in the presence of

. L2-2
polymerisable monomer ( £2=28)

. The mastication of plast-
omers (i.e.polymers that are below their glass transition

temperature (Tg) at room temperature) has been investigated

(29)

by Ceresa who showed that these degradations were the

result of mechanochemical ractions but that they were less

‘_lc

nfliuenced by the presence of other radical acceptors(such
as oxygen) because disproportionation of the macro radicals
was the oprinciple termination process e.g. in the case of
polystyrene:

shegr
~CH-CH2-CH-CHZ2 —————» ~CH-CHZ2. + . CH-CH2-

| i
Ph Ph

_C=CH2 + CH2-CH2 disproportionation
}

}
Ph Ph Ph—C6H5




Interpolymerization of vinyl monomer with cross-

)

. o ( .
linked polymers was also accompilshed‘29 showlng that

free radicals are produced when polymer networks are sub-
jected to high shear.

The most direct evidence for the formation of free
radicals by the mechanical rupture of polymers has been
provided by electron spin resonance spectra. Berlin(30>
reported a concentration of macro radicals of the order

-5 ~6 . . .
of 1077-107" moles/litre Tormed by masticating natural

;
(3“)obtained the ESR spectra of

rubber. Bressler et al
polyastyrene, polytetrafluarethylene, polylisoprene, poly-

ethylmetacrylate, polyethylene and polycaprolactam.

=
ot
h

Polymer degradation in solution was first reported

(32)

by Staudinger who showed That solutions of polystyrene

in tetralin were reduced to a limiting molecular welght

when repeatedly forced through platinum Jets. Thomas et

(33)

a2l -~/ ashowed the same effect when viscous solutions of

polybutenes were subjected to high speed stirring . Fox

(34)

and Alexander showed that unextended molecules of poly-
methacrylic acid in solution were lesg susceptible to mech-
ano degradation than the extended molecules of the corresp-
onding sodium galts in solution. Very comprehensive invest-
igations have been carried out on the degradation of polymer
solutiors by ultrasonlic vibrations.A literature survey completed
by Wilke and Altenberg(zégOntains 158 references to published
papers. | |
Much of the Russian work 1in this field has been of an
extremely practical nature covering a wide range of application

and a iarge number of copolymers have been prepared(33“38)a
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1-2 VULCANISATION

1-2-1-INTRODUCTION

After rubber compounds have been properly mixed,
they are then shaped in moulding, calendering, or
extruding operations and then vulcanised by the applicat-
ion of heat. During the vulcanisation process the follow-
ing changes occur:

1) The long chains of the rubber molecules become
crosslinked by reactions with the vulcanisation agent
to form three dimensional structures. This reaction
converts the thermoplastic rubber into a strong elastic
three dimensional network.

2) The rubber looses 1ts tackiness and beéomes
insoluble and is slightly more resistant to deterioration
normally caused by heat and light ageing processes.

These changes generally occur with the use of the

following vulcanisation systems.

1-2-2 SULPHUR VULCANISATION

'Sulphur is the most commonly employed vulcanising
agent. It is pracfically useful for unsaturated rubbers
such asg natural rubber (NR), butadiene rubber (BR),styrene-
butadiene rubber (SBR), nitrile rubber (BNR) etc. although
it 1s often used with the saturated rubbers such as ethylene-
propylene terpotymer (EPT) and butyl rubber (IIR).

Reaction of sulphur with rubber as first discovered

(40)

by Hancock(39>and Goodyear in 1839 and 1843 respectively
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is very slow and produces very inferior vulcanisates.
Basic oxides such as Znd, PbO, Mgl etc. in conjunction
with fatty acids such as stearic acid accelerate the

(41)

process. In 1906 Oenslager. noted that aniline produced
a very raplid reaction and gave high quality vulcanisates.
The aniline was soon replaced by less ftoxic materials

such as thiocarbanilide and a large variety of substances,
which became known as organlc accelerators, were subsequ-
ently produced and are still being discovered. They support

a very substantial fine chemicals industry throughout the

world.

1-2-3 CONTROL OF THE VULCANI ATION PROCESS

With the acld of organic accelerators it has been
posgible to control the following asvects of the vulcan-
isation reaction:

I. Induction period (scorch time)

IT. Rate of wvulcanisation.

III. Number of cross-links introduced (crosslink density)

IV. Type of cross-link.

V. Thermal stability of vulcanisate(reversion charact-

ristics).

2 3- l TYPE OF OAGANIC ACCFLFRATORS

The organic acceleratorgare normally classified by
their speed of reaction and include in order of increasing
reactivity tThe aldehyde amine condensates, thiazoles,

sulphenamides, thiurams and dithiocarbamates.
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The sulphenamides have a much longer inductlon period
(which can be controlled to some extent by the type of
sulphenamides used) and are known as the delayed action
accelerators. Many accelerators exhibit synergism and mixtures
are often used. The one used in the smaller amount is some-

times referred to as the secundary accelerator or booster.

Mixtures of three accelerators are sometimes used. Further
increase in the scorch time can be obtained by the use of
aromatic acids such as bezolc acld or salicylic acid
(retarders) or by the use of N~Cyolo—hexylthiop&élimide
which ig used 1in conjunctlion with sulphenamides and quant-
itatively interferes with the vulcanisation reaction and
gives a very accurately reproducibl ¢ delay. These are known

as prevulcanisation inhibitors.

1-2-3-2 CONTROT OP CROSS LINK WYPE

The crosgss-link density and type of cross-link are
controlled by the amount of sulphur and ratio of sulphur to

accelerator respectively. The most popular sulphur system

uses a high ratio of S:accelerator(2.5 sulphur : 0.5 N-Cyclo-
hexylbenzthiazyl-2-sulphenamide (CBS) for natural rubber(NR)
vulcanisates) as this produces a high level of cure and a
predominance of polysulphide cross-links. These give good
tenslile and fatligue properties, but produce vulcanisates

with poor compression set. This is usually referred to as

a conventional system. Reduction of the S:accelerator ratie
(S : CBS of 0.5 : 235 .) produces vulcanisates with mainly

mono-sulphide cross-links which have good ageing and set
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1

properties but the fatigue and tensile performance 1s
inferior. Because of the efficient utilisation of S for

the production of crogs-links these are usually referred

to as efficient vulcanisation (EV) systems. Such EV systems
often produce powerful antioxidants"in situ". A CBS:S ratio
of 2.5 : 0.5 with NR and with the necessary zinc oxide and
stearic acid produces zinc benzolthlazole«2-thiolate and
itg basic salts and this confers outstanding thermal oxida-
tive stability.

Becauvuse of Tthe high price of such formulations a
compromige is sometimes made by using seml EV systems with
roughly equal S:accelerator ratios. This cost is off set
by the higher rate of production achieved by the use of the.
high vulcanising temperature that the stability of these

vulcanisates allows.

1-2-4 NON-SULPHUR-VULCANISATION SYSTEM

No elemental sulphur 1s used in these systems. Sulphur

cross-~linksmaybe produced, however, by using compounds

containing an excess of sulphur. Examples of these are the
tetra methyl thiuram di, tri and tetrasulphides, dimorpholyl

disulphide (DMDS) and the dialkyldithiophosphoryl di,tri and

w

tetrasulphlides. As in the case of EV systems powerful anti

oxidants are often formed during the vulcanisation process

(h2)

e.g. TMTD produces dithio-carbamates and DIPDIS produces

zinc diisopropyldithio phosphate-(ZDP)(43>.
C-C cross-~links are produced when rubbers are vulcanised

with peroxides or hydroperoxides. Dicumyl peroxide (DCP)
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Cumene hydroperoxide (CH) and ditertiary butyl peroxide
are commcenly employed. These Carbon-Carbon cross-links

produce vulcanisates which are very similar to the mono-
sulphide network both in ageing and physical properties.

They are useful for saturated vulcanisates (eg.Ethylene

propylene copolymer EPR) which cannot be vulcanised by

sulphur because of their low reactivity or where extremely
low compression set 1s requlred
1-2-5 CHEMISTRY OF VULCANISATION

1-2-5-1 IDEALISED NETWORK STRUCTURE

Sulphur is combilned in the vulcanlisates in many ways
(fig.1l). It may be present as mono, di or poly sulphide
(a),or as pendant accelerator fragments (b),or cyclic mono of

polysulphides (c). The original rubber maybe further modified
at the cross-link sites (d) by chain scission (e),conjugated
unsaturation(f)& cis/trans inversion (g). There maybe carbon-

carbon cross-links (h) produced by peroxide vulcan-

isation or during ageing processes. There is always material

ssociated with but nat combined with the vulcanlisate (extra network
| material - E.N.M.). This may be purposely added, be present
as impurities in the original rubber or result from decomp-
ogsition products during vulcanisation. It often has a

powerful influence on the properties of the network.

2) P G2 @
'y “3 ‘ E‘E,N.M (3)

S-S

MW;) B D et

Fig, 1
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The identification estimation of these netwoxk characters-
tics is necessary before an understanding of the machanism of

vulcan isation can be obtained.

1-2-5-2 DETERMINATION OF CROSS-LINK DENSITY

The fundamental equation describing the relatilionship
between the force of retraction and extension of an extended
rubber vulcanisate 1s derived from the kinetlc theory of rubber

.. Ll
elastlclty( L’.

= B4 =VRT (=10 (1)

Where “IT" = Tension force (E/%) to give an extension ratio A.
F = Force

A =Unstrained cross-sectional area

k)

~ ) . )
W= The number of elasticallyveffective network chains

per unlt volume of rubber.
R = Gas constant
T = Absolute temperature

When swollen with solvent thilis equatlon becomes:

r/a,=DRIYY D (A= 1P (2)

Where}}r = Volume ffaction of rubber in the sample.
This equation only applies to small extensions of

unfilled rubber, swollen with solvent. For dry rubbers

deviations occur and thelr behaviour 1s more accurately

(45,46)

represented by the Mooney-Rivlin equation
N =2 -1
F=2a[A-N71e, + X7 @)

Where C. 1is related to the effective distance between cross-

links Dby the expression:




fd

{

Where / = Density of rubber hydrocarbon.

M = The number average molecular welght between

C .
phys.
cross-~links as calculated from physical measurements
(e.g the stress / strain relationship)
C, i1s a constant of uncertain physical significance
but perhaps related to the number and influence of

(47)

chain entanglements or virtual cross-links

1-2-5-3 Cl BY EXTENSION STRESS STRAIN

It is possible to obtain Cl from simple stress-strain

measurements by applying a technique pioneered by Green-

(48)

smith Experimentally a serles of values of deforming

. . in
Torce (F) and extengion ratio (XA) are determed and

2

P/ (A- % ) plotted against /A as depicted schematically

in Fig.2.

5)

t
§

) . .
n/% §

Fig.2. Plot of E/(}r}fz) against 1/y to determine ¢, for

extension stress-strain technique.

Where : 24 C, is slope . 24.,C, is intercept at 1/A= O

1
and 2A (C; + C,) is intercept at /4= 1



The departures from linearity at A and B
are due to the limits of elasticity theory. This technique
can also be used with samples swollen to equillbrium when

the governing equation becomes (eyq-  5)

P2 V7Y (A -RB 0 s oD ()

1-2-5-4 C, BY COMPRESSION OF SWOLLEN SAMPLES

In the equation (5) the constant C2 will be effectively

zero, alt high degree of swelling, then the equztion will be:
N -2
F o= 24 CVr V3 (n- 872 (6)

N . _
Vr values which are reqguired, have been quoted as
(49,50)

0.25 or less .

Por small deformations, further approximations can be

h, = h02>r~1/3 (7)
N-N"F = 3an/n. (8)

Where ho,hgéh represent the initial height, the swollen
Wight and deformation height of fe sanple respectively. This
results in a much simplified expression for Cl'

Foohg

C1 = &n ' Ga,

‘__.J

(9)

The term F/Ah is obtained from the slope of the plot‘
of experimental compression stress-gstrain values of F and

the correspondiﬁg values of Ah. The term ho/éAO is determined
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solely by the original dimensions of the sample. Later

refinents of the approximation to (%—-k“z) produced a

_
modified expression (eq . lO)()O)
c,=F . by . 1 | (10)
in & Trpiiah ho!

Some workers have used results relying on a single

load and deformation measurement. This doeg not involve
. . -2

approximations of the () - %) term. A new measurement

has been introduced, hd’ The height of swollen, deformed

- v
sample<)l’52) ey. (11)
_ e
Cl = F . hgﬂd (11)
2A_ (13 - h%?

A further exaect expression was derived by Stuckey and

Melley('ss)a
_o)1/3 4 2 .2 3 -1
cl-rQ: [ 3hgah® - 3T, -ah j (12
3 2 ] 2
2 A | h - 25 Ah + hAh

Experimental techniques vary mainly in the size of

1L . .
sample tested. Cluff, et al<’9>and the "single point"
é52 H 5L,’)

exponent used samples 0.75 inches diameter, 0.5 inches
thick, and 0.5 inches diameter, 0.25 inches thick. (Comp-
ression set buttons being convenient ). After developing

(50)

the reticulometer, Smitt used much smaller samples
; 0. ken? by 0.2cm thick, these having the advantage of
reaching an equilibrium swell value in a much shorter time.
The determination of Cl'by this method had to be slightly

modified for low degrees of cross-linking, i.e.i)r below




0.09, as compression set was found to occur, as the
swollen height, hs’ altered during measurement. If the
change in swollen height,z}hs, causes the unstrained swollen
height, hs’ to change to hé as £h changes during the comp-

ression cycle, then, hé
1 = e S ]
h! = h, -ah (13)

The corresponding equatlons for Cl are altered by the

(55)

The C, values so obtained will vary with condition of

inclusion of hé instead of hSG

measurement and any pretreatment the sample has been subjec-

ted to, hence 1t 1s necessary tostandardise the determination

Of Cl(56?57)“

1-2-5-5 EQUILIBRIUM SWELLING

When cross~linked networks are immersed in liquid they
swell to equilibrium. The fundamental equation relating to
the degree of equilibrium swelllng, 1s due to Flory and

(58,59)

Rehner

\¢2 7 P ,‘ﬂ"J; .
JIn(1-2v) +Pr + X7 = fyomst Ur (1)

Where X is an intraction constant characteristic both
of the rubber and swelling liquid commonly termed the
“"Rubber-Solvent interaction parameter”

Vo = Molar volume of the solvent.

It has been modified to

o 1

~ 1n(l—%§%H%ﬂ— Xgﬁ’JZ,ﬁVOMEl (Q; —-Dr/Z) (15)

¢
!

When using this equation 1t 1s necessary to know the

value of X This must be calculated by substituting a value
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of Mc which has been determined for this vulcanisate by

some other independent method (e.g. compression or extension

(60-65)

modulus) and then substituted in equation (14,15) .

Values of X 0.46, 0.42 and 0}50 (in n-decane)at 25% have
been found respectively for natural rubber networks cross-linked

by t-butyl peroxide<66>, a mercapto benzothiazole (MBT) and
(65) (67)

sulphur system and sulphur alone
If X is known precisely, equation (16) can be derived

from (14) and (15):

-{ln (14£T) + Dr + Xﬂ%} = ZClVOZ%l/;ﬁT

e N 2 = o
°f  [1n(1Vr) +Dr + XWDE] = 20,70 /3 -¥T/2)
) L (26)
RT
Then it is possible to obtain  fromVYr data values

of C, which can be converted into values of Mc by the

(61,66) (68).

chem

Mullins treatment (section 1-2-5-6)

1-2-5-6 CALCULATION OF THE DEGREE OF CROSS-LINKING

The contribution of the term involving Cl to the force

extending the rubber has been identified with that predicted

(61,66,69)

by statistical theory .

S0 Cl :—%~NKT (17)
or G, =% fRI Mcgiys. (18)
Where N = Number of chain per unit volume
k = Boltzmann constant
Therefore
C, == NKI =& RT Mcgiysﬂ (19)




Therefore

ZCl

Now the substitution of G, in eqguation 9 (compression

modulus) Mc and hence crogs-link density can be cal-

phys.

culated, but it differs from lc (the actual molecular

chemn,

welght between chemical cross-links), in that it includes
contribution from entanglements and free chain ends. An

: able 1latior
equation to enable the calculation of Mcchem?rom Mophys.

has been derived by Mullins<66>, Moore and Watson(7l)(eq.21)
(see section 1-3).
1-2-5-7 MODEL COMPOUNDS

A standard method of studying the reactlions of comp-
licated high molecular weigh?t compounds 1s to conduct thege
reactions with simple low molecular weight analogues. In
the case of NR,compounds such as 2—methylpentene—2(72>and

. Slene (93) :
Zyé—dLmethleCL%CZ,é have been extensively used. The
products of the reaction of sulphur with other vulcanising
ingredients(accelerator,stearic acid,zinc oxide etc.) are
simple enough to be isolated,purified,identified and esti-
mated. The assumption 1s then made that these reactions
of the low molecular weilght compounds are typical of the
"reactions of thosed higher molecular weight.

Farmer and Shiple§73>,first noted that,in addition
to cross-linked polysuphides analogous to those formed by
mono-olefins,a substarial portioh of the sulphur is com-
bined as cyclic mono~sulphidess The cyclic mono-sulphide

obtained from 2,6-dimethylocta-2,6-diene,for example include
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the bthicegclohexane (2), the thio cyclopentane (3) and the two

unsaturated thiocyclopentanes (#) and (5). The conjugated

(6), is formed concurrently with these compounds.
f

triene

|
A

//x\//\\//\x //\\ N/ Q&
(1)

(6)

N v
| e | L \\ 5’ -
N XA A A

(2) (3) () 5y

2

The precise gtructure of hydrocarbon sites of the

sulphidic cross-links R - SX— R, can be specified in detail.

Thus, the disulphide cross-links are found to be situated

almost entirely at the Cl and C@ positions in (7), as in

(9), whilst the monosulphide cross-links are based

(8) and
on these structures with their allylically- isomeric counter
part§ (10) and (11) respectively(72’75’76).
|
. l
A\\\%\ /K/\ !/\\/\ /f\//\ /kT N
! 3 5 \vg g
S ] S %
(7) (8) (9) (10) (11)

The existence of pendant accelerator residues as shown

in (12,13,14 and 15) resulting from the reaction of 2-methyl-

pentene-2 with TMTD, Zn0 and Stearic acid suggested that the

precursors to the cross-linking reaction
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v | !
/ﬁ%(N\ Me

% Me i e ?»SX%N<: e
/ SxC SxCN
ngN\M@ XEN Me ,/\xy/\\ e Xg e
(12) : (13) (1h) (15)

1-2-5-8 CHEMICAL PROBES

Chemical probes are reagents which quantitatively
attack gpecific cross-links and thereby enable their estim-
ation. They often break these cross-links and it is then
possible, by determining the cross-link density due To
chemical cross-links before and after probe treatment, to
estimate the concentration of a particular cross-link type.

Commonly used chemlcal probes are:

(2) Methyliodide!7?), this will break all sulphide
cross-links but leave C - C cross-links unaffected.

(b) Propane-2-thiol/piperidine, cleaves polysulphide
cross~links but leaves mono and disulphides unreacted.

(¢) n - Hexane thiol/piperidine; which cleaves both
SX and SZ‘

(@) Lithium aluminium hydride

. .
(7 >. Cleaves poly and disuphide

(e) Xylol thiol/piperidine<79)sCleaves polysulphide.

A rather special probe 1s triphenyl phosphinéQO)This
dées not break cross-links but converts all di and poly-
sulphides to monosulphides.

Determination of the total sulphur and zinc sulphide
content of the vulcanisate enables the concentration of
sulphur combined in the network to be calculated, Fromthis

the amountof sulphur combined Pper chemical cross-link formed

may be found . This is known as the E value, the efficiency
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of vulcanisation . Determination of this efficisncy
after reaction of the network with triphenyl phosphine
(E' value ) allows an estimate of the sulphurated main
chain modification ( E'-1 ).
E - E' represents the concentration of sulphur in the
form of di and polysulphidic cross-links and E - (E'-1) is

the average sulphur chain length.

1-2-5~9 TFORMATION OF ACTIVE SULPHURATING AGENT

The initial step in sulphur vulcanisation is the re-
action of molecular sulphur with a speciesg derived from the
accelerator and activators. This specles is usually a comp-
™ zinc benzothiazole-2-thiolate (ZMBT) or of a zinc

(dialkyl dithio carbamate (ZDC) formed in "situ"(16).

L
iggx zZnO Ligands‘ ? ‘
XSNRZ } R‘é“é‘;’* XSZnSX e XSZnSX
L
s or (16)
'9 .
- A 2 N
X = R2N—L— f = \\‘C—
NN

ZMBT and ZDC are Themselves sparingly soluble in rubber
but are rendered very soluble through co-ordination with
nitrogen bases (either added as accelerator or present in the
faw natural rubber or zinc carboxylates). Examples of such
complexes are (17) and (18)<82’83>, and the less well defined
substances formed from ZMBT and zinc carboxylate(84’85>, these
complexes are for simplicity, collectively represented by

X -8 -4Zn - 38 - X,



NH
/N\//N , ! I/S\\(“ﬁ (17)
Lo C-S-Zn-S-C 17
W57 i SRV
2\;2
Me s Y s _Me
Npee T ianT Soen (18)

we” Ng ot g7 NMe

The action of these zinc mercaptide complexes on sulphur
is not well understood. It does not give rise to insoluble

i
(8p)are believed to be

products, but zinc perthiomercaptides
formed in a serilegs of equllibria which probably lie well on

the side mercaptide complex and free sulphur.

b 334»—1 S-—
XS4 Zn L L.SX .= XS-Sg-ZnsX S22 ys g _an-s -sX
Lt
\ / (19)
76

The nucleophilic activity of amine and zinc carboxylate
compnlexes of ZMBT towards sulphur has been demonstrated in
their ability to catalyse disulphide interchange reactions
and the insertion of sulphur into diethyl disulphide(85).
The average value of x in (19) will be controlled by the
relative concentrations of sulphur and soluble zinc mercap-
tide. Species analogous to (19) may be formed from sulphur
donors and zinc oxide (or zinc carboxylates). Tetra-methyl-
thiuram disulphide (TMTD) and zinc oxide for example give a
mixture of thiuram polysulphides and zinc dimethydithio
carbamate (ZDMC) which may then exchange sulphur to give (4)

(86,87);

W
in which X is specifically —CuNMe in such cases X will

always. be small.
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The zinc perthiomercaptides (19) are believed to be the
actual sulphurating agents. Their reaction with rubber hydro-
carbon gives rise to the rubber bound intermediate which is

the precursor to sulphur cross-linking.

Moore and Watson(88)have shown that reaction of the
pendant accelerator groups represented by ET. SSﬁ N:%i

5
(where the ethyl groups -represent the main chain of the rubber

hydrocarbon) with 2-methyl-pentene-2 and zinc oxide at 145%,
forms a cross-link with the liberation of zinc dimethyl -
dithlocarbamate (ZDMC). The formation of a cross-link can

therefore be shown as:

RS, cwme + RH——

£y

S

Zn0,  RS,R + ZDNC + (H,0)

“Me where R = polyisoprenyl
X

g and 22
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1-3 NETWORK DEFECTS

The reasonsfor the deviation from ideal behavliour
described by eguation (1) section (1-2-5-2) is thought to
be due to departures of the actual network from the theore-
tical model used for deriving the equation 1.e. due to net-
work defects. These defects are illustrated in Fig.3 and

include: .

(2) Entanglements

(b) Chain ends

(c) Intra molecular cross-links (loops)

(4) Sol fraction

(e) Intermolecular attraction e,g.Van—der Waals forces,
polar-nolar interaction (which become greater on orientation)
and where appropriate, hydrogen bonding.

For this reason the value of Mc

phys 1s less than the

value of Mcchem (the actual number of cross-links)

I

Entanglement

- Free chaln.end

Sol fraction

Network continuation
-Van-der Waals attraction

i

{

)
X
S
-.—»
v

11
P.JeFlory(r4>studied the effects of some of these net-
work defects and derived an equatioh making allowance for

entanglements and chain end 1in the rubber network. He observed

that the magnitude of the retractive force at a given
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elongation is appreciably greater than that calculated from
the independently estimated number of chemical cross-linkages
in vulcanised Butyl rubber and attributed this to chain
entanglements which would increase the effective number of
cross-linkages. He also observed that the initial moleouiar
welght of the rubber before cross-linking had an effect upon
the elastic properties due to the flaws introduced into the
network by Tthe ends of molecules; The lower the initial
molecular weight of the rubber, the greater the number of
these chain ends resulting in an inferior vulcanisate.

Equation (1) was modified to:

T = (RTeVo/V) (1 - g%vl;cl ) (A= X9 (20)
where
g = entanglement factor
Mn = molecular weight of the raw rubber before vulcanisation

Vo/y= number of chain per unit volume
Mc = molecular weight between cross-links
A= extension ratio

T s R and T have the same meaning

J. Scanlan(7o’89’9o)has worked on the effect of network
flaws on the elastic properties of vulcanisates. In this
treatment full allowance 1s made for elastically inactive
material which exists either as sol or as loose ends in the
network. The cases of linear primary molecules with either a
random distribution of lengths or with uniform lengths are

conslidered, and results are compared with those of earlier

theoretical treatments .
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Another study has been carried out on the chain entan-
glements and elastic behaviour of poly-butadiene networks
by G. Krans and G.A. Moozvgemba(47).ﬂ?hey investigated the
role of chain entanglements in determining the stress-strain
properties of the polybutadiene network. In this investigation
the numberof entanglements was varied by changing the primary
molecular weight and chemical cross-link concentration. Net-
works essgentially free of entanglements were prepared by end
group coupling of carboxybterminated poly-butadiene with a
molecular weight of 5500. Conventional sulphur or peroxide
vulcanisates dbeyed the Mooney-Rivlin stress-strain relation,
the constant Co, which represents the deviation from simple
kinetic theory diminshing with the time allowed for approa-
ching elastic equilibrium. The constant C, was found to increase
with both the total physical cross-linking and the entangle-
ment contribution . The end group vulcanisates
obeyed the simple kinetic theory of rubber elasticity and
approached elastic equilibrium much more rapidly than sulphur
or peroxide vulcanisates. The evidence presented however
suggests that the apparent deviation of elastomeric vulcanisates
from the kinetic theory of rubber elasticity resulting in the
appearance of the Mooney-Rivlin 02 term in the stress-strain
relation arises from a slow relaxation process involving the
entanglement cross-links.

H.C. Baker and H.W. Greensmith(91>considered the effects
of the viscosity of the compounded rubber (the lower the vis-
cosity the lower the molecular'weight and hence the more chain
ends) on the properties of gum and T read vulcanisates. They

examined this together with the effects of filler dispersion
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and small variations in the degree of cross-linking with
refrence to the principal properties (tensile strength,
modulus and resilience). They showed that the dynamic prop-
erty of resilience 1s the most sehsiti&e to the effects of
compound viscosity and filler dispersion. The results of an
experimental study of the relationship between resilience
and heat bulld up as measured in the Goodrich Flexometer
are also presented. In the light of these and the foregoing
results,the trends in the resilience and heat build up
propertiegs of tread vulcanisates of market grade rubbers
are considered, and it is shown that these trends are assoc-
iated with differences in compound vigcosity and therefore
the number of chain ends.

The effect and detection of loose chain ends in cross-
linked polyurethane elastomers was studied by A.E. Oberth(92)
As in plasticized elastomers, tensile strength and elastic
modulus are reduced approximately by a factor (l—VE.P)Z,
where VE.P 1s the volume fraction of loose chain ends,plast-
icizer or both. This effect is much larger than predicted
by present theory. Also the equilibrium volume swelling ratio
Vo/V, of rubbers having terminal chains or an equal volume
of plasticizer is the same, provided they do not differ in
crogss-link density. However, the volume fraction of '"network
rubber" in the equilibrium swollen specimen differs
owing to the non-extractability of terminal chains. On this
basis a method is proposed for the experimental determination
of the volume fraction of loose ends.

Elastomers containing a high proportion of loose chain

ends show markedly less long term stress relaxation.
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This effect is not clearly understood but is useful to detect
the presence of a non load-bearing network.

Edward<93)showed that a three dimensional network cont-
aining no free chaln ends produced frome« ,w -~ Dibromo- poly-
butadiene had superior physical properties.

(9%)

Hoffman and Gobran achieved the same results by

preparing end free network from «,w- Dicarboxyl-polybutadiene.

(

J.BE. Fellers and M.R. Semanani 95>have carried out some
work on dynamic mechanical studles of end group modified
polystyrene. They synthesized polystyrene having both modified
and unmodified end group structures. These polystyrenes were
then subjected to dynamic mechanical testing below their
glass transion temperature. The modified structures were
shown to influence the/@ transion of polystyrene, while the
mechanism of this secondary transion has been speculated but
never unequivocally substantiated in the past, the evidence
presented strongly support the idea that thqﬁytransition

of polystyrene arises from chain end motions.

(71,61)

Moore, Mullins and Watson cross-linked NR with
di-tertiary butyl peroxide (DTBP) and on the assumption the

reaction sequence was quantitative as shown below:

(CH4) 300-0C(CHy) 5 ———w 2(CH3) 5001
(GH,) 400 +HR > (CH,) ;COH+R-
(CH,) 5CO- —————~ (CH,),, C: O+CHy-
CHy + HR —————= CH, + R

R + R R R - R

The decomposition products were quantitatively estimated

and hence the number of actual cross-links calculated.
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The corresponding C, values were calculated from estimation of

) . .
stress-strain data<48’and an equation relating Mcphys to
) (71,61)
Mcchem. developed
_ FRT 6 2.3 Mc
Cp = G, * 078 x 1070 (1 oo ) (e

chen

where Mn is the number average molecular weight before
vulcanisation.

The quantity 0.78 x 106 is based on a statistical cal-
culation and represents maximum entanglement contribution.
from measurements of

hem

is esgential for network structure analysis, where

A precise knowledge of Mcc
Mcphysa
the actual number of chemical cross-links is required (e.g.
where using chemical probes) and it was probably this require;
~ment that stimulated Moore, Mullins and Watson at NRPRA to
produce the seml-empirical equation relating the two values.

A demonstration of the practical consequences of the
chain end defect was produced by Helfland and Tonelli(96>
who showed that when cis-1,4-polyisoprene is randomly cross-
linked to produce a crosgss-link density of one crosg-link per
100 monomer units that 26.3% of the polymer is wasted as free
elastically ineffective chain ends and that when the cross-
linking reduces To one cross-link for every 133 monomer units
the ineffective concentration of polymer increased to 35.1%.
Roussel(97)who was suggesting a study of chain end defects
as a fruitfull research area for the future commented on
Tonelli’s work and pointed out that the implication. is that

the performance of the compound with 100 parts of rubber

randomly cross-linked might be matched by a compound Of 74
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parts of rubber and 26 parts of a plasticiser 1f the rubber
could be crosgss-linked to a perféct network, with the obvious
savings. This assumption neglects the formation of virtual
cross-links Dby entanglements with the loose chaln ends and

by absorption onto the surfaces of filler particles

1-4 PURPOSE OF THE PRESENT WORK

In view of the»numerous examples that have been given
to illustrate the wastage of polymer in rubber networks due
to the existence of chain ends it was proposed to investigate
practical methods of tying loose chalin ends into the network
and thereby make them elastically effective. Ag the molecular
welght of natural rubber has to be drastically reduced by
mastication to make it soft enough to incorporate other
compounding ingredients and then further reduced by the shear
forces exerted during the compounding operatiorns 1t was dec-~
ided to try to make use of the mechanochemicalreaction.desc-
ribed in section ( 1-1-4 )

Model compound work on 2-methyl pentene-2 and 2,6-
dimethylootadiene—z,6(72’73)have shown the existence of
pendent accelerator (or sulphur donor) groups and these are
believed to be the precursor to the cross-links.

e.g. tetramethyl thiuram disulphide yilelds:

N CH, ‘ ( See section 1-1-5-7)
D

and 2 - mercapto benzthiazol yields
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etc.

(e

If during the mastication stage of the NR, radical
acceptors which would produce similar types of pendent groups,
are added, then these would form at the ends of chains broken
by the shear actlon and they should be capable of producing
cross-links during the subsequent vulcanisation reaction.
Fortunately many of the accelerators and sulphur donors used
in practical vulcanlsing systems are radical acceptors and
there are large ranges of compounds to try.

An example of the reaction sequence expected with, say,

TMTD would be

shear
R R iy R s +R .
e
(Rubber molecule) ,//
////CH3 /’CHS
- :;Npms-s-CN
! AN
A CH3 q a CH3
B3 ,CHs
? =3 + .S%N\
LA+ T B
more steps//////_ =3
& vulcanisation
R i
S + dithiocarbamate

e e e st e e

It was proposed to assess the efficiency of this reaction
first under ideal conditions with purified natural rubber and
then conduct the "mastication" under an atmosphere of nitrogen

to reduce the competion from indigenous free radical acceptors
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and oxygen respectively. The application of the method to a

more practical situation would also be assessed.

s

[ . -




CHAPTER 2

2-1  TNTRODUCTION

This chapter igs divided into three sectlons materials
used, description of apparatus and experimental work. In
the first secltion materials and their synthesis , where
reguired, have been stated, the second section gives a
brief description of equipment and machines, the
third sectlion = covers the experimental work and procedures

by which 1t 1s carried out.

2-1-1 NATURAL RUBBER (NR)

Standard Malay sian Natural Rubber grade (SMR-5 Supplied'
by Dunlop) was used throughout this work. As the rubber was
to be used for mechanochemical reactions it was all acetone
extracted for 48 hours under an atmosphere of nitrogen to
remove any indigenous radical acceptors.

It was necessary, however, to sheet it on a 12" water
cooled, laboratory, two- roll mill so that it could be extracted
efficiently and this did involve a small molecular weight
reduction but this was kept to the very minimum. After ext-
raction the rubber was dried under vacuum at 40°C for 12

hours by which time 1t had reached constant weight.

2-1-2  7INC OXIDE (Zn0), (Amalgamated oxides Ltd.)

Zinc Oxide was used without further purification.

2-1-3 STEARIC ACID (SA),Supplied by Anchor Chemical Co.

It was used without purification.
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2-1-4  SUIPHUR (8),Supplied by Anchor Chemical Co.

Sulphur type D was used without further purification.

2-1-5 N-CYCLOHEXYLBENZTHIAZYL-2-SULPHENAMIDE (CBS)

N

T N O

i ;
Y /
W\S

Supplied by Monsanto Chemical Ltd. as "Santocure” and used

without furthur purification.

2-1-6 2-MERCAPTO BENZTHIAZOLE (MBT)

M

rﬁ”\T// N
o ¢ - SH

Ll
\\S

Supplied by Monsanto Chemical Ltd. asg "thiotax" and used

as recieved from the manufacturers

2-1-7 DIBENZTHIAZYLDISULPHIDE (MBTS)

N N
?ﬁ\?// ch S - S (344 | A
KQ//&\\S ~ N 7

Commercial material from Monsanto Chemical Ltd. ﬁThiofide"

2-1-8 TETRAMETHYLTHIURAMDISULPHIDE (TMTD)

CH S o CH
ERN I 0
N-C-8-8~-0C-=N
% | “~
CH. Ot

Supplied by Monsanto Chemical Ltd. as "thiurad" and used

without further purification.
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2-1-9 DIPENTAMETHYLENETHTURAMTESULPHIDE (P25)

S

! {
<i::>N - C = Sy- 5= C - N/rfi>

Used as supplied by Robinson Bros. Ltd. as "thiuram P25"

= (N2

2-1-10 DIPHENYLGUANIDINE (DPG)

//_‘m\ \i
¢ N—1H N
C = NH
, e
i/ AN NH

P

ko]

Supplied by Monsanto Chemical Ltd. as "1.3 Diphenylguani-

dine"

2-1-11 DIMORPHOLINODISULPHIDE (DMDS)

TN / \
0 N~S -S8 - N 0
N/ AN

Supplied by Monsanto Chemical Ltd. as "sulphasan R" and used

without further purification.

2-1-12 BIS (DIISOPROPYIL) THIOPHOSPHORY LDISULPHIDE(DIPDIS)

This was prepared by oxidation of sodiumdiisopropyl-

dithiophosphate(NaDIS)Supplied by Albright and Wilson Ltd.

(98,99)
The procedure finally adopted was that described by Mikeska
2
using sodium hypchlorite and modified by Pimblotégj).
| (100-104) (Lo5,106

The uvse of Nitrous acld and Hydrogen peroxide

as oxlidizing agent was tried but abandonded because of the
better yield obtained by the sodium hypochlorite oxidation.
The reaction can be represented as follows:.

isopr— 0 S

. N
2 P - 3 - Na + 2Na0Cl
e
isopr -0




. -39

isopr — 0 S 0O —lsopr + 2ZNaCl
W

AN
-5 -8 -P

e AN
isopr —0 0 —~isopr + 2NaOH

e n

Sodium diisopropyldithiophosphate (100g) was dissolved
in distilled water (200ml) and cooled to 10°C and sodium
hypochlorite solution(l2% available chlorine) added until
slight excess was present. The pale yellow precipitate was
extracted by ether andAsepérated from the residue and then
evaporated 1n a rotary evaporator. It was crystallized from
ethanol (melting point 89°C) and then recrystallized in the
same solvent (melting point 91°¢) . 54g (60% yield) of yellow
crystals was obtalined. The sulphur percentage was 37.8
(theoretical 30%).

The following aé}eviations are used in the description

of the I.R Spectra:

M = Medium St = Stretching
S = Strong
W = Weak

The I.R absorption using a Perkin-Elmer 457 grating
spectrephotometer, (4000-250 cm—l) with a XI cell is as
follows: Maxima (cm™ ) at 2990M-2920W (CH St.); 1630M (CH St.);
doublet 1450 W-1370 M {(isopr); doublet ll?OM—léOOM (isopr);

- S
doublet 9505-870(CH,0-P); doublet 750-6508 (=0P,P-);

560~530W (82).

2-1-13 BIS(DITSOPROPPYL)THIOPHOSPHORY LIRISULPHLIDE (DIPTRY )

This was prepared as described by Romieux(107“llo>by

the reaction of NaDIS with sulphur dichloride i1.e.




NG U
2 P -5 - Na+ SCL, X
) yd
lsopr—~ 0O
Misopr— 0 S 1
2 ~ | 84 2NaCl
\ P -3,
} S

i Lsopr— O

NaDIS (236g) was dissolved in distilled water (472) and cooled
to EOC,sulphur dichloride (31.4 mi)was Then added to the
stirred solution at such a rate that the temperature remained
below 10°C. The fesulting yellow o0il, mixed with a milky
liguid, was dissolved in ether, separated from the aqucous
layer, dried and the ether removed in a rotary evaporator.

A light green oii'remained (yield 136g, 60% of theoretical).
The sulphur percentage was 38 (thepretical 35%).

The refractive index and I.R spectrum were obtalined. Refractive
index (420) is 1.5565, I.R absorption showed peaks albt 2990M
-2920W (CH St.); doublet 1450W-1370M (isopr); doublet 1170M
-1100M (isopr); doublet 9508 - 870 (CHZO—P); doublet 750M-

S S
6508 (-0p.P-); doublet 595W-540W (55)

2-1-14 BIS(DIISOPROPYL)THIOPHOSPHORYLTETRASULPHIDE (DIPTET)
This was prepared ag described by previous workers(98’lo7’
1O8’lll>by reacting NaDIS with sulphur monochloride

isopr -~ O S
N
P

/

1sopr — 0

Cl

- S - Na +»S

2772

Y




(isopr~ 0 S \

| N0

|

Lisopr~—0 ¢ g

NaDIS (236g) was dissolved in warm distilled water

(472m1) and cooled to 59¢, 40 ml of sulphur 'mono chloride
was slowly added. The reactlon temperature maintained below
lOOC, the resulting oll (yellow) which was emulsified with
the agueous layer, was ex£racted with ether, and dried with
godium sulphate. Ethér was then removed by means of a rotary
evaporator. The yellow viscous oil (180g yield 73%) had a
sulphur percentége of 46.5 (30% theoretical)the refractive
index (d20) of 1.5940 and I.R absorptions as follows:
2990M-2920W (CH St.); 1630M (CH.St.); doublet 1450W-1370M
(isopr); doublet ll?OM~glOOM (isopr); doublet 950S-870 (CHZ—)O

3
doublet 750M-6508 (—Oﬂ,g—); triplet 590W, 554W,510W (S4),

2-1-15 BIS(DIETHYL) THIOPHOSPHORYLDISULPHIDE (DEDIS)*

The preparation of DEDIS was based on the method used

for DIPDIS (2-1-12)using sodiumdiethyldithiophosphate (EDIS)

C2H5w 0 S

AN
2 P - S - Na + 2NalCc1

/ . »

C,H5-0

- (EDIS)

C2H5-O S ) 0 - C2H5 + 2NaCl

~N i //
P -5S -3 -7

pd

CZH5—-O 0 —CZH5 + 2NaOH
(DEDIS)

¥ The ethyl derivatives described in 2-1-15,16 and 17
were not used because ¢f their objectionable smell but

the information on synthesis and characterisgfion is ihcludéd

- for further workers .
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Ether extraction yielded a yellow oil (52g 58% of
theoretical and sulphur percentage was 33.8, theoretical
is 34.6) with a refractive index (d20)of 1.5225 and I.R
absorptions at 2990M-2920M (CH St.); doublet 1700S-1630M
(CH St.); doublet 1430M-13708 (CH3
Pizg; doublet 10305-9305 (CHZ—O—P>, doublet 770M-680S

1

(0-F,P=5); 570-530W(S,).

C); 12308-1152W( (RO) =

2-1-16 BIS(DIETHYL) THIOPHOSPHORYLTRISULPHIDE (DETRI)

It was prepared in a similar manner to that described

for DIPTRI (2-1-13) using EDIS

C,H5—- 0 S
2 \\\ N

2 P -85S - Na+ SC]_2

¥

CZH5-O

] CH5- 0 S |

S + 2NaCl

C2H5f~0
- (DETRI)

Ether extraction ylelded a yellow oil (110g 55% of
theoretical)and sulphur percentage was 30.9 (theoretical
39.8), refractive index (d20) is 1.5625. The I.R spectrum
showed peaks at 2990M-2920W (CH St.); doublet 1700S-1630M |
(CH St.); doublet 1430M-1370S8 (CHBC); 12308-1152W( (RO)ZP?O)

doublet 103085-9303 (CH2~O—P); doublet 770M-680S(0-P=S,P=S);

doublet 600W-550W (S3>'

2-1-17 BE%DIETHYL)THIOPHOSPHORYLTETRASULPHIDE (DETET)

The preparation of DETET was carried out exactly as

described for DIPTET (2-1-14) using EDIS.




2 h % S N S ,C1
2 P - - Na + L
2772 o
/
( CZHS-—O S
i ANt K
‘ P - 5 SZ + ZNaCl
\ / K
%LCZHS“ 0 J

Crystallisation from ethanol to constant melting point
(66°C) yielded a yellow powder (136g 63% yield sulphur

percentage was 50.8 and the theoretical is 44.2). I.R

characterisation: maximum at 2990M-2920W (CH St.);doublet

17008-1630M (CH 5t.); doublet 1430M-1370S (CH4C), 1230S-
0

1152W ( (RO)ZR: ); doublet 10305-930S (CH,-0-P); doublet
0

770M-6803 (0-P=3,P=5); triplet 6OOW,550W,550W(84).

2-1-18 BI(DBUTYL) THTOPHOSPHORYLDISULPHIDE (DBUDIS)

di
This was prepared from sodium dibutylthiophosphate

(BUDIS) by hypochlorite oxidation as described for DIPDIS
(2-1-12)

C, Ho— O S
SN
2 ,P - S - Na + NaOCl
C) H O//
L9 :

(BUDIS)

CH<0 S s 0
SO NG %
P ~-38S -85S - P
/

- CQHQ + ZNaCl

C4H9~»O 0 - CMH

+
9 2NaOH

(DBUDIS)
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Ether extraction yielded a yellow oil (70g 64% OFf

theoretical, and sulphur percentage was 30.2, theoretical

is 26.5) with a refractive index (d20) of 1.5190 and I.R
spectrum showing the following characteristic: tripiet

peaks (em™™) at 29808, 29608, 2880M (CH St.); 1620M (CH St.);

doublet 1450M~1370M (CH4C); doublet 1020W, 920M (CH,-0-P):
triplet 880M, 850M, 800M (-0-P=S); 670(P=S),560,520(S,).

2-1-19 BIS(DIBUTYL) THIOPHOSPHORYLTRISULPHIDE (DBUTRI)

Preparation as described for DIPTRI (2-1-13) by react-

ion of BUDIS with sulphur dichloride

BU - 0 g
N A
2 P -5 - Na+ SCL,
/
BU - 0
(BUDTS)
{ BU-0 S ~
i N ﬁ
% P -S| S+ 2NaCl
% / L2
L BU- 0 }
(DBUTRI)

After purification a yellow oil was obtained 120g,47%
of theoretical containing 39.0 percent of sulphur,theoretical
31.1 with refractive index (d20) of 1.5550 and I.R charact-
eristic I.R absorption peaks at 2980S, 2960S,2880M triplet
(CH 8t.); 1620M (CH St.); doublet 1450M-1370M (CHBC);doublet
1020w, 920M(CH2—O-P); triplet 880M, 850M, B800M (-0P=3);
670(P=g), doublet 58OW~540w1(33).-
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2-1-20 EBOBUTYL) THIOPHOSPHORYLTETRASUIPHIDE (DBUTET)

It was prepared in the similar manner to that descfibed

for DIPTET (2-1-14) using BUDIS and Sulphur monochloride:

N i
2 P -5 - Na+ 8,1
y 2 SR—
CyHg~ O
(BUDIS)
{buﬂgs o s ]
~ o
| P-S| 8, 4+ 2NaCl
L , 2
pqﬁgh‘o g
(DBUTET)

Ether extraction yielded a yellow oil (210g 77% of
theory containing‘39.9 percent sulphur, theoretical is 35.2)
refractive index (d20 = 1.5660), I.R characteristics: triplet
at 29803, 296085, 2880M (CH St.); 1620M (CH St.); doublet
1450M-1370M (CHBC); doublet 1020W, 920M (CH2~O~P); triplet
880M, 850M, 800M(0-P=S); 670(P=S), triplet 590W, 560W, 520
(3,) .

2-1-21 THE I.R ABSORPTION SPECTRUM OF THE EDIS

(Used in the preparation of DEDIS, DETRI and DETET)

Peaks (cm™ %) at 3300-3550S (OH single bridge) as
impurity, 2990M-2920W (CH St.); doublet 17005-1630M(CH St.)
' 0
doublet 1430M-1370S (CHAC); 12308-1152W ( (RO),P ); doublet

3 s <0
10308-93083 (CH2~O-P); doublet 770M-6805 (0-P,P=5).
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2-1-22 THE I.R ABSORPTION SPECTRUM OF THE NaDIS

(Used in the preparation of DIPDIS, DIPTRI and DIPTET)

-1 N -
Peaks (cm ~)at 3500-3300S (0H single bridge) as
impurity, 2990M-2920W (CH St.); 1630M (CH St.); doublet
» 1450W-1370M (isopr); doublet 1170M-1100M (isopr); doublet
S

S
9508-870 (CH,0-P); doublet 750M-6508 (-0F,P-).

2-1-23 THE T.R ABSORPTION SPECTRUM OF THE BUDIS

(Used in the preparation of DBUDIS, DBUTRI and DBUTET

Peaks (cm—l) at 3500-34008 (OH single bridge) as
impurity, triplet 2980%,29603,2880M (CH St.); 1620M
(CH s%.):; doublet 1450M-1370M <CHBC); doublet 1170W-
B)ZC) small amount of as impurity; doublet

S
1020w, 920M (CH,-0-P); triplet 880M,850M,800M (-0P);

1120w ( (CH

670 (P=S).

2-2 DESCRIPTION OF APPARATUG

2-2-1 TUNIROTOR MIXER

The unirotor mixer was developed from a small mixer
designed by Watson and Wilson(l5>and manufactured on a
limited scale by Baker Perkin Ltd. It consists of a vertical
rotor which can turn at a variable speed inside a fixed
mixing chamber. The rotor and stator are clamped together
by means of a collar which 1s cloéed by a nut and bolt. |
An 0 - ring of silicone rubber hermetically seals the

chamber. A variety of designs of mixing faces on the rotor




and stator are available. A "plough shaped" rotor was used
for the present work. The distance between the mixing faces
is controlled Dby a capstan operated screw with left and
right hand screw threads so that the shell casing around
the rotor can be raised or lowered depending on the direct-
ion of the rotation of the capstan. The rotor is powered

by an elecktric . motor which is connected to the shaft
through a worm-gear and a variable drive V-belt pulley; the
latter is used to control the shaft speed. The temperature
ig recorded by means of athermocouple located within about
two millimeters of the hardened steel face of the mixer and
some measure of temperature control is achieved by raising
a bath of thermostatted liquid so that the head of the
mixér ig completely immersed. In this work, wheré the low-
est practical temperature was required (to achieve maximum

(16)

mechanochemical efficiency from the shear action a
mixture of ilce and water was used. Either air, or nitrogen
were circulated through the mixing'chamber and in the case
of the létter, traces of air’were removed by degassing the
chamber at a reduced pressure(7)for a few minutes and then
flooding with white spot nitrogen (passed through alkaline
pyrogallol solution). This degassing was repeated three
Times. During mixing a positive gas pressure of 10-15 mm
of'mercury was maintained. The shear rate exerted on the
polymer in the mixing chamber is a function of:

(a) The distance between the mixing faces

(b) The relative speed of movement of the faces

(¢) The surface area of the faces
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(d) The viscosity of the polymer

In this work the shear rate was kept constant by
using the same mixing chamber, the same amount of polymer
(10g); the faces were pulled tightly together by the
capstan and the amount of polymer between them controlled
thelr distance apart. The speed of rotation was (4Orpm)
as this was the maximum speed that could be used without
a measurable rise 1n temperature of the polymer above
25OC, The time of mastication was dependent upon the extent
of degradatlion required and was determined by the time

necessary to reach the desired molecular weight.

2-2-2 TWO ROLL-MILL

All rubber compounds were mixed on a water cooled
laboratory 12", two roll-mill using a nip setting of

2-~3mm.

2-2-3 WALLACE RAPID PLASTIMETER

The plasticity of a rubber stock is important for two
reasons:

(a) It gives a measure of the prccessability of the
rubber and

(b) It gives a measure of the initial molecular weight
of the raw rubber which has an influence on the physical

(91)

properties of vulcanisate produced .
In the present investigation>plasticity 1s measured
by the Wallace rapid plastimeter manufactured by H.W.

Wallace Ttd. This is a compression type plastimeter in

F T . Fo—
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which a thin test-piece (disc 3-4 mm thick) is placed bet-
ween steam heated platens at 100°C and first subjected to
a pre-compression for 1-2 sec. which automatically stops
when the thickness of the tTest-piece is reduced to 1 mm
ten seconds after the start of the pre compression. The
proper test starts with the application of a 10 kg load.
The test-plece 1s subjected to this load for 15 seconds
and the thickness of sample then measured using a dial
micrometer., This thickness 1s recorded
and quoted as the plasticity number. The greater the plas-
ticlty of the rubber, the lower the plasticity number.

By using a calibration graph plotted from the results
obftained by Mullins and Wastso£;3>and also recalibrated
by the author from solution viscosity measurements, 1t 1is
possible to obtain the number average molecular weight of

rubber. (Section 2-3-8).

2-2-l4  MONSANTO RHEOMETER (MODEL 100)

The monsanto rheometer was developed by Decker and

(112)

Wige®

|

It consists of a biconical disc embedded in the
elastomeric sample contained in a circular cavity under

a pressure of 600 P.S.I. and subjected to shear by the
biconical disc oscillating within the sample at a const-

ant amplitude of lO,ZOor 30 and at constant rate of 750

RPM. The reason for the different amplitude of oscillation
is to accommodate rubbers having a wide range of viscosities.
For the compounds ﬁéed in this study an amplitude of 1°

was found to be ideal. The rotor system is connected to a
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transducer which converts the torgue exerted on the rotor
to an electrical impulse, which in turn is transferred *o
a mechanical pen recorder. Thus, a visual trace of torqﬁe
(in inch-Ib) as a function of time is obtained. A typical
monsanto rheograph consists of an initial decrease in
torgue due to the thermal plasticization of the stock
which becomes constant for the induction period of the
vulcanisation reaction (scorch time) followed by a rise in
torque, as the cross-linking reaction proceeds upto a max-
imum value, and finally, a gradual decrease in torque as
reversion occurs. From such a rheograph all the usual
curing parameters are measured continuously during vulc-
anisation, (eg. scorch time, curing rate, cure time, degree
of cure and reversion characteristics). |

A typical torqgue-time curve produced on the Monsanto

Rheometer during the cure of rubber stock is shown in Fig.

4
Ll, ®

Torque

B

D

" Fig.b
Time )
There is an initial decrease in the viscosity of the

stock (A) due to the increasing temperature, which then

Tlattens out until the onset of cross-linking produces a
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sharp rise in viscosity (B), and therefore, in the torque
exerted by the oscillating rotor embedded in the specimen.
This torque increases until the cross-linking is complete.
The curve may show a decrease in torque with time if chain
scission takes place on extended heating or there may be

a continual increase 1f a slow cross-linking reaction
takes place.

It 1s possible to obtain roughly quantitative figures
for the scorch time B based on an arbitary number of units
of torque increase above the minimum value, and for the
rate of cure as assessed from the slope of the curve.

A more accurate kinetic interpretation of this curve
suggested by Cora%ilp’l%g)as follows: ~

Assuming that cross-link formation is a fifst order
reaction after an induction period ti.

EX = k(%x; Vt)

at

where k = the overall first order rate constant
Vtz the cross-link density at time 1
%b: the maximum cross-link density
t = the time in minutes

+.= the induction time in minutes.

1

i

On integration :-

(e

= k } - dt

/j v .




1 {V ?Vt g
< n‘g 0o Vt; - 1{[t7
\ )Y Ty
I —
° Ln VC/) V_L
= k(t - ti)
VOO

Tt hag been shown that VtocRJG

where Rt = the torgue developed at time %
. Vt o= th
and Simiiaﬂlyvco = Rmax
SN V00 = ICRmaX
where Rmax: the maximum torque developed and is taken

as a direct reading from the rheographs.

Substituting these values in the last equation

n R By = k(e - £ )
R
max
. logy, (Rmax— Rt) = log R oyt k(t - ti)

2.303

Rt and Rmax can be directly read from the rheometer

curve<Figw5)

H
uﬁft Tmax

| .

time (mins)— (Fig 5)
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To obtain k, values of loglO(RmaX~ Rt> can be plotted

against time (mins) (Fig.6)}

] -
*Og10<Rma§ Ry)
|
Time (minsg)
, k
Slope =
2.3073

k = slope x 2.303 min~t
t. ig the time necessary for the reaction to become 1lst
order.

The vulcanisation system thus becomes characterised
by three parameters.

ti - the induction period which is a measure of the
time for the formation of an active sulphurating agent
and the reaction of this with the hydrocarbon to form a
rubber- bound intermediate which 1s the precursor to cross-
link formation.

k - thé overall first-order rate constant.

Rmax - the maximum torque developed during the wvulca-

nisation process which is a measure of the cross-link dens-

1ty.

2-2-5 RUBBER HARDNESS TESTER

The hardness of a rubber 1s a useful physical prope-

rty which is measured by determining the depth of penetra-

tion of a needle of specified dimensions which is pressed
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into the rubber for a defined time with a defined force.
As 1t 1s a reversible deformation it gives a measurement
which 1s related to a modulus (eg. compression modulus)
and is, therefore a function of cross-linking density for
an unfilled vulcanisate. This test measures therefore, a
fundamental property yet it 1s probably one of the Simp-
lest test that could be performed.

The instrument used in this case is the wallace
hardness-tester, manufactured by W.H. Wallace Ltd. It
consigts of a vertical plunger, the indentor, terminating
in a rigid ball of 2.44 mm diameter that is capable of

substantially frictionless vertical movement, the part of

meter to avolid contacting with The rubber. A dial guage
indicates the movement of the plunger and is calibrated
directly in international rubber hardness degrees (I.R.H.D)
Loads of 30%- lg and 570- 5g can be applied to the indentor
as described. A annular foot forming part of the position
measuring guage, rests on the test-plece and exerts a
pressure of between 200 and 300 g/cmz. An electrically
operated buzzer gently vibrates the apparatus to overcome

e (115)

slight frictional force .

2-2-6 RESILIENCE TESTER

Craig<116)defines regilience as the ratio of the energy
given upon . recovery from deformation to the energy required
to produce the deformation expressed as a percentage. There

are many methods of determining this gquantity eg. the lupke
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pendulum, the Dunlop tripsometer, +the Dunlop pendulum
(B.S. 903 part A8, 1963) the Schob pendulum (DIN 53512)
and the Goodyear Healey pendulum (ASTM D 1054), In all
these cases the percentage rebound of a striker of given
dimensions from the rubber test-piece is measured, In
this work the Dunlop tripsometer(ll7’ll8>was used.

It has a steel ball indentor, which can be set at
desired angle (45%n this work). A test-piece is placed
in a test-piece holder and the swinging pendulum is then
released. The gteel ball hits the rubber sample and
rebounds back along the Scale from which the maximum

reading 1s observed.

2-2-7 MR 100 APPARATUS

The Modulus at 100% elongation represents a modulus
at a relatively small extension and as such gives for non-
filled vulcanisates a measutrement that 1s a function of
the cross-link density, the apparatus is described in British
standard(llg).

A test plece of the dimensions shown in fig.7 below

rig.’ EMW I , 1]

is held by two grips that can be accurately extended by
100%. The force exerted by this extension is measured by
a beam balance with sliding weights giving a maximum 1qad
of 1kg and capable of being read to 0.5g, an upper grip
is attached to the underside of anormal balance pan supp-
ort by means of an extension rod projecting downwards

through a clearance gap in the base casting. The base
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casting carries a fixed and vertically aligned rod. A
lower grip, similar in construction to the upper is prov-
ided with a fixed projecting cylindrical preg which slides
into one of two drilled and bushed holes in the vertical
rod. In eilther position, when the lower and the upper
grips are vertically opposed. When the lower grip 1is supp-
orted in the higher position, its distance from the upper
grip is such that the test-piece is elongated 100 percent.
The balance is fitted with a device for counter-poising
the welght of the assembly attached to the balance pan
support, With  stops to restrict the swing of the beam,

so that the corresponding change in extension of the test

. . A
plece 18 within -1 percent.

2-2-8 STRESS RELAXATION

The stress relaxation theory is based upon the kinetic
theory of rubber elasticity which relates the tension force
"F" exerted by a stretched piece of rubber and the number
"N" of stress supporting chains.

i.e, F = NKTA (h-N2) (1200

Boltzmann constant

i

where k
T = Absolute temperature
AO= Original cross-section area
}-= Extension ratio
N

If Xand T are constant the F/F :"N*
“o

where F and F are the original tension force and the tension
o)

force after (N —NO) chains are broken respectively and where
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NO equals the original number of chains and N the number
of chains broken when the tension force is F.
Thus the deoay in stress at constant extension during
ageing is a measure of the chains broken(12>.
It i1s essential that the test pieces are thin enough
for the surface oxygen attack To represent the oxidation
of the whole sample. If they are too thick, the process
becomes diffusion controlled. It was found necessary to
use samples with a thickness of less than 1 mm.
Convenlent specimens for this test were cut by a test piece
cutter designed for the MR 100 test shown in Fig.(7).
Ageing studies were carried out using the Wallace
stress relaxameter which has been developed fromagimple

(66,122-125) mpe gtress in the

helical spring relaxameter
rubber stretched between clamps 1s balanced by the force
in an extended helical spring operating within 1ts Hooke'S
law range. The extension of the spring 1s measured on a .
recorder, the reading of which is directly proportional
to the force thus, if the recorder reading is 1,

1/1O = f/fo = N/NO

A series of springs is available so that whatever the
modulus of the rubber, the initial reading is high on the
scale. The apparatus is placed inside an oven tube in a
Wallace oven and the measurement made at an elavated
temperature in any desired atmosphere. In this case a
temperature of 7QOC tZOC was used with an air flow of th%/

hour, Although the equipment can be used to measure inter-

mittent relaxation it was only used for measuring
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continuous stress relaxation in. this case.

2-2-9 COMPRESSION MODULUS APPARATUS (RETICULOMETER)

The apparatus marketed under the name "Wallace Smith

Reticulometer" is produced by W.H. Wallace of Croydon and
was developed by D.A. Smith<5o>. It was developed for a
Wallace rubber micro hardness tester(126)with a wedge
factor of 6:1 modified in the following respects. a) The
T.R.H.D. dial guage is replaced by a dial micrometer
gcraduated in 0.0l mm dimengions.
b) A jacketed reticulometer test cup is substituted for
the flat base of the test bed and a flat circular stain-
less steel disc (1.9 cm diameter), replaces the indentor.
c) A larger welght pan is fitted

Thermostatted water at the test temperature is circul-

ated through the reticulometer pot.

Experimental weight

K]“»‘V /
x-§§§//
) |
water from ,J P~ water to ther-
thermostatted 5 ~y»mostatted bath
bath o T
‘“1 Lsolvent
Fig.8 P00t et ’ )
' ! - +—>water jacket
P o 4——ri LA

47T Rubber sample

JUS U §

The pot is filled with solvent before testing and allowed
to equilibrate to the test temperature (25°C)loss of solvent
by evaporation was overcome by periodlc addition of fresh

solvent also at 25OC.

Samples were cut with a scalpel from the central part

of vulcanised sheets. This method was preferred because
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it -avoided the concave edges produced by the punching
operation<13).

A vernier microscope with a accuracy of T0.001 em
was used to measure the length ofvthe specimen. For comp-
ression modulus determination, the values required were
Agshg ( the original cross-section area and height respect-
ively) ho was obtained by taking the average of three
readings of height. Aj was computed from the values of
lengths of the four sides of the specimen and the same

for the other side as shown in Fig.

“— A -
1 1"’—' 7

1
b | ; ? A = (a+ ¢) (b + 4)

R

.

—C 2 2

A circular cutter was later found to be more conven-
lent.

Values of C, were calculated as described in appendix

1
(1). It was also found useful to determine the polymer-
solvent intraction coefficient (X) of the Flory Rhener
equation(58’59>at the same time. The volume swelling was
determined by weighing the swollen compression modulus
specimen and again after deswelling to constant welght

under a vacuum for about 48 hours at SOOC. The computer

program in basic language is shown in appendix (1).
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2-3— EXPERIMENTAT, WORK

2-5-1- ACETONE EXTRACTION

ALl the rubber ( NR ) used was purified by acetone
extraction, as previously described,( 2-1-1 ),excent for
a limited amount of work which was carried out to deter-
mine the competition offered by indigenous radical acceptor
present in the rubber . The latter was necessary to assess
the large scale practicallity of the work as large scale
modification would be too expensive if acetone extraction
was reguired as oneﬁthe production steps.

2=-5-2~ MASUICATION OF NON-EXTRACTED NR IN AIR

NR was masticated in air in both the Uni-rotor mixer
and a two-roll mill for different times ( 0,1,2,5,10,15,
20 minutes ) abt approximately 2500. Only 10 gram quan-
tities of NR could be masticated in one operation in the
Uni-rotor mixer and 20 gram on the 6" two-roll mill.

It was therefore necessary to prepare a number of balches
under identical conditions to obtain sufficient compound
for vulcanisation.

Mastication was also carried out in air on the’
two-roll mill in the presence of lphr of the radical
acceptor(MBT) .

In all cases a plot of plasticlty versus time was
constructed and ;f was observed that the rate of mechano-
chemical degradation was much greater on the two-roll mill

than the Uni-rotor mixer because of the more effective shear



rate of the former .
The rate ol degradation produced by masticabtion in

the presence of !MBT after 20 minutes was slightly greater

than that produced in air only,although it was obvious that

they would wmltimately converge. In each case mastication

was carried on.until a wallace plasticity of 38-40 units

b

was obtained (N ¥ 265-275 Kg mole”

°

2-%-%- MASTICATION OF NON-EXTRACTED NR IN THE PRESENCE

OF NITROGEN (N,)

Masbtication of rubber in an inert atmosphere of N2 was
carried out in the Uni-rotor mixer . 10 gram of non-
extracted NR was masticated for different periodsof time
ranging from 0-20 minutes ( 0,1,2,5,10,15,20) using a rotor
speed of 40 rpm and temperature of approximately 2500.

The temperature was measured using a thermocouple positioned
shout lmi. from the face of the mixing surface of the stator

and controlled by immersing the statoriin an ice-water mixture.
Nitrogen was freed from oxygen using alkaline pyrogallol
solution and passed through the mixer at least 5 minutes
before switching the motor on to remove all the oxygen

and this was conbtinued Ghroughout the mixing period.

As expected a plot of plasticity versus time showed
that the efficiency of mastication was much lower in N2
than that in air dther.in the Uni-rotor mixer or two-roll mill
This could be due to the recombination of radicals by

themselves rather than by the free radical aoqeptors.
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2=5=4— RADICAL ACCEPTOR ACTIVITY

A- MASTICATION OF EXTRACTED NR IN ATR

nasians

To establish the best condition, the mastication of

extracted NR was carried out in the Uni~rotor mixer under

a variety of conditiong. These included the amount of

rubber used (which controls the distance between the mixing

faces), the speed of rotation,the temperature and the time.

It was finally decided to use a bateh welght of 10 gram

at 2500 using a rotor speed of 40 rpm. The reduction of

molecular weighﬁ was almost completed within 20 minutes.

Extracted NR was also masticated onatwo-roll mill in

alr and in the presence of{lphrof the following radical

acceptors: ( MBT,MBLS,TMTD,P25,DIPDLS,DIPTRI ,DIPTET) { table 4)
A plot of plasticity versus masticabion time which

was also converted toa molecular welght versus masbication

time graph(using the Mullins and Watson Qalibra@ion§15>

was plotted. Results are shown in tables ( 5,6 )

and figs. 10,11 .

B-MASTICATION OF EXTRACTED NR IN N2

Extracted NR was masticabted with and without radical
acceptors in the Uni-rotor mixer using the procedure
described in(2-3%-3) under a nibtrogen atmosphere. The
Tadical accepbors used were : MBT,MBTS, TMID,P25,DIPDIS,
DIPTRI,DIPTET and the amount of radical acceptor used was
lphr in each case table 4 ) : |

10 gram batches of rubber were first sheeted on a
#wo-roll mill in the shortest possible period of time and

the radical accepbor was then distributed over the sheet

which was then folded and sealed . These "pgckageé were
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then added to the Uni-rotor miier and the loss of the
powder thus avolded.
Mastications were carried oﬁt for 0,1,2,5,10,15 and
20 minute at 40 rpm. The temperature being maintained at
25°C . Results are shown in table ( 6 ) and fig-(1l2).

2-5=-5- PREPARALION OF NR GUM MASTERBATCH IN N2

500 gram quantities of extracted NR were masticatbed
in 10 gram batches in the Uni-rotor mixer‘in an atmosphere
of N2 at 40 rpm and 2500 in the presence of Llphr of the
following radical acceptors:MBT,MBTS,IMID,P25,DIPDIS,
DIPIRL,DLIPTET,DBUDLS,DBUTRL ,DBUTETL. These radical acceptors.
were used in the formulation 1 and 2 as indicated in
Tables 1 and 2 o

300 gram gquantities of extracted NR were masticated
as above in the Uni-robor mixer using the whole gquantities
of radical acceptor required in the formulation i.e. TIMID

(3.5phr),P25 (%.5phr),DIPDIS (%phr) and DIPTET (6phr) as
shown in table 3.

Mastication was carried out to a wallace plasticity
of 33-40 units ( Fn =265-275 Kg mole™ ). The batches
obtained from the same radical acceptors were then blended
én a two-roll mill and each masterbatch was compounded
with -the appropriate formulation to wallace plasticlity
0f 20 ( formulation 1) snd 10 (formulabions 2 and 3 ).

The molecular weights of a selection of the compounded

rubbers were also determined by viscosity measurements.
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In the case of DIPDIS used ih formulation 3 a further
quantity of masterbatch was prepared in the Uni-rotor mixer
( N, atmosphere,40 rpm,25°C ) to a wallace plasticity of
15 and after compounding the wallace plasticity was further
reduced to 5

A comparison of The mastication efficiencies of the
Uni-rotor mixer and two-roll mill with TMTD is shown in

fig.l5 ( table 7 )

2~%=b- PREPARATION OF NR MASTERBATCH IN AIR

Sufficient batches (300) of extracted NR were masticated
on a two-roll mill (12") Yo a wallace plasticity of 38-40
units to prepare (formulations 1,2 and 3 ) shown in tables
L,2 and 5 .

The wallce plasticitjies after compounding were 20 and
10 as described in section (2-3-5 ). The molecular
welghtsS of a selection of these compounded rubbers were
also determined by viscosity measurements. Another %00 g
of Tubber was masticated to a wallace plasticity 28 and
after compounding to wallace plasticities of 27,19.5,14.5
end 9 units. The intrinsic viscosities of these were also
determined ( table 8 ) e

‘3iX5OO gram batches of extracted NR were masticated as above

,containing lphr MBT, 3.5phr IMID, and Sphr DIPDIS respec-
Tively. These were used for the preparation of the -

formulstions shown in table 3 .
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2-%-"7~ FORMULATIONS

IThe formulations used are divided into three sections
~and are shown in tables 1,2 and 3 .
ln the formulations shown in table (1) using lphr of
radical acceptor (the accelerator ) in combination with
2.5phr of sulphur , no attempt was made to opbtimise The
sulphur:accelerator ratio. In each formulation extracted
NR was used but modified by adding the lphr of radical
acceptor atbt the masticabion stage., The mastication was
carried outb underal%zatmosphere as already described in
section (2-%-5 ) . When the NR is modified in this manner
the formulabion number is givena"t+" sign . In_one case
where MBT is used, the mastication with the lphr of MBT
is also carried out in air (bto assess the competition of
oxygen as a radical acceptor )and this formulation number
isrmarked with sign "a

Formulations shown in table ( 2 ) have been optimised
to give practical S:acceleratoror NR:S-donor ratios .
Once again a comparison of unmodified extmactéd NR-with
the rubber modified by mastication with lphr of the
radical acceptor in N, is made and indicated by "+"

The formulations in table (%) differ from the other
two in that all the radical acceptor ( the accelerator or
S-donor ) has been added at bthe mastication stage.
Mastication in N2 is shown by "n'" with the formulation

i . . : Hon
number and masticabion in air is shown by "a
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Table 1 : Formulation (1):(High Sulphur Compounds)

[ Formulation 1A, | 1B, 11C, 1D, 1E, |17, |G,
p .
= 1A .
1 ")
" B, |10, 11D, 1E. 1F_ |16,
+
Rubber 100} 100 (100 {100 1100 {100 {100 {100
S 2.51 2.5 12.5 2.5 |2.5 2.5 2.5 |2.5
Zno 5 5 5 5 5 5 5 5
Stearic acid 3 3 3 3 3 3 3 3
MBT 1 ~ . - - - - -
MBTS - 1 - - - - - -
TMTD - ol R B A A -
P25 ~ - - 1 - - - -
DIPDIS SO T S H R A N N
DIPTRI SR EEE AT N T N N
- - - 1 -
DIPTET - - -
R AU R - Dp.5
CBS ' - -
‘ : . ‘at the mastication
Index(a) “Lo1g of radlCaT acceptor added a

stage under air.

f;IndeX(+) : 1lg of radlcal acceptor added at the mastication
: stage under Ny : '
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Table 2 : Formulation (2):(Optimized)

-
Formu%iyion 2B, | 2C,| 2E, | 2F,| 2G,| 2H,| 2M,| 2N,
N 2B, 2C, RE, 2F, 2G| 2H_ AN | 2N,
Rubber 100 } 100} 100 | 100/ 100/ 100| 100| 100
S 3 - 0.5 -~ ~ 0.5 - -

Zn0 5 5 5 5 5 5 5 5
Stearic acid 2 1 3 1 1 3 1 1

DPG 0.2 - - - - - - -

DMDS N S OV I B R B B

VBTS 5 - - - - - - -

TMTD - 3.5 - - - - - -
DIPDIS - - 3 - - ~ -~ -
DIPTRI _ - - 6 - - - -
DIPTET - - ~ - 6 - - -
DBUDIS - - - - - L -~ -
DBUTRI - - - = - -7 -
DBUTET - - - - - - - 7

)

-, Index (+) 1lg radical acceptor added at the mastication stage
.  under N. . e




Table 3
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Formulation (3)

(Optimized)

Formulation 3C, 3D, 3E, 3G
5C ’ 1 i
(3) 3 a 39 BEa, 3G,
3C, 3D 3E, 36,
Rubber 100 100 100 100
Zno 5 5 5 5
Stearic acid 1 1 3 1
S - - 0.5 -
DMDS - - 1.63 -
TMTD 3.5 - - -
P25 - 3-5 - -
DIPDIS - - 3 -
DIPTET - - - 6
!
Index (a) total amount of radical acceptor added at the
‘ mastication stage under ailr.
total amount of radical acceptor added at the

mastication stage under NZ.



the compounds were all prepared on a water cooled
laboratory,l2" two-roll mill using rubber that had been
previously masticated with or without added radical
acceptor to a wallace plasticity of 38-40 . The ingredients
were added in the same order in all cases,the sulphur or
S—-donor was added last. Mixing was carried on until a
wallace plasticity of 10 was obtained . The wallace
plastimeter readings were carried out in btriplicate and
agreed within T 1 wallace plasticity unit. The calibration
of Mullins and‘Watsoncl5> was used to convert the results

to the number average molecular weight (Mo ) .

2-5-8- SOLULION VISCOSITY MEASUREMENTS

Solution viscosity measurements were carried oulbt using
an Ubblehode suspended level viscoweter which was immersed
in a wabter bath maintained at 2500 +.1°C . The viscometer
is shown diagramatically in fig.(9 ) . A 1% solution of
the rubber compound im bemezere was prepared, making allowance
for the non-rubber constituents, filtered and then centrifuged.
Five consecutive flow times using 5ml of the solution
(agreeing to within * 0.2 sec. ) were determined. Five mls.
of the pure benzene were then added to the solution in
the viscomeber and mixed by blowing filtered air through
the tube "D" . It was then allowed to reach-temperature
equilibrium and the flow time redetermined . This process
was repeated after the addition of a further two Sml

portions of benzene . The flow time for pure benzene
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Fig.9 UBBLEHODE VISCOMETER




“'?l"

at 2500 was also determined . The ratioof the flow time of

the solvent and solution is known as the relative viscosity
nr . (RAr -1 ) is known as specific viscosity and the

plot of ("N = -1)/conc. versus concentration gives a sbtraigt
line. When extrapolated to zero concentration it gives

the viscosity of the solution which is known as the intrinsic
viscosity"{ﬂg and is related to the number average

molecular weighl by the well known Mark~Houwink<lg7>
equation.

M) = K.Mn-

where K and & are constants. For NR in benzene at 2500

these constants are

K = 2.29 x 10~7

P
i

1.5%%

=
il
Ol

A typical (Y]Jr - 1 )/conc. versus concentration is
shown in fig.(l%).

The viscosities of dilute solutions of compound 2C
(IMID) at wallace plasticity values of 27,19.5,14.5,9
were determined by the above method to confirm the IMullins
and Wabtson plasticity calibration curve . The values
obtained are shown in tables(8,9). Fig.(l4) shows the
agreements of this calibration with the values obtained
by Mullins and Watson <'07.

The calibration was,therefore,used for much of the

Subsequent work.
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Where accurate values of Mn were required e.g. for
calculation of the number of free chain ends,bthe solution
viscosity was still used . This was,therefore,used for
formulations intables 2 and 3% . |

A curve relating intrinsic viscosity to Mn was constructed

(fig. 16) and used to simplify T calctlations .

2-5-9~ MONSANTO RHEOGRAPH

AlLL formulations under investigation were examined on
the lMonsanto Rheometer. at .eure temperature of 140°C . The
maximun degree of cure (Rmax) and optimum cure time
were calculated . This was carried oult for two reasons:
to obtain an estimate of the time required for optimum
cure when pressing sheels 1n the laboratory and to assess
any chage in Rmax and cure rate that might have resulted
from a reduction in chain ends due to mastication in the
presence of.a vulcanisable radical acceptor. The latter
comparison of modified and unmodified vulcanisalbes was
carried owt in all cases.A specimen rheograph is shown in
fig.(9a)but all the results are quoted in table(l0).

In certain cases the first order rate constants were
included. These are shown in table ( 10 ). The Monsanto
rheameter was also used to establish the fact that a
sufficient dispersion of compounding ingredients had
been achieved when preparing the formulation used.

This was done simply by comparlng the rheographs obtalned
from pieces of stock taken from different parts of the

sheet from the mill. Identical curves were produced when

good dispersion Was obtained .
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2-%-10~ PREPARATION OF VULCANLSATES

Vulcanisation of the formulabions shown in tables (1,2
and 3) secblon(2-3-7Pwas carried out using a Bradley and
Turton hydr@ulic press with . induction heated platens .
A temperature of 140°C * 2°C was used . The time of

vulcanisation was va ried according to the compound used
and the state of cure required . In all cases the moulds
were carefully cleaned,treated with a silicone release
agent(except where stress relaxation tests were Lo be
carried oult ) and preheated before use <A weighed quantity
of rubber calculated to produce a 10% excess over that
required by the mould cavity was used . A pressure of 456
M me (30 ton in_g) was applied during the whole of the
cure cycle although this was momentarily released at the

Peginning of the operation to prevent the Lormakien — of
air bubbles .

Stocks of formulations land 2 were cured to optimum
cure time but stocks of formulation % were curedbHr four
different cure times . After vulcanisation the sheets
taken oub of the press were immediately immersed in cold
water to quench furfher curing reaction and then dried
and placed in the deep freeze ab -20°C until required
for evaluation . These sheets were removed from the deep
freeze and kept at room temperature for 24 hours before using
them for the assessment of physical properties .

Vulcanisates . were prepared for the following tests .

(a) Hardness. . 2.5 cm diameter and 1 cm thickness,
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specimens were used

(b) Compression modulus, gswelling and Yesilience sheets
of dimemsions 2.5 x 7.5 x 0.3 cus were used for bthese tests.
The specimens used for compression modulus determinations
and swelling tests were cub from the sheets by means of
a dumbell test piece cutbter (B.S S6/1/la ) and then again
at right angles across the parallel-sided section of the
specimen to produce a square . Later on in this work it
was found more convenient to use a cork-borer of 0.6 cm
diameter
(¢)Stress relaxation

For this work very thin specimens are required otherwise’
the rate of oxidation becomes diffusion controlled .A cavity
mould giving sheets of 12 x 22 x 0.05 cms was used .

No - Silicone release agent was employed as 1t was

found to retard the rate of oxidation . Test specimens
were produced using a cutter designed for the MRLOO apparatus
which gives rectamgular specimens es shown in fig.(7) .
(d) Stress strain properties

Sheets of nominal dimensionsl2x 22 x O.l cm were moulded.
Specimens for tensile strergth were cut by means of a dumbell
test piece cubtter (B.S $6/1/3C). IMRLOO specimens were cut

with a special cutter which was also used for stress relax-

ation determination .

2-3-11- SWELLING TEST

Trpee test pieces were cut from each vulcanisate as
described in section (2-%-10) . The samples were then

;{Weighed ,placed iﬁ‘sample~bottles and immersed in dry
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n-hexane at 25°C+ 0,290 They were then left for 24 hours
by which time they hadreached constant weight.,

The samples were then taken out individually,the excess
surface solvent removed with filter paper, placedin a tared,
stopped welghing bottle and reweighed to #* 0.1 mg . The
transferance to the weighing bottle had to be done quickly
to prevent loss of the solvent by evaporation . The samples
were then returnedbto the bottles containing the solvent
and kept in the water bath atb 2500 for compression modulus
determinations which will be described in section (2-%-12) .
After compression modulus had been debermined the samples
were driedina vacuun oven at 40°C . to constant weight
(48 hours) and the volume of solvent absorbed calculated .

Lt 1s necessary to deswell the samples in vacuum to
obtain the weight of the unswollen rubber as the original
welght of the dry specimen could not be used because
the solvent leaches out the soluble material and a false
result would be obtained .

The equilibrium swelling ratio was calculated as

vV

Ve = —=

(VR + Vg )

where V., is the volume of the deswollen rubber and VS is

R
the volume of the solvent absorbed .

These values of L?r,together with the value of Mc

phys
which was determined from compression modulus data (2-3-12)
‘ | .
were substituted in the Ilory-Rhener equat3.on<b »59) and

the. values of the polymer solvent intraction coefficient

(X ) calculated . The computer program for the calculation



_7'7_

together with that;fersolving ﬁhe compression modulus
data 1is given in appendix 1 .,

This procedure was adopted for all formulabions in
tables 1 and 2 at optimum cure time and the values of
X obtained were then used for the direct determination of
Mcphys from swelling data for vulcanisabes prepared from
formulation % over a range of cure Limes . Results are

shown in tables(11,12,13,14,15 ) and figs.(17-28).

2-5~12~ COMPRESSION MODULUS

2—5-12-1~ COMPRESSION MODULUS ON SWOLLEN SAMPLES USING

THE WALLACE RELICULOMETER

The wallce reticulometer has been described in section
(2-2-10). The following procedure was used .

The reticulometer was switched on and the pot filled
with n-hexane ( the same solvent used for The swelling
determination ),thermostatted water at 2500 was passed
through the jacket surrounding the pot using a water pump.
When temperature equilibrium had been obtained the Test-plece
was transferred to the pot . The foot of reticulometer
was lowered until thesample was well immersed in the hexane .
The instrument was then zeroed using the small back knob
at the back on the left side of the instrument .

The foot was then lowered onto the surface of the sample
and a small pressure was applied by the wheel until a
positive reading was produced by turning on the C.R.G.

- The pressre was then released to zero . the column was

*ilogked using the chrome lever on'the left side of the ins-~
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trument . The test was then carried out as follows:

(a) 500 g(excess load) was placed on bhe pan for 20 sec.

(b) The excess load was then removed and the sample was
allowed to relax for 5 wminutes .

(c)After relaxation 25 g weight (dead load) was put on
the pan for 1 minute .

(d) The dead load was removed and bthe first experimental
load was added . The chrome wheel was turned until the
C.R.G. read zero and the dial gauge reading was read
and the chrome wheel was burned to reburned dial gauge To
Zero .

(£) After 20 sec the dead load was pub on the pan for
L minute .

(g) For each experimental(weight load) step (d) to (L)
were repeated .

The series of experimental loads used (gram) were as

follows:
50 100 150 200 250 300
50 100 150 200 250 300

The wedge factor ofthe instrument was 1/6 . Therefore
all reading have to be divided by 6 . The approximation

due to D.A.Smith(?0)(1-2-5-4) was used i.e.

B ho
C e
L7 an 6ag
Mophys was then calculated from the relationship :-
PRT
Cl =
EMCphys
e was calculated from the Moore,Mullins and Watson

: chem '
equation<6l’66>7l>in section (1-2)
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The value of NMn was either obtained fran the wallace plasti-
city number of the stdck immediately before vulcanisabtion
using the calibration curve (fig. 14) or for more accurate
determinations(e.g. when trying to obtain numerical values
of the chain ends tied during the modification and vulcani-
sation process ) .. determined directly from intrinsic
viscosity [YQE as described in section (2-%-8 ) . The value
of Mcphys obtained was used as described in section (2-3-11)
to calculate The value of X for formulation 1 and 2 ffom
the IFlory-Rhener equation<58’59> . Results are shown in

fables ( 11,12,13,14,15 Jand figs.(1l7-28) .

2=5-12-2- COMPRESSION MODULUS ON UNSWOLLEN SAMPLES

IThe same procedure as above was carried out on dry
samples prepared from formulations P,2C and 2C+ .

Trom this experiment the.values of F/A; and Ah/ho
were plotted for different cure btimes and the slopes (the

compression moduli ) determined . The variation of com-

pre3sion modulus with cure time was also determined .

Results are shown in table ( 16 ) and figs.(58~ 58).

P-%-1%- HARDNESS MEASUREMENTS

This measurement was carried out with the wallace hardness
tester previously described in (2-2-5) using the disc
specimen (2-3-10) . The samples were pre-loaded with a
weight of 30 g for 5 sec.,the dial micrometer adjusted to
a value of 100 and then loaded with the full test»weight

of 540 g . The depth of penetration of the indentor (which
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was electrically vibrated during the test ) was measured
on the dial gauge . As this is time dependent the reading
was btaken after 750 secs.

An average of © readings (% reading from different
points of each side) were taken . The test was carried
out at amblent temperature .

Hardness tests were Wdetermined far wulcanisates from formu-
lations 1,2 and 3 . The results are shown in tables (. 17

18,19,20 and figs.(35,%6,37,44,49,55,61) .

?

2-5=14~ RESILIENCE TEST

The instrument used in the determination of this physical
property was Dunlop tripsometer described in section (2~2~6j.
Two square test pieces were fitted tightly into the holder

and left for a period of 5 minutes . The disc was rotated
in an anti-clock wise direction Through an angle of 450
and clamped . The clamp was released and the rebound angle
measured .

The test was subjected to a number of impacts until a
constant reading was obtained for three consecutive impacts.
This experiment was performed for formulations 1,2 and
% at 20°C %= 1°C and results were simply expressed as below:

Rebound Resilience% = (reading /45) x 100
The results are shown in tables ( 17,18,19,20 )

and figs. (41,42,46,52,53,59,62)

2=-%-15~ MR100O MEASUREMENT

This property was determined using the MR100 apparatus

':‘;ﬁesgribed'im section (2-2-7) .
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Five test pleces were cut yas8 described in section
(2-3-10) from each vulcanisate .

Ihe test pieces was placed in the grips with the lower
grip in the upper position,the lower grip then moved down
to the lower position to give a 100 percent elongation of
the test piece and the temsion in the rubber was balanced
- by sliding the weights on the balance arm until it equalled
the tension of the test piece . The equilibrium point of
the balance was determined by the complebion of an electrical
circult which énergises a neon bulb . The balancing load
was read and recorded and corrected for the initial welght
of the test piece and grips which had previously been
determined .

This experiment was carried out for vulcanisates prepared
from formulations 1A,1A;+,1A5,%E,%Ea and 3En at four different
cure times . The results are shown as modulus at 100%
elongation ( MN m—% in tables( 19,20 ) and figs.(%8,39,50).
Ihe thickness and width of test pieces were measured using

a dial micrometer,

2-%-16- TENSLE STRENGTH AND MODULI AT GIVEN ELONGATION

These tests were carried out as specified in British
Standard, 90%:part A2:1971 using a btensometer type "E"
with an instron test piece holder attached . The test
was performed using a motor speed'of 5750 rpm . A 50 1b
load cell which produced a full scale chart deflection

was found most convenient .

The width and thickness of the central part of the



dumbell shape samples,which were previously cut using
the smallest dumbell cutter,(type B.S.86/1/3C ) ,were
measured and the cross section area calculated . The
test plece was clamped to the holders and extended .
The loads required to produce an elongation of 100% and
in some cases 200%,300%,600% and further to break the
specimen were measured . The ultimate tensile strength
was calculated in MN m'2 using the original cross sectional
area of the Test pieces .

Ihis experiment was carried out for formulations LA,
LA, and formulations in table % ab different cure times
and an average of w1esults of five test pieces in each cases
was calculated . The results are shown in tables(17,18,
16,20 ) and figs.(32,%%,34,40,4% 45,47 48,51 ,54,60) .
Any obviously low resultswere dismissed(as they were produced

by flawed best pieces) and new test pieces substituted .

2-%-17~ STRESS RELAXATION USING THE WALLACE AGE TESTER

This was determined using the wallace age tester
described in section (2-2-9) .

Half of the samples (section 2-3-10) were acebone
extracted for 48 hours and vacuum dried to a constant
weight . The remaining samples were tested without
extraction .

The samples were fitted in the test piece holder and
left in the oven cellgﬂ:atemperaﬁure 720°C £ 2°C and flow
of 2 £t hr™T until equilibrium temperature was achieved .
The instrument was used at maximum sensitivity and each

Tecorder zeroed ab 100 .
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The contbinuous relaxation of stress was recorded for

periods of between 24 and 48 hours

@

The logarithm of the ratio of initial stress strain

B
ot
@

T a given bime (Log F/Fo ) was plotted as a function
of Time .

Three separate deberminations(using different samples)
were made for each vulcanisalbe o

This experiment was carried out for formulations in
table 2 with extracted and non-extracted vulcanisates .
L selection of the more important results are shown in

figs.(30,51) .
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CHAPTER 3

3- Results and discussion

51 MEASUREMENTS OF RADICAL ACCEPTOR ACTIVITY

Lhe radical acceptor efficiecies of DIPDIS, TMTD,
DIPTRL, MBT ,MBTS ,P25 andDIPTET have been assessed by
magsticabion under different conditions. Fige.(10,11)
show the decrease in molecular weight of acetone extracted
NR when masticated for 0,1,2,5,10,15 and 20 minute
intervals in air on the two-roll mill. It can be seen
that they all increase in the rate of mechanochemical
degradation although it seems that oxygen is playing
a predominant role. The reduction in molecular weight
due to the masticatbtion of the rubber in a nitrogen
atmosphere in the Uni-rotor mixer (Fig.l2) enables
one to list the radical acceptors in order of their
acceptor efficiencies i.e N,{ IMBIS ( DIPDISC DIPTETS
DIPTRI P25 {TMID (MBI O‘2

This method of comparing relabtive efficiencies
was originated by Pike and Watson<7) with referance
to (Fig. 13) which compares. tThe mastication of NR
under various conditions the reduction in molecular
weight of the rubber when masticated in air on the

two-roll mill and in the Uni-rotor mixer is very
similar,i.e they must have similar rates. Lt can be

seen that TMTD with air is the most effective radical

acceptor combination.



5~2~ INTERDEPENDANCE OF WALLACE PLASTICITY

AND NUIMBER AVERAGE MOLECULAR WEIGHT

Lhe determination of thfzgﬁg by solution viscosity
measuremnents of the natural rubber compound.(2C), reduced
to different plasticities by mastication jhas been
described in section 2-3-8,Table (8) gives detailed
results of these determinations and fig.l5 shows the
extrapolation. The In andgqg values for a range of
compounds is shown in fig. 16 and was used for deter-—
mining the Mn of their compounds of knowngﬁg’by inspection.
Mn values were debermined from the Mullins,Watson
calibration grapgh of Mn versus plasticity as described

in section 2-%-8 and shown in fig.l4.

5~5-QUANTITATIVE ASSESSMENT OF FREE CHAIN ENDS

When natural rubber is masticated toamolecular
weight of Mn and then cross-linked,the elastic constant

of the-Mooney, Rivlin equation<45’46> (C;) can De

calculated from the equation <6l’7l>:

)
C,=(fRY/2Me +0.78x10°)( 1-2.5 Mo,y /T ) dyres
cm=

where f = density of the rubber hydrocarbon
R= gas constant
T= absolute temperature

= pumber average molecular weight

Mcchem

between crogs-links




- -86-

( /RL/ 2Mcchem> represents the conbribubion due
to chemical cross-links.

( 0.78 x 106) is the maximum calculated entagle-
ments contribution ..

(1~ 2.2Me, ./ ¥n ) is a reduction due to free
chain ends.

When natural rubber is masticated to the same
Mn value but in the presence of a radical accepltor
That will produce terminal groups that will combine
with the network during vulcanisation then the value
of Cy obtained ( Cl oa ) 1s different eventhough the
value of Mco mis £eot constant,(The constant lMc

he chem

18 maintained by using the same formulation in the same
mould with strict control of fThe time and temperature).

This change in G must be due to the only remaining

mod.
variable,lin ,which changes to an apparent value of Mn
when the reactive end of the molecule combines with
the network.

If the chain end modification is 100% effective
then the value of Nn' becomes very large and the number

of free chain ends becomes very small.

This is illustrated as follows:

MASTICATE IN AIR WITHOUT [MASTICATE IN N2 WITH A

ADDITIONAT, RADICAL ACCEPIOR VULCANISABLE RADICAL
ACCEPTOR TO THE SAME Tn -
“ B i T e Wy

Tin Tin Tn etbec.

lvulc.
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Evﬁa
]
L ~
i.e 2 chain ends per Ma value of Vn now becomes

S
Total No. of molecules= M-S/ Fn Mn!
where Il= overall molecular weight| Similarly:
of network Lotal No. of molecules

S=molecular welght of additional = M-S/ Mn'

sulphur used in cross-lining.

@

Jo The % chain ends remaining after modification
= 2(M-8/ ¥nt') / 2(¥~3/ Tn)
=Mn /TIn' x100

J.The % chain ends combined is = ( 1- Mn / Fn') x 100

The value of Mn'! can be calculated as follows:

1 6 s - V]
Ca QFR$/2McGhem + 0.78x107 ) 1- 2.3Me

. : | 6 ; -
Cipog (PRI/2Mc -~ + 0.78 x 10°)(1- 2.3lc,, / Fn' )

ohem/ M- )

e C1 Cimod

/) (L= 2.3Mc )/ Tt )

(1- 2.3Me

Ttl-2.3Me,  / Tts . Oy ./Cy (1= 2.3Mey / Mn)

. 2.3Me m/ Mn® = 1- Cimod/CXCl“ 2‘5MCchem/ Min)

che

° Tin! = 2'BMOohem, =

1= 0y, g/04 (1= 2.3Me o /Thi)

2.3MCMc

B e I

chem -
(0401040 * 24301506 enen
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o

So % Chain ends combined after modification

‘ 2. 3Me - Vin .
%C.E.G,:< e em )( Gy Clpoa?

o RN
e 5Cilcohem

~%-1— DETERMTINATIO: : | r AND X
3% oN OF cl,Mo,phys,Mcchem,z)r AND X

Table(1l)shows the value of Mcphys and Mcchem for
compounds of formulation 1 and 2 masticabed to initial
molecular weights of Tn=175 and Mn=128 respectively(Kg mole 1),
The formulatiom were vulcanised to optimum cure time
and the compression moduli of the swollen vulcanisates
determined as described in section 2-3-12-1 . In all

cases the Mc_, value of tThe vulcanisates prepared from

phys
rubber masticated in the presence of radical acceptors in
nitrogen (shown with a + sign after the formulation number)
are less than those for rubber masticated in air eventhough
great care has been taken to maintain to a constenlt cross-
link density by using the same formulation and strictly
controlling the vulcanisation conditions. IlMany preliminary
experiments were carried out to make sure that 1t was possible
to obtain consistenﬁ cross—~link densities from a given
formulation . This reduction in Mcpnys is what would be
expected if there was a reduction in chain ends .

Table (12)shows the values of Mophys’ Jr and X obtained
from compression modulus and swelling determinations on

| . o
optimum cure time vulcanisates swollen in n-hexane at 25°C

(sections 2-3-11,12) . TheX values obtained were different

for different formulations and it was necessary to use these
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specific X values for the determination of IMc n
poays
vulcanisates brepared from formulations shown in table

for

3 « The reduction of chain ends by masticating with
radical acceptor produced no detectable difference in
the value of X . |
Table(l5) shows the values of C, obtained from com-
pression modulus determination of swollen vulcanisates
prepared from rubber masticated in air <Clor> with those
obtained from rubber masticated with radical acceptors
( %ﬁmodJ for all formulation in table %. The corresponding
values of Moohemand the Mn value of the rubber immediately
befare vulcanisation (determined from[n ] results ) enables
us to calculate the apparent value that this molecular
welght would have when cross-linked into the network to
produce this reduced number of chain ends (i.e Mn') see

section %-% .

5-5%-2- REDUCTION OF CHAIN ENDS BY MASTICATION WITH

RADICAL ACCEPTORS UNDER N2

Figs. 15-26 show the variation of Mn' with cure time
and percentage of chain ends combined versus cure time
for all formulatioms in table % and formulation 1A and 1A+
'( MBT ) for short cure times at 140°C the value of Fn!
and the value of chain ends combined increases. HFor longer
cure times these reach a limiting value exept in the

case of the TMID vulcanisates where the number of chain
ends cleaves and then increases with increasing cure time.

This is unexpected in view of the stability of the TMTD
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specific X values for the determination of Mophys for

vuloanisates brepared from formulations shown in table
5 « The reduction of chain ends by masticating with
radical acceptor produced no detectable difference in
the value of X . |
Table(l5) shows the values of C, obtained from com-
pression modulus determination of swollen vulcanisates
prepared from rubber masticated in air <Qlor> with those
obtained from rubber masticated with radical acceptors
( QUmodD for all formulation in table %. The corresponding
values of Mcchemand the Un value of the rubber immediately
before vulcanisation (debermined from[qgiresults ) enables
us To calculate the apparent value that this molecular
weight would have when cross-linked into the network to
produce this reduced number of chain ends (i.e Mn') see

section 3-% .

5=~%-2~ REDUCTION OF CHAIN ENDS BY MASTICATION WITH

RADICAL ACCEPTORS UNDER N2

Figs. 15-26 show the variation of IMn'! with cure time
and percentage of chain ends combined versus cure time
for all formulatiors in table % and formulation 1A and 1A+
A( MBT ) for short cure times at 140°C the value of Tn!
and the value of chain ends combined increases. For longer
cure times these reach a limiting value eﬁépt in the

case of the TMTD vulcanisates where the number of chain

ends cleaves and then increases with increasing cure time.

This is unexpected in yiew of the stability of the TMID
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vulcanisates. As can be seen from stress relaxation
curves (figs. 30,3l ) which compares the relative
oxidisabllities of the vulcanisates brepared from rubbor
nasticated in air and in the presence of a vulcanisable
radical acceptor and there is very little difference
between them and they are all relatively stable. No
explaination can be offerd for the behaviour of the TMTD
vulcanisates.

The percentage reduction in chain ends produced by
the various radical acceptors when the rubber is masticated
in the Uni-rotor mixer under nitrogen to an Mn value of
128 Kg mole™ is

MBT-25%

DIPDIS~30%

F25  -35%

DIPTET-40%

IMTD - -50%

Lhe fact that TMID is bthe most efficient chain end
reducer is an agreement with the fact that it is a very
efficient radical acceptor (figs 10,11) although MBT is
even more efficient as a radical acceptor it is the least
efficient chain ends reducer and we must conclude that
although a large number of the polymer free radicals pro-
duced on mastication are terminated by !MBT their reaction
with sulphur to tie them into the network must be very
inefficient

When the rubber was masficated for 45 minutes under
N2 to an exceptionally low molecular weight with DIPDIS

( BEn'),Mh =100 Kg mplen;, its apparent molecular weight

in the'vuldanisater ' increased after 50 minutes cure
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at 140°C to 2.2 x lO5 Keg mole-l which corresponds to a

reduction in the number of free chain ends of 95%
Fig.29 shows how IIn' varies with the percentage of

chain ends combined ( p) using the expression deduced in

sechbion %5-5 ,i.e.
Pp=(1l-DMn/Tm® ) x 100
o Mn® = Tn / (1~ p/100)

At small values of p Un' = ¥Ma bubt at high values
of p a small change in p causes a very large change in
Vn' and the value of Mn is difficult btoestimate with
accuracy e.g. the change in Mn' when p increases from 90~

95% is aboub 600 Kg mole © .

H=3-%—~ ATTEMPTED REDUCTION OF FREE CHAIN ENDS BY

MASTICATION WITH VULCANISABLE RADICAL ACCEPTORS IN AIR

The results are shown in table ( 13, 15 ) formulations
in tables(l,2,3) and futher illustrated in figs.( 17-
29 ). It can be seen that NR with both MBT and

DIPDIS produces an increase rather than a decrease in
chain ends (table 15 ) . This is presum-
ably due to the very effective competition by oxygen
which is the most efficient radical acceptor ( fig. 12 )
Even with prolonged mastication with DIPDIS the chain ends

increses.

3-4-PHYSICAL PROPERTIES

With decreaging number of chain ends we would expect



an improvement in physical properties . This has been
confirmed in all cases as shown in tables( 16-20 )
and figso(52—62 ). This includes the vulcanisates prepared
with DIPDIS,DIPTET MBL,TMTIDand P25 the physical properties
neasured being ultimate tensile strength (U.T.S), hardness
,modulus at 100%elongation (MRlOOS using MRLOO apparatus)
;moduli at 100%,200%,300% and 600% elongation (MRLOO,MR200,
MRA00 and MR60O respectively)and:-resilience. The most
dramatic improvements take place in the case of the DIPDIS
vulcanisates (formulation 5En ). When the chain ends re-
duction is very high due to prolonged mastication of Ghe
rubber with DIPDIS the optimum U.T.S increases by %0%

(fig. 33%) , the hardness by 10% (fig. 36 ) and »the modulus
at 100% elongationby 2%(fig.%9)when a chain end reduction
in the order of 95% occurs (fig.28).

Mastication with the radical acceptors DIPDIS and IMBT
on a btwo-roll mill in air produced a slight decrease in
all physical properties assessed. Hardness,Ultimate
tensile strength ,Moduli at 100%and 200% elongation and
resilience (figs.3%,35,%6,37,58,%9,40,4L,42,47,49,50,5L,
5%)(bables 19,201 ). Because of the large number
of variables during mastication, compounding , vulcani-
sation and tesbting to obtain the preceeding results they
were confirmed by repeating experiments from the mastica-
tion stage (figs,37,42,48,53). These results are in
accord with the fact that the mastication in alr results

in an increase rabher than a decrease in free chain ends

in the final vulcanisatbe.
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Table( 4 )

List of radical acceptors which were used in the present work.

NO . RADICAL ACCEPTOR SHOWN BY
1 MBT A
v
2 - MBTS B
3 TMTD ¢
4 P25 D
5 DIPDIS E
5 DIPTRI ¥
1 7 DIFTET &
8 DBUDIS H
9 D BUTRI M
10 DBUTET X
- 11 CBS F
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fﬂabl&BQSJMaStication of 20 grams extracted natural rubber in Migro-

two ro0ll mill at room temperature and théiness of 1 mm-

CONDITION T W.P . Mn_,
Min Kg mole
Adr 0 75 450
" 1 64 595
" 2 57 360
" 5 42 285
" 10 27 210
" 15 15 150
" 20 9 120
MBT im Air 5 25 200
" 10 11 130
Y* 15 8 115
u 20 7 110
MBIS in iir 5 40 275
" 10 21 180
" 15 11 130
i 20 7 110
TMTD in air 5 e 260
" 10 20 175
" 15 12 135
1 20 T 110
PS5 in Adr 5 38 265
" 10 18 165
" 15 12 135 ‘
w ; 20 8 115 i

Cond.
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Fig. (11 ):Mastication of extracted NR in Air on a

two roll-mill with different radical acceptors.
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Table( 6 ):Mastication of 10 grams extracted rubber in unirotor mixer

o}
at 25°C and 40 RPM rotor speed-

CONDITION | TIME W.P Mn
Min Kg'molg1

Ay 0 75 450

L 1 66 405

" 2 58 365

'* 5 41 280

" 10 23 190

" 15 16 155

" 20 11.5 135

N2 > 15 440

n 10 71 © 430

" 15 70 425

" 20 69 420
MBT in N2 5 45 500
" 10 31 230

w 15 22 185

" 50 18 165
MBTS in N2 5 - 59 270
n 10 48 515

" 15 42 285

" 20 37 260

Cond,




Table (A)Contimed:

.~99__

CONDITION TINE W.P Mn
Min Kg'molé1

TMID in N2 5 54 330
" 10 38 265

" TS 29 220

" 20 23 190

P25 in N2 5 54 345
" 10 41 280

" 15 33 240

" 20 28 215
DIPDIS in NG 5 61 380
t 10 48 315

" 15 40.5 273

'* 20 37 260
DIPTRI in N3 5 55 350
" 10 45 300

L 15 35 250

" 20 29 220
DIPTET in N2 5 54 545
'@ 10 45 300

" 15 59 210

'* 20 36 255
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Table( 8 ) ' -

Viscosity measurements at 2BQC .

SAMPLE | Wop ¢ Mn 1

éram/TOOml %? sp £}07]’ Kg mole

O°304 4f37

oC 27 00457 4.75 2.60 210
0.913 7.16
0.304 2.90

2C 19.5 0.457 5.25 1.90 160
0.913 4.60
0.304 2.10

20 14.5 | 0457 2.57 150 | 133
0.913 3.8
0.304 1.62

2C 9 0.457 1.82 113 108

0.913 256
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table( 9 )

Mn values rfrom viscosity measurements

i
SAMPLE WeP [ f‘;«} E Mo ;
‘ Kz mole
14 7.5 1,22 114
1A, 11 1.52 135
2B 1.5 1445 130
. “ _ .
2F 12 1.5% 35
28 10 146 131
.
2C 4 12 1.59 %9
1D 11 1.51 134
1D, 11 1.51 1%4
E 126
2 9.5 1.%9
1,47 131
25 10.5
: 9 1.35 123
. 36 125
2G 10 1.3
131
28, 10 1.46
oM 11 1.52 135
140
2w, 19 1,60
: I 1.0 110
o ! 0.90 2
2N~.+ 4.5 P

Cond.
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Table(9)Xontinueds
ST - T s
SAMPILE W.P Ir,y}—% Mn
- Keg mols1

¢ 10 1.32 121
20, 10 1.32 121
2C 10 1.35 123
2C 4 10 1.32 121
2C 27 2.60 210
2C 19.5 1.90 160
2C 4.5 1.50 133
2C 9 1,13 108
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Fig. (14 ):Wallace plésticity(ﬁg)versus number

average molecular weight(ﬁﬁ)for natural rubber

wp

Verification of previous results.

75

70

60

50

o

30

20

10

o (2)Present work

~—— (1) Previous results

© Ref.L.Mulling and W.F.Watson;j.appl.

poly. sci.l.2k5.1959.

200 300 koo 500



-107-

Fig. (15 ):Specific viscosity("ler )versus concentration

( C ) for natural rubber formulation 2C at various plasticities.
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Fig.,( 16 ); Intrinsic viscosity{ﬁ} versus number

average molecular weight(Mn).
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Table (10): Comparison of Rmax valwes  gr Fubbers combminig radical

acceptor which are added at the mastication stage under nitrogen

or at the compoundig stage under air

RADICAL OPTINMUM CURE Rmax Rmax
ACCEPTOR TS AT 140°° (Air) (n2)
(Min)

BT(1)" 40 31 34
MBTS (2)* 20 59 59
TMTD (2)* 40 31 55
P25 (3) 5 4l 46
prepTs(2) 15 38 40
DIPTHL(2 )* 30 38 45
LBUDIS (Qf 20 29 35
prureT (2) 25 45 52

D BUTET (2) 25 36 51
s (1) 35 38 _

* Number of formulatione.
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pable(1l): Values of Mephys& Moy, (kg 1015 ) for rubber masticated to an

chem

initial molecular weight of Mp= 175(Kg mole ) at optimum cure time at

|40?}
- ;
SAMPIE CURE 1C1%x10 | AVERAGH Mo AVERAGE | Mg AVERAGE
phys chem
TINE N Re Kg mols | Kg mols
lin
1A 40 1.08 10.49 18.05
" " 1.12 | 1.12 | 10.19 10.19 | 17.36 17.36
n " 1.17 9.98 16.60
1A, 40 1.22 9.%6 18.05
" " 1.22 | 1.22 | 9.37 9.16 17,36 17.%6
i " 1.30 8.76 16.060
1B 30 1.02 10.89 19.00
" 1.04 | 1.02 | 10.60 10.69 | 18.51 19.01
" " 1.00 11.21 19.55
1B 30 1.12 10.18 19.00
" " 1.17 | 1.12 | 10.07 10.18 | 18.51 19.01
" 4 1,09 10.25 19.53%
1C 11 1.90 6.01 8.40
" " 1.88 | 1.90 | 6.20 6.01 8.55 8.45
; ’ 1.90 6.01 8.41
1C, 11 1,95 5.85 8.40
" i 1,92 | 1.95 5.92 5.85 8.55 8.45
" " 1.99 5.75 841
C1=F.ah/64 .h N 7
o
Cl=FR., 'I."/?MC phys hence MC_ B
Cl=(FR.T/2M0, ., +0- 78Mo5 W““ 2°ﬂmchem/mwf hence Mccne}n“ Tt




1):Cond, '
MPLE | CURE 01x105 LVERACE IMc AVERAG AVER!
1M ohys BRAG chem | RAGE
TINE N o Kg mols Kg mols |
Min
11 1.45 7.81 12,12
" 1.44 1.45 7.92 7.84 12.20 12.12
" 1.47 7.61 12.01
11 157 7.06 12.12
t 1.68 1.57 6.75 7.05 12.20 12.12
L 1.46 7.84 12.01
40 0.55 18.01 34.00
" 0.60 0.59 17.30 17.43 32.51 32.80
" 0.6% 17.02 32.01
40 0.71 16,01 34,00
" 0.68 0.72 16.68 15.86 32.51 32.80
" 0.77 15,10 32.01
40 0.70 15.50 28.50
" 0.72 0.69 15.%1 15.60 28.21 28.45
" 0.65 16.01 29.02
40 0.90 12,62 28.50
L 0.88 0.89 12.74 12.74 28.21 28.45
t 0.89 12.88 29.02




Table(1ll) :Cond.

SAMPLE  |CURE C1K1 ob AVERAGE c AVERAGE| Mc AVERAGE
TIME phys chem
Min N m,2 Kg mole Kg mole
1G 40 0.75 15.00 27.00
" " 0,70 0.7% 15.70 15430 | 28,01 27.51
" " 0.7% 15.21 27.51
1Gi 46 1.01 11.%2 27.00
" " 0.9 0.9¢ 11.60 11.60 | 28.01 27.51
m 1t 0.95 11.91 2'7.51

Cond.
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Values of M‘%hys & Mcchem for rubber masticated

to an initial molecular welght of Eﬁ=128(Kg mole"l)at optimum

» ‘ o
cure time at l407°C . (averaged Tesults)

1
CURE TIMH Gy x 107 e c
. * phys ™ chen
SAMPL A Min N -2 -1 . -1
. m Kg mole Kg mole
1A %0 1.17 9.84 1%.80
1A, 30 1.%6 8.%6 1%.80
23 20 2.59 4,40 5.46
25, 30 2.82 4,04 5.46
2C 60 1.4l 8.12 11.59
2C, 50 1,47 7.77 11.59
1D 12 1.69 6.75 9.28
1D, 12 1.9% 5.9% 9.28
2K 45 1.63 6,97 9.50
25, 45 1.69 6.79 9.50
26 %0 3.15 3.62 4,32
29+ 50 5. 50 346 4. 52
2H 30 1.16 9.8% 12.94
2H, 30 1.50 7.60 1%.94
2M 50 - 2.16 5,26 6.80
oM 30 2,42 4.70 .80
o 1 30 2.31 5.51 - 6.03




Cond.
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Tablel( 11 ). Values of
\ * L ox IVI g 3
/ Conys & Meyy ., for rubber masticated
to an initial molecular weight of Mn=128(Kg mole"l) at

T4 mm 3 4+ 3 E
optimun cure time at 140°C (averaged results)

- i Q ! _ O == 5
= e - iy o
i =~ | f c <« S
| = RS - g -
; SH e ! @
| 1 | '
! ‘ Iol4
( T | 1033} 8.40 12 )
| 171 f ‘
24 II% 60 | 1.37 1 1.37 | 8.16 f 8.30(11.6 | 11.88
1 | : | g
LT | i 1.37 | 8.30 | 11.82
E o ; _*mw_mm,mw~“w~.Jw,_NJL*~,*ﬂ_
{ I 1.h2y 8.05 7 12 -
LT } ! : ‘
2c+§ lIi 60 | 1410141 8.05 E 8.05(11.60 11.88
| : | ‘ é :
L I11 | 1.40 ] 8.06 / 11.82
A A E U S .
- r S Av.: rmnn m——— p— _________._,} i ek o o it b it ;< [ .
Ea | ‘ ]
T 1.627 17.05 7 9.63
i ! : ] ]
28 | IEE I | 1.6311.62 {7 00 2 7.0519.50 | 9.63
(11T 1.60 oan 9.72 |
I b :
g T E | 1.707 %6468 1 9.631
e s
2By 1T L5 1.70 | 1.70 %6.69 J 6.6819.50 | 9.63
L TIT | 1,71 1 6.67 9.72 |
::::::?:C::E' = A w“‘“'.:"IT“*”' R A U
[ I 5 {—- 1 )
T | C1.37 1 8.28 11.60
3C, ! 60 1.37 8.32 11.66
| IT| 1137 8.36 | 11.72)
| i !
K ‘ T 3
I 1. 44 ] 7.9k 10.96
3C 60 1,44 7.91 11.07
= 1.45 ) 1 7.87 10.99)
| 3
i I 1.51 1 1 7.51 ] 10.52)
3C, % 60 1.50 7.57 J 10.57
LIT 1.49 7.63 1062
|




Cond.

Table( 12 ): Values ofi;é,M

an initial molecular weight of ﬁh:l?5(kg moleul)at optimum cure

-115-

phys

, O o o
time at 1407C . (averaged results)

and X for rubber masticated to

SaMELE 4 ip Kg mole " Vr X X
La 40 10.19 0.285 [Q.545
0.550
La, 40 9.16 0. %00 0.555
1B 50 10.89 0.275 0.551
. ﬂ 0.551
lB+ 50 10-18 0.291 0.552
11 6.01 0. 540 0.572
0.571
11 5.85 0. 547 0.570
Ll 748 0.52%0 0.570
] 0.569
11 7.05 0.334% | 0.568
40 17.4% 0.262 | 0.572
0.569
40 15.68 0.280 0.506%
40 15.60 0.269 0.569
0.567
40 12.74 0.289 0. 564
15.%0 0.274 0.561
40 5.50 0.561
40 11.60 0.285 O.561

Cond.



Table( 12): Values of‘Dr,Mc
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phys

and X for rubber masticated

to an initial molecular weight of Mn=128(Xg mole™ ) at

optimum cure time at 140°C

(averaged results)

l

]
|
SANMPLE :CURE TINE Mcnhys Qr X AVERAGED
% Min Kg mole ™ X
3
1A | 30 | 9.8k 0.285 | 0.548
g * 0.548
1A, | 30 | 8.36 | 0.290 0.548
— } . ; § — PO
2B i 30 % L L0 | 0.381 0.589
i - | 0.589
28, g 30 b, 0k 0.397 0.589
T B — IS S S
60 8.12 0.267 0.509
0.510
60 5 7.77 0.273 0.510
e I _
12 I 6.75 1 0.333 0.569
| 0.570
12 I 5.93 0.350 0.570
L5 L 6.97 0.302 0.532
0.533
s 6.79 | 0.305 0.533
PP T —— - J—— S
30 62 0.375 0.548
’ - 0.560
30 L3.46 0.398 0.569
- . _— — —
0 | 9.83 0,264 0.52]
3 5 9 0.525
30 7.60 0.292 0.529
i 5,26 0.332 0.545
>0 g 0.553
30 4.70 0.366 0.561
.51 0.335 0.557
30 50 - ) 0.560
30 L. 5k 0.366 0.563

Cond.
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) b
Table (12 ): Values of Vr,McphyS and X for rubber masticated
to an inlitial molecular weight of Mn:lZS(Kg mole—l) at
optimum cure time at 140°C . (averaged results)

' !

] = el & > >
i e £ = oy = S
— ] o) < =
28] = ! 0 =

— D £
5 i &
{ T 8.40 1 0.262) 0,5131
ZCi II | 60 i8.15 ;8..30 0.25910.26 o¢51420.513 A
r1t 8.30 J 0.258) o.511j i
] e - | 0.506
}' 2 8 05] 0.273] o.ugzﬂ |
2%{ IT | 60 |8.05 ‘}8.05 0.27210.2720.496] 0.496] !
! | X ‘
L ITT 8.06 | 0.271] 0.494)
(1 7.05 | 0.302] 0.5327[
2E| II | 45 |7.00 |7.05|0.30210,3020.53310.533 |
§ | ]
I 111 7014 ) 0.301 0.535] }
. - - |

T i e R - ~ ] 0.533

[1 6.68] 0.304 0.531) ;
ZE} II | 45 |6.69 §6.68 0.305{030% o.538§o.533 J

LTI 6.67 | 0.306 0.532)

g 8.28 ) 0266 3 0.507"

3C . 60 8.32 i 0261 }0,50 .

avoIr 8.36 4 0267 0.505)
- 7 ol 0271 0.40
3C : 60 re9h 7,91 lo. 257 100506 0.50L
LTI 7.87 0.262 0.502 J
- 1087 —1o0khoy i
. 60 [ 1 7.57 o.273 lokog
| e ) T jeerr) | Joser ]




Table( 13 ):

with and without vulcanisable free radical acceptor

-118~

%of chain ends combined in rubber masticated

T . - e Q
2 5 =& 5 & 5 & 3
= O = e} ~ = .
= =z R = 0 S 5 = ~Nos 5 td
o N = Do o K o o e .
gy SIS = P Dot ) — P
sl 1 [ ® ) = O]
N Do { 1 O |
© [l | — [a —
1 O
_ Ut
LA |
| 1.12 1.224 17.%6] 175 | 0.92 | 251 30.28
l.LLX..*-
13
| 1.02 1.12] 19.01] 195 | 0.91 | 248 29.4%
.,_[5+
16
1.90 1.95) 8.45 | 175 | 0.97 | 222 21.17
](
_-U+
1D
1.45 1.57| 12.12] 175 | 0.92 | 311 43.7%
ilL)+
%l;
§ 0.59 | o0.72) 22.80| 175 | 0.82 | 239 26.78
Ll
E +
(A _ -
: 0.69 0.89 1 28.45! 175 0.77 1 220 45,51
1N
+
1 0.73 | 0.98] 27,511 175 | 0.75 | 443 60.50 -
1G
+

Cond.,
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Table (15 ): Values of Qr,Mc C, , Mn' and %C.E.C

! Mochem 1
for rubber masticated to an initial molecular weight of Mn=128

phys

(Kg mole"l)at different cure times at 140°C

(R | | i r I
} in i g ; > '“2 { [ s ! - = j
N - I D I I B
i ieal ! =1 i !fD ! D, [ = - ©
! ! = 1 t c M ) !
| - S R N L
I i
i— ‘ E i[ “ /ms PR ,“....3 e
LA 20 | 0.240{18.02 | 0.64 |26.67 |
| a g L | 132 3.03
L o1a |20 0.249118.08 | 0.63 [26.56 5
§ J | :
I ‘ i ] ] H
LA 30 0.264114.05 1 0.81 |21.52.
o | ‘ ; 123 |-4.06
1A } 30 | 0.267:13.69 30,83 |21.61
{ ; | ! { i
S S T s
| 1A, I Lo | 0.,274111,2210.93 118.5 ! ‘e
; | ' , { i 120 |-6.
LA ; 10 5 0.275111.90 | 0.96 117.97 ,
" j | S e
1A 60 0.281111.13 | 1.02 116.52
| Tta | , | | 116 1-10.34
1A 60 | 0.282/10.86 | 1.05 [16.30
k: | § ) ! | i |
| e . *% I S j*,-,,w£“_~w,*t
E 2 0.204]7.80 | 1.46 10.97 |
e g " 121 5,78
3E 25 0.295,7.68 11,48 {10.75
! | i, N S
i
B 0 0.290617.61 {1.49 110,63 |
a1 7 | 1101 -26.73
{ 38 L 30 0.297{7.22 |1.58 19.98 |
| | ; | L ‘ 3
e e g ] a0 |
E BEﬁ E LJ/O 0.298)7-35 31053 %lOs 9}4, §~_36.l7
i o <L N i i | !
- | 40 ] 0.306(6.66 |1.71 §9.03 i
4 { i
R AU AN NN NN NN N S
¢ i . . — .
| 3B f 60 0.302§6.97, | 1.64 9.46 |
3 I
;' | | I
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Cond. 125-
Table(@5 ): Values of Of Me - —
» BCohys MConen Cpoiint and % C.E.C
for rubber masticated to an initial molecular weight of

= -1 ..
Mn=128(Kg mole ~) at different cure times at 140°C

3l w e T
) dp) 53 { 2‘(‘;‘ = E =
A TR PP - A LI V- «
| i o= TR B RNV S =
i | = - ! ! Q
L | A2 [ ‘ —~
% SE E 20 {0.273110.09 |[1.13 | 14.93)
* J 137 16,57
¥ 3E, § 20 10.27509.80 |1.16 | 14.93]
] | . | _
| - | |
| B 23 10.27509.86 11.16 | 14,53
I R | | ‘ 138 17.25
. 3B 23 10.27719.60 {1.19 .53 |
%* — t } | | ! T
; SE | 20 1 0.271110.43 [1.10 |15.36 g s
l x | 182 129.67 |
* SE. 1 26 10.28119.15 1.2k 115,36 !
| n | ! |
) : { I
1 | 7 i |
| 3B | 50 |0.273]10.03 |1.13 |14.82 -
! ! | | 179 128,49
3E, | 50 o.28o§9.23 [1.24 | 14,82
] | !
- -
! i |
3G \ 10 1 0.260[18.94 io.éo 27.49 *
; ; , 136 5.88
3G, | 10 ]0.264117.36 [0.65 |27.49 |
! ! |
\ | | ; ,
! ' ; —
i 3¢ | 12 10.285 ho.b2 0.92 |18.68 . .
! ; | 140 .57
| s | 12 10.288P1.88 lo.96 18.68
{ n ! ] {
| A S B
< i !
i 3G i 15 0.296§1o.57 1.08 315.5?l )
t | 2 .
e o losn |z (s |
i 3J1’1 15 0.3 (9.3 . 5. |
_ — i — o
3¢ 1 30 10.296 ﬁo.MB 1.09 ]15.60
! 210 139.05
3G, 30 10.306 P,ll 1.25 !15.60 %
’ ; S |
|
| |
| | |
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Table(l5 ): Values of Vr.m ' Mn ' '
VP, Cphys’MCchem’ Cl,Mn and % C.E.C

for rubber masticated to an initial molecular weight of

v 17 "“l .
Mn=100(Kg mole ) at different cure times =t 140°C

, |
» o Qa | ?] Qlx o = N\
= ; ; i e ! =0 97 |G
o= O <) 55 = SRR %J';a %l 5
i | o < =B o 3B e} “ ey
| I S TR S R S R = .

} S P o o o o o I

‘ = i W | !

; o = | = —

! - i

Y i 20 0.252 13.541 0.84 120,56

i 549 ’81.78
3Ey | 20 0.293|7.80 | 1.46 |20.56
i T ‘
3E 23 10.253 | 13.28) 0.86 |20.16 1
837 188.05
38, | 23 10.296 | 7.54 | 1.51 |20.16 |

~ ’ |

] - .

YD {26 10.256 1 12.72] 0.89 |19.29 |

{ | | 1072 190.67

' 3E, 26 10.297 1 7.38 | 1,54 [19.29 '

N ‘ | _
- - T T |
L 3E | 50 10.256112.73] 0.90 |19.30
i 2364 195.77
3E 50 10.299 | 7.23 | 1.58 |19.30
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Fig.(17): Variation of Mn' with cure time for
formulationwith WMRT(1A & 1A, )
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Fig.(18 ): Percentage of chain ends combined versus

cure time for formulation with MB T( 1A &1A+)
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. . A . . eareg . -
fig. (19 ) : Variation of Mn' with cure time for

kS

formulation with TMTD (3C &3C. )
n

Mn=128

k2

230

Mn' (Kg/mole)
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Fig. (20 ):Peroentage of chain ends combined versus
cure time for formulation with TMTD(3C & BCn)
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Fig. (21 ):Variation of Hn' against cure time for

Tormulation with P25 (3D & 3D )
-
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Fi ( . e ;
Fig. (22 ):Percentage of chain ends combined versus

cure time for formulation with P25(3D &3D. ).
n

Mn=128

Cure time (mins.)




Fig.( 23): Variati -
oo <2/ : Yariatio n I .
n of Mn' against cure time for

Tormulation with DIPDIS(3E &3E )
‘Jn &

Mn=128
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Fig, ( 24 . D . . .
g.( 24 ):Percentage of chain ends combined versus

cure time-for formulation with DIPDIS (3E & 3E. )
. ) n’*
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Fig. (25 ):Variation of §n' against cure time for
formulation with DIPTET (3G & 3G )
n

Mn=128

n' (Kg/mole)
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Fig. (26 ):

Percentage of chain ends combined versus
cure time for

formulation with DIPTET (3G & BGn)
Mn=128
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Pig. (27 ): Variation of Mn' versus cure time for
formulation with DIPDIS (3E &3E )
. n

Mn=100

(Repeat of experiment for prolonged mastication time)
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1g. (29 ): Variation of Mn' versus percentage of chain

ends combined (C.E.C.%).
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Fig. (30 ):

Continuous stress relaxation of TMTD, DIPDIS and DBUDIS
oC

vulcanisates in air at 70
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Fig. (31 ): Continuous stress relaxation of DBUTET,

P25 and MBT vulcanisates in air at 7OOC.
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Table(16 ): Slope values from compression modulus data

on unswollen TMTD vulcanisates

rw fl { ™ 1T '“3 ! ' )
| SAMPLE|CURE TIME|F/A x1077 {dh/h  x10 SLOPE
;Min.at MN 2 é !
L A0 :
| _.LlirO C | é
S I - ‘ e 1 - i
! 30.9 § 13.0 {
; | !
} N 3 23.9
| | :
g 61.9 | 30.4 !
2C | 25 { 1.66
g 77 N | 2,6
i f 1 ! ! |
; I 02.8 50.0 |
! 4
| 185.6 | 874 |
I \ % ‘
! o | 2 o ‘
‘; | |
| § 30.9 153 |
i ! s
| | | 4. 25.6 |
{
H i {
; g . 61, 35,3 ‘
| 2C | 25 ! 1,80
| o o h2.6
i |
; 92.8 51.6 1
{ 185.6 93.8
| ';
; 30.9 13.5
§ L6 L 22.8
f ! |
g | 61.9 31.2 z
2C | ) P ‘ | 1.86
L7 40.0 !
i | {
| | | 92.8 b7.2
z |
| | ! 185.6 86.0
! ! ! | -
' f i 30.9 13.0
| % LAY 21.1
“ H |
i |
R T 2a 2.06
| 774 35.4
| 92.8 h2.7
_{ I 185.6 76.8

Cond.
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| CURE TIMEE F/AO x 1@“3} -Ah/ho X 183= SLOPE
MN A |
| ‘ _
| 30.9 10.6
, L6 19.7
| £1.9 ; 27.2
' ; 2.1
T ? 3,2 g
L 92.8 41,3 |
185.6 | 78.3 |
l
| 30.9 i 12.1
! hE,9 21 .4
61 .4 % 28.7
% / 2.20
| 77 M 37.6
| 92.8 ; .9
\ 185.6 | 84, 2
% |
-— 5
g 30.9 | 12.1
| 61, | 28.5
| 7 1.93 |
;\ 774 35.9 |
E 92.8 h3.3
; 185.6 ; 80.8
i | -
{ 30.9 12.6
Ty 21.5
61. 29. ;
e 120 ° j Qg ’ 2.00
| + | 774 37.1
92.8 i 43.9 K‘
185.6 r 8L 4
| |
i
i
!
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Table(1l7 ): Values of hardness and resilience for rubber

. . . . . o "'l
masticated to an initial molecular weight of Mn=175(Kg mole )
at opbtimum cure time at 140°C

SAMPLE CURE TIME | HARDNES S iRESILzENCE] % RES. §
a |Min. at . f I.R.H.D | | (
10°C | | { 5
A I
12 oo | 363 | 80.59 |
A, L ko § 36 % 37.3 | 82.81 S
SR il
1B 30 . 3h.5 } k.5 1 76.59
1B, 30 % 36 i 35.2 g 78.14 E
. U U U N
1 ] on .5 | 371 | 82.36 |
| 1c, 11 } 36.5 % 38 L8y, 36 g
= T T z
| 1D ? 11 3 i 31.5 69.93 }
1, § 11 36.5 { 2.k 171,93
l___,W- e e e e “‘”“,'T _ i i
15 | Lo . 35 i 32.5 ; 72.15 |
13, Lo 37 5 33.8 75,04
— - , i i
| ko | 315 1 30.7 | 68.15 |
% 1w, | k0 33 32 71,04 |
i 1G ho . 35 32.5 72.15
o1, | wo 37 33.6 | 74.59
f
f
|
|
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Table(18 ): Values of hardness and resilience For rubber

masticated to an initial molecular weight of Mn=128(Kg molekl)

at optimum cure time at 140°%c

SAMPLE CURE TIME {HARDNESS |RESTLTENCE #RES. g
| (Min. at ; I.R.H.D |
| - 140% } |
‘ * |

| | |
1A f 30 f 32 35.5  178.81 i
. i .
AT R 33.5 36.2  180.36 |
| | | | 1
23 30 | 3.5 | 385 8547 |
E 3 % !
g 2B, 30 | 35.5 i ho.2 189. 24
! _ I t.
§ il : —
; 2¢C ‘ 60 33 38.8  186.13
{
% 2c, | 60 35 39.6 §87.91 |
| | - — T
o 1z 3 37 %82.1/4
| 1D, | 1z 3 35.5 | 37.9  |84k.1h
— ; R A
| ! |
| 2w 45| 32.5 37.6 (8347
S R 3 0.2 |89.24
4 ]
2G ! 30 38.5 L 40.5 155.91 |
s’ | |
|20, 30 Lo 41.2 j91,46 i
| i |
2H { 30 37.5 | 37.5 385.25 j
e, 30 40 38,7  185.91 ’
! é ( é |
L L 30 37 h2 93.2%
|
2m, 30 | 39 43,1 |95.68 |
ﬁ : | |
2N 30 L8| ko 88.80 |
2, 30 | b0.5 ks 192,13 %
1 ; ]
] !t }
| | | 1
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Table(19 ): Values of physical properties for rubber
T ( ) .
masticated to an initial molecular weight of Mn=128(Kg mole ™)

. 0
for different cure timesat 140°C

= E =2 o2 = ox ey N 2 =
é b == X ; S F o H > |, B lﬂr} =
% ? g = 5; = S = a3 Y] & | ot ;1 y) B! g
- ¢ = M < {
B o H 5 e L@ 2 | m & o o,
| = g | o =
oﬁk &
o
i} 0.454
1A, 10
| 1A 10 10.8011.56 {8.90 | 28 38.6 | 85.69 |0.454
3 Ls8
1A, 10 10.83 1.6%3 §9.91 32 39.4 | 87.47 10.45
* |
|
I 0.458
lAa E 15 I i 4
| | | | 86, 0.
1A | 15 [0.81 1.70 19.95 | 32 39 86.59 429
| B .01 10.463
1A, | 15 |0.88]1.79 3L0.95 33 39.6 | 87.9
| | | 0.463
1A | 20 ! 6
| 5 .91 [0.463
P 1A | 20 10.88)1.75 |11.10 | 32.5 138.7 |85.9
| | W .5 1 87.60 {0.469
1A, 20 0.951 1.83 12 ; 3 39.5 7.69
|
| | 0.465
1A, | kO -
( 3 81.92 0.
1A L 40 10.85] 1.75 ;10.49 | 32.5 136.9 9
| ' 2 | 8h.80 |0.470
1A, | 4O 0.90 | 1.79 [ 11.45 | 34 38
i
{
| 6 9.92
3C 12 ‘0657i 1.10 17.80 28 3 v
| 9 82.14
‘ % | 8.50 30.5 137 .
% 3¢, | 12 IO,61‘ 1.13 8.5
| ’ o 6.5 | 81.03
| 3C 25 0.711 1.48 [8.53 | 33 36.5
| 7 @ 37'“1 83 L 03
3C, | 25 10.79]1.57 |9.7% | 35.5 |

0 {
! i

4= Modulus at 100% elongation using MR100 apparatus

Cond.




Tablel( 29 ):

Continued.

i
rEUI O e } = = - -«E =T ; - - Aw-g -
= S iE2% 0B 508 &5 & & o 2 =
5 5 m N = BRI = A R &5 oy
= R B M= S T - I % = e
o5 o+ 3 o O @ o % «D 5 ) o o
= w2 vt ¥
H-; 51 f o =2
o .
o §
- {
3C hO 1 0.751 1.50 9.22 | 34 36.8 | 81.70
3¢, | 40 10.90 | 1.65 10.66 | 36.5 |37.7 |83.69 |
! g *
3¢ 120 { 0.78 | 1.52 % 8.7 30 37 82.14
‘ |
30, | 120 [0.89 | 1.65 | 10.61]36.5 |38 8. 36
3D 3 1.0k 1 2,35 20 .44 | 28 139.7 88.13
! , .
o0, 3 '1.21)2.57 | 21.75] 30 B0.6 [ 90.13
E ! | | .
3D | oh 1.17 | 2.55 22.50 | 31 Fuo.u ' 89.69
3D 1k l1.32]2.74 23.92 | 32 41,4 191,91
2] |
3D 3 5 1.26 | 2.65 2h .36 | 42 41 91.02
i '
| 3D, {5 1.39 | 2.82 26,10 | b l41.8 |92.80
! |
1 |
D | 15 11.22]2.56 | 22.70 | 4o b1 91.02 i
3D, ! 15 1.3k 2074 2h,0 | 41 L2 93,24
il ] i |
} 1 | 2
: ! .
=20 | 31 139.3 | 87.22 |0.543
IE 20 10.8311.90 15.66 1 31.5 139.5 |87.69 |0.544
| t
3%, | 20 10.91 | 2.0k 19.14 | 33 o) 88.80 0.550
| | |
! -t

Cond,



Table( 19):Continued

e lmeleals 2l =]l .
E S ES |2 52 4 008 (8B S 1§ B
| g o = 7 g = %\ = ; i:U rwrj = z {rtr‘ = 5
z Fri I N O ) Cy,ow ém & wn '{j D = g
i §:; o o ° = O » 0
E == o = = >
| AT v =
E @ v =
| 3E_1 23 { 32 4O (88.80 | 0.565
; z z
| 3E | 23 0.90 {1.96 [ 20.0 | 32.5 | 40.2 |89.24 | 0.567
f | i ' \ ,
| 3¢pi 23 11.00 | 2.11 23.5 | 33.5 e 90.58 | 0.572
! |
! i g
| 3E_y 26 ; 32.5 | 40.3 [89.46 | 0.568
| E
| 3E 1 26 10.92 | 2.08 3 22.10 | 33.0 | 40,5 [89.91 | 0.569
1 } | !
| 3E.| 26 {1.09 |2.22 | 25.70 | 3k.0 | 41 |91.02 | 0.575
i f 3 !
) i I
| 3E_| 50 | | 33.0 | 40 188.80 | 0.569
| |
| 3E | 50 10.87 |2.04 19.14 | 33.0 ! 4o 88.80 | 0.570
| i
% BEp} 50 10.97 %2.1 21.31 | 34.0 | 40.5 {89.91 | 0.576
5 ] |
| ! E
| |

3¢ | 10 10,87 {1.87 12.6 34.0 | 37.5 |83.25

| 3G, | 10 |1.04 2.38 13.92 ; 35,0 | 39.5 |87.69
— ; | |
56 | 1z |1.00 12,35 | 13.05 | 35.0 | 38.5 |38.47
3¢, 12 }1.16 §2ﬁ52 14.75 | 39.0 | H0.5 [89.91
——t ,
| 3¢ 15 |1.22 |2.65 | 14,79 | 36.0 | 39.5 87.69
| ‘ |
| 3G, 15 11,31 12.83 | 16.53 ] 41.0 | 41.0 l91.02
? 3¢ | 30 [1.04 |2.30 13.05 | 38.0 | 39.5 |87.69
30 11.26 |2.78 | 15.79 | 42.0 | 41.0 191.02

Cond.




Table(10 ):

Continued.

_1@9~

1 T
0 ?E Q = = s = =B < — oy ] =3) N = =
2y g7 31 ZF 40 S = R = = =R
95 B iz S i3 -9 xs . 7 g = 4 o s 5
=t . I O ) ! 2 i = (W = - ! O
e T e S o e} Do DO . frd @) = NS
- O w ] ¥
} et = @3] =
= = ; [P
< i £
(@] i
@ !
|
1A} 20 E 0.381 1.02 |  8.75 32.0 | 38.9 86. 36
i f |
1A 20 | 0.400 1.01 0 8.92 | 32.5 | 39.0 86.58
{x !
14, 20 E 0.47 1 1.05 9.97 34,0 | 39.6 87.91
| i
|
l |
1A 30 | 0.46 1.13i 10.201 32.5 | 39.3 87.25
1M ] 30 | 0.48] 1.15 | 10.50] 33.0 |39.4  |87.47
i
1A, 30 ; 0.52 ] 1.22 12.0 | 34.5 40,0 88.80
l f
1A | ko | og5@j 1.30 9.80 33.0 1 39,0 86.58
1A | k0o | 0.3%]1.30 | 10.11] 33.0 |39 0 |86.80
la,| MO | 0.58, 1.35 11,721 34.5 |39.6 87.91
1a| 60 | 0.53} 1.26]  9.07 32.5 | 37.8 83.92
1 60 § 0521 1,28 | 9.07 | 32.5 [37.5  i84.ob
{
14,1 60 0.56 | 1.30 9.27 4.0 138.6 85.69
L
1
3E_ | 25 0. 44 1 1,30 20.88 ] 132.0 |hL0.01 139.02
3E 25 0.52 1 1.43 22.02) 32.5 ;@0.30 89,47
Bl 25 0.651 1.59 25.66r 33.5 1 40.90 190.80
| |
3E_ | 30 E 0.521 1.70 | 22.40| 33.0 |L0.40 |89.67
% 0.62 ] 1.80 23,021 33,5 |40.6 90.13
| 0.78]1.95 | 26.84| 4.5 k1.2 [91.46

Cond.
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Table(20 ): Values of physical properties for rubber

masticated to an initial molecular weight of Mn=100(Kg mole“l)
for different cure times at 140°c
w = @ = = = = = = = | = <
= o R I = = = W= e = :
= ) = o= ! N O\ =
o . e . ] =) O = o = o 18 i
= Y o= ] 1o ! o 1 9]
= = I £ oW N N N
= () (@] *
—= = U
T b
o
@]
a
BEa 20 30 0.54 0.78. 1.78 14,66
5E 20 30.5 0.5473 0.80 1.85 15.11
BLh 20 32 0.555 0.91 2.04 19.08
BEa 23 32 0.552; 0.83 1.90 18.50
|
3E 273 32.5 0.554 0.86 1.96 18.92
BEn 23 3 0.57 1.04 2.17 24,50
BEa 26 32.5 0.566 0.90 2.01 21.20
3B 26 33 0.568 0.92 2.06 21.57
BEn 26 36 0.581 1.13 2,26 28.0
3E, 50 33 0.568 | 0.88 | 1.99 |20.11
3E 50 33 0.569 0.91 2.073 20.45
BEn 50 36 0.582 1.09 2.22 26.82




g.(32 ): Ultimate tensile strength (U.T.S.)of DIPDIS

vulcanisates,

i L t :

wo 45 50 55 60

Cure time (Mins.).
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Fig.(33): Ultimate tensile strength (U.T.S.) of

DIPDIS(prolonged mastication)vulcanisates.

Mn bvefore wvulcanisation=100 Kg mole "
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Confirmation of resulte.

Fig, (34 ): Ultimate tensile strength (U.T.S.) of
P

DIS wvulcanisates.
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Fig.(36 ): Hardness of DIPDIS (prolonged mastication)

vulcanisates,

Mn=100 (before vulcanisation) Kg mole”
371
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Confirmation of results.

Fig. (37 ): Hardness of DIPDIS vulcanisates.
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Fig.
DIPDIS vulcanisates (using MR100 apparatus).
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Pig. (39 ): Wodulus at hundred percent elongation
(using MR100 apparatus) of DIPDIS (prolonged mastication).

_ 7 ; .
Mn=100 Kg mole — (before vulcanisation).
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Cure time (Mins.)
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Fi

(Lo ): Modulus at hundred and three hundred

0g

percent elongation (MR100,MR300)0of DIPDIS vulcanisates.
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Confirmation of results,

Fig. (42 ): Resilience of DIPDIS vulcanisaztes.
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F

E_.J B

Jg

<LH3 ) Ultimate tensile strength (U.T.S.) of DIPTET

vulcanicates.
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Fig.(H4 ): Hardness of DIPTET vulcanisates
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Fig.(45): Modulus at two hundred and six hundred

percent elongatlon (MR200,MR600) of DIPTET vulcanisates.
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Pig. (46 ):Resilience of DIPTET vulcanisates.
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10 15 20 25 30
Cure time (Mins.)




Fig, (#7): Ultimate tensile strength (U.T.S.)of

MBT vulcanisates.
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Confirmation of results.

Fig.%8 ): Ultimate tensile strength (U.T.S.) of

MET wvulcanisates.
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i

ig. (49 ): Hardness of MBT vulcanisates,
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Pig. (50 ): Modulus at hundred percent elongation of
T

MB

vulcanisates (using MR100 apparatus).

ﬁ
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Pig. (52 ): Regilience 0f MBT wvulcanisates.

-~ ]

87

tnoe/

i

hesil

™
i

82t

81 * + * * 4 L A 3
10 15 20 25 30 35 ho 45 50

Ut

Cure time (Mins.)




]

Resilience /

173~

Confirmation of results.

ig. (53 ): Resilience of MBT vulcanisates.
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Fig.( 5% ): Ultimate tensile strength (U.T.S.) of

TMTD vulcanisates.
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Fig.( 55 ): Hardness of TMTD vulcanisates.
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- s f r 1 ]
Fig. (56 ): Compression stress-stain curves for NR/TMTD

vulcanisates (formulation 2C ) masticated in N2 with the TMTD.
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Fig. (57 ): Compression stress-strain curves for NR/TMTD

vulcanisates (formulation 2C) masticated in Air without the

TMTD.
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FPig.( 58 ):Variation of compression modulus with cure

time for NR/TMTD vulcanisates(formulation 2C,2C, ).
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Fig. (60 ): Ultimate tensile strength (U.T.S.) of P25

vVulcanisates.
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Fig.( 62): Resilience of P25 vulcanisates.
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CHAPTER 4

L— CONCLUSION

The investigation has been successfull in that we
have shown that it is possible to Terminate the polymeric
free radicals produced during mastication of rubber under
N2 with free radical acceptors that are capable of further
reaction during the vulcanisatbtion process to form cross-
Llinks.

The reduction in free chain ends decreases during
vulcanisation and reaches a minimum. On extended vulcan-—
isatior the normal reversion characteristics of the parti-
cular vulcanisatbion system will presumably take place bub
in the case of TMID There is a much faster reversion than

would be expected . TMID produces vulcanisates of a very

5

igh thermal stability and no explanation can be offered

5

or this degradation. The quantitative assessment based

on the apparent increase in Mn' calculated from the Moore,
Mulline and Watson eguation is suspect(see £1g.29) 1o there
is a concentration of chain énds and this particular result may
he due to 1lnaccuracles in the calculation. The. reduction .
invdhain ends by the use of the other radical

acceptors is very “definite Thowever and

this is further confirmed by tThe improvements noted in
the physical properties of the vulcanisates especially
those produced by prolonged mastication reactions.
Unfortunately These mastication reactions have to
conducted in an inert abtmosphere (Ng), When oxygen is

present ,it is such a good radical acceptor that it reacts




to the apparent exclusion of the other radical acceptors
and chain end reduction in the corresponding vulcanisates
is observed . {nfact there is an increase in the number
of chain ends accompanied by a slight decrease in physical
properties. This is probably due To reaction of oxygen
wibth double bonds to produce hydroperoxide groups which
decompose during the high temperature vulcanisation
process Lo produce free radicals which cause network
degradation and increase network defects. This means that
any practical application of This process nmust involve
anaeroblc mastication procedures. This cannot be carried
out on a two roll mill and is difficult with an interval
Banbury mixer. Angier and Watson <21>,however, have
successfully carried oubt anaerobic mechanochemical -
reactions on a large scale using an extruder . LI The
improvement in properties obtained by this process warranted
a. modification of the masticabion process this would be

a practical way of doing it. TFortunately the radical
acceptbors used can be the normal accel.erators or sulphur
donors used in typical formulationsand no further recipe
nmodification would be necessary.

The maximum improvements in properties are of The
order of 30% for ultimabte tensile strenglbh ,12% increase
in harduness and 4% increase in resilience . This,hiowever,
represents the best results obtained for nonfilled vul-
canisates. The improvements in properties dpe to reinforcing

filler may well mask the improvements due to chain end reductions.
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The filler itself may have reduced the number of free
chain ends because of the carbon gel effect which Watson
has shown to be due to the acceptance of polymeric free
radicals by Tthe carbon black<128>@ It is difficult to
see how one could prove That carbon black produces a
reduction in chain ends because of The difficulties of

defermining cross-link densities in filled vulcanlsates

_ , 12 \ . . .
although Porter ( 9>ha8 made progress in bthis field. The

2

reduction in chain ends produced by mastication with

C

vulcanisable radical acceptors results in marginally
better thermal-oxidative stability but this is too small
to be of practical significance .

It would appear ,therefore,that the reduction in
chain ends described in thilis thesis is of very limited

applicability . It may be useful where the very maximum

e

roperties are requlred for unfilled rubbers .
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CHAPTER 5

5— SUGGESTIONS FOR FURTHER WORK

1- Try using an extyuder as an anaerobic mixer to carry
out radical acceptor reactions.

2— Assess the improvements in properties of filled
vulcanisates and attenpt free chain end calculations.
5~ Try hot mastication reactions with radical. acceptors.

4— Invegbigation into the reason for the inferior
vulcanisates produced when the radical acceptor is masticated
with rubber in air.

5~ Investigabe.. the possibility ol producing vulcanisates

with reduced entanglement contribution.
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APPENDIX 1

1- TREATMENT OF EXPRESSON USED

F h

-
Ci = i
(@]

C, was determined from compression modulus data and from

Cy Mcnhvs was calculated using Mooney Rivlin eq.
#RT FRT
C, = = e Mc - S
/“Cphys by 1
From C, again Mcchem was calculated using Moore ,Mullins

and Watson eq.

FRT ‘ 2.3Mc
C, = ( e + 0.78 x J_OO ) (1= *‘—*——:'“9‘}:1-‘6‘@ )
-~ ;;,Licchem Mn .
6 —
3 1 6o ! / -
L PRI+ 1.56 x 10°Me, . lin 2,3Mcchem>
1 2Me Ly e Vin

(PRT + 1.56 xlOéMcC ) (Mn - 2.3MCC ) = 2C MnMcC

hem hem 1

— -
FRTMn - 2.3f/RTMc , o+ 1.56 x 10°MnMc,,
[/62___—_
3.588 x 10 Mcohem = ZCanMcChem
3.588 x 106Mc2 +(2C,Mn - 1.56 x 706 Mn + 2,3pRT)Mc , -
_)' - T T Tchem 17 : - - ‘ chem
FRTMN = 0O
6
A =3.588 x10
6\ o apmy
+ 2.3FRT )

o
i

(2C,Mn - 1.56 x 10

C = - PRINn

hem



X = where x 1s Mc |
24 chem

X was calculated from Flory and Rehner equation

. X )
having Mc from compression modulus and Vr from

phys

swelling measurements .

i~ 1 “
i ) ) - E)
- fl”(l~ Qr) + Vp +'LJTUI = fvghe 1(i>r - Jr/Z )
Haa - J .7
; 2] o20vy N
or - | 1In(l- Qr) +Vr + Xﬁrgz g (L>r -1'r/2 )
- 2C1Vy V%
N 1Yo 3 :
- g In(l- L)I‘) +Vr -+ T (JY‘ - ‘s)r/Z il}
o X = — P
N2
Ur
\ Vg
where Vr =
(Vg + Vg )

All these variables were obtained using a computer
program under the name of G REZA and in order to have
fﬁe values of these variables both compression modulus
and swelling measurements had to be done . Later
another computer program was used ( REZALO ), in which
a known X value for_any speclfic acceleratecr (obtained
from the other compubter program ) was used to obtain
the rest of variables by doing swelling measuements

only .

2- COMPUTER PROGRAMS

There are two computer programs (written by the author) ™
for .calculation of the swelling and the compression modulus

results that are shown in the next two pages .
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COMPUTER PROGRAM NUMBER 1
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» Ry L5 and RgAre average of 12
ch ) from reticulometer i.e

(1.22 1.52 1.80 2.05 2.31 2.55

(1.23 1.56 1.80  2.05 2.32  2.56
% \ & J 4 §
averge 1.23 1.54 1.80 2.05 2.32 2.56

Wo,Wy and Whare the weight of sample before swelling,
swollen and deswollen sample respectively in gram .
i.e 0.0778 , 0.2208 and 0.0774
h, 1s the original height of the sample in cm i.e 0.265
Ay 1is the original cross-sectlon area of the sample
in em? i.e 0.317
M=Hr
D7 and Do are the density of natural rubber and
solvent ( hexane ) respectively .
Vo is molar volume of solvent

C=c

]__)

VICphys

ot
|

= WM
2 FCoenen

V7 and V5 are the volumes of The rubber and

solvent respectively .

il

Vr
X=X

S




53— CALCULATION AND DISCUSSION OF CONFIDENCE

LIMITS OF TENSILE STRENGTH

Assuming that the Tensile strength values follow a

normal distribution function, congidering a 95% confidence

Timit , the 13

}_l

mits within this specification would be

given by x T l=96é where X 1s the mean values
obtained and § is the standard deviation of the same

; (130) . : . .
values:® < Calculation of the limits could be done as

follows, { a sample of the MBT vulcanised for 10 minutes

were taken as an example ) .

OBSERVED VALUES

] I 1
Eo.gl | 10.47 | 10.79 | 7.1 | 9.8 {
| ; 1
x = 9,61
T
/2 Pz 2
X
/5&1 ~(< i)
4 n
6:\\/ -

2 .
where £x5 = 470.7

(z{XL )2/n =062

n =5

o~
1

14627

Substituting the values into X <+ 1.96§ , the
upper limit would be 12,48 and the lower limit as 6.7 .

As it could be seen the observed values are within the

range or rather within a better specification
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Hence the observations could be considered as

reliable values within the 95% confidence limits .
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1-SYMBOLS USED IN THESIS

= Tension force

F= Force

Ao: Original crogs-sectlon area

\ - P - .
L= The number of elasticallyeffective network per unit

volume of rubber
R= Gas constant

T= Absolute temperature

A= Extension ratio
CW: Elastic constant

022 Elastic constant of uncertain physical significance

f= Density of rubber hydrocarbon

Mc) T The number average molecular weight between physical
cross-links

Number average molecular welght between chemical
cross-links

Mn= Number average molecular weight

—— ] . . -
Vn=Apparent molecular weight (after vulcanisation)

oy
i
(@

),

trained swollen height

de

h = Initial height

bAh: Deformation heilght

= Strained swollen height

Ah_= Change in swollen height

h.= Height of swollen deformed sample
X= Interaction coefficient

) s . .
/r= Equilibrium swelling ratio




Vo: Molar volume of solvent
k= Boltzmann constant
N= Number of chains par unit volume

M"r= Relative viscosity

I}

sp= Specific viscosity

o P

y
!

oY
1l

IntrinsiC viscosity

&= Constant

K= Constant

= The number of combined sulphur atoms per eross-link in
network before ftreatment

E'= The number of combined sulphur atoms per eross-link in
network after treatment

g= Entanglement factor

VO/VI Number of chainsper unit volume of network

p=C.1.C%= Percentage of chain ends combined

2~ ABBREVIATION USED IN THESIS

Ph= Phenyl group

Ar= Aromatic group

DPPH= 2,6-diphenyl picryl hydrazyl

T = Glass transitlion Temperature

= Natural rubber

‘BR= Butadiene rubber

SBR=Styrene -butadiene rubber

BNR= Nitrile butadiene rubber (nitrile rubber)
EPT= Ethylene-propylene terpolymér

IIR= Isobutylene-isoprene rubber (butyl rubber)




/n0= Zinc oxide

SA= Stearic acid
EV= Bfficient vulcanisation system
Semi~EV= Semi efficient vulcanisation system

TMTD= Tetra methylthiuramdisulphide

DMDS= Dimorpholinodisulphide

ZDP= Zinc diisopropyldithiophosphate
DCP= Dicumyl peroxide

CH=Cumene hydroperoxide

EPR= Ethylene propylene copolymer

E.N.M= Extra network material (extra means outside)

MBT= Mercaptobenzthiazole

= Zinc benzothlazole-2-thiol (zinc mercaptobenzthiazole)
7DC= Zinc(diethyldithiocarbamate)

ZDMC= Zinc(dimethyldithiocarbamate)

DTBP= Di-tertiarybutylperoxide

NRPRA= Natural Rubber Producers’ Research Association

MBTS= Dibenzthiazyldisulphide

4.
. , _ . D
P?r= Dipentamethylenethiuramtelsulphide
<D ) .
DPG= Diphenylguanidine

DIPDTS= Bis(diisopropyl)thiophosphoryldisulphide
DIPTRI= Ris(diisopropyl)thiophosphoryltrisulphide
D

TPTET= Bis(diisopropyl)thiophosphoryltetrasulphide
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DEDIS= Bis(diethyl)thiovhosphoryldisulphide
DETRI= Bis(diethyl)thiophosphoryltrisulphide
T= Bis(diethyl)thiophosphoryltetrasulphide
s(dibutyl)thiophosphoryldisulphide

Bi

DBUTRI= Bis(dibutyl)thiophosphoryltrisulphide
Ris(dibutyl) thiophosphoryltetrasulphide
d

B

EDIS= Sodiumdiethylthiophosphate

NaDIS= Sodiumdiisopropylthiophosphate
uD

IS= Sodiumdibutylthiophosphate

=
’Ju

LH.D= International rubber hardness degrees

¥

MRlOOS: Modulus at one hundred percent elongation
(using MR100 apparatus)
U.T.5 = Ultimate tensile strength
MR100,MR200,MR300 and MR600 = Modulus at 100%,200%,
300% and 600% elongation
respectively

C.R.G = Constant reading gauge
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