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first order behaviour is observed. This type of situation is 

discussed more fully in Chapter 6.

Experiments conducted with samples of different crosslink 

density showed different relaxation rates which indicated that 

main chain scission was occurring. Random scission of the 

backbone, however, involves cleavages of the Si— 0 bonds which 

have the highest bond energies in the structure. It was thought, 

therefore, that in view of the high ionic character of the Si— 0 

bond it could be rendered more susceptible to attack in the 

presence of impurities, such as polymerisation catalysts.
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2 , 4  Styrene - Butadiene Rubber

These elastomers are random co-polymers of styrene and 

butadiene (X). The orientation of the butadiene depends on the 

initiator system employed in its manufacture. The vulcanisates, 

prepared using sulphur or peroxide curatives, have low tensile 

strength and it is usual to load these elastomers with carbon black.

(X)

The continuous relaxation in air (7l) shows first order 

kinetics initially, followed by autocatalytic behaviour. The lack 

of degradation in nitrogen indicates the good thermal stability of 

this polymer, so that the dominant process is oxidative.

Experiments at different crosslink densities indicate that 

scission of the main chain is occurring and intermittent measurement 

show that crosslinking accompanies scission. Following experiments 

by Grassie (51) > the following mechanism has been proposed for the 

oxidation of SBR, which involves direct attack of the double bond.

.—  C H = C H ^  + 0? — - — 'CH —  CH-7 °2 > ~ C H  CH
1 I I
02 02 02

^ C H =  CH-'
* (XI)

2 — CH —  C H ---  C H ~
II I
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Bartenev and Lyalina (75)» in experiments with HAP (High 

Abrasion Furnace) black filled samples, fitted a five term 

multiexponential expression to the continuous relaxation data.

The three faster processes, with the same activation energy, were 

associated with physical relaxation; the fourth was due to the 

polymer-filler interaction and was, therefore, absent in unfilled 

stocks and the fifth to the chemical breakdown of the rubber.

For this last process the energy of activation was I30kj/mol, which 

is similar to that obtained for other olefinic rubbers (12).

2.5 Ethylene - Propylene Rubber (EPR, EPDM)
Ethylene - propylene rubbers (EPR) are random co-polymers 

containing about 35 mol per cent propylene segments. These rubbers 

are completely amorphous, as a consequence of the random structure 

and are almost completely saturated. Sulphur cures cannot be used 

and peroxides have to be employed. This disadvantage can be over­

come by incorporating some unsaturation, in the form of a diene 

copolymerised with the ethylene and propylene. Dienes commonly 

used are 1,4 hexadiene, 1,4 butadiene, 2 methylene norborn - 5 - ene. 

The overall structure of one such EPDM* rubber may be written as 

follows:

CH2 --- CH2—  CH2 —  CH —  CH2 —  CH2 —  CH2 —  CH— CH2 C H — CH2 —  CH2---
CH, CH, CH =  CH0
3 3 2 (xjiT

Tobolsky et al (74) studied the degradation of DCP cured EPDM, 

which has C-C crosslinks. It was found that little thermal 

degradation oocurred in nitrogen, but that oxidative attack 

dominated the behaviour in air, a fact confirmed by the high oxygen 

absorption. The incorporation of elemental sulphur inhibited the 

oxidative attack but an accelerated-sulphur cured sample showed
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similar degradation in both air and nitrogen. The relaxation 

behaviour of this accelerated-sulphur cured EPDM is characterised 

by a rapid initial decay followed by a slower relaxation. The 

intermittent curves for air and nitrogen superimpose and show a 

slight increase in crosslink density. The presence of an inter­

change reaction is, therefore, indicated, which is independent of 

oxygen concentration. Since the polymer backbone is stable, the 

interchange reaction is thought to be associated with the labile 

polysulphide crosslinks.

A more extensive treatment by Murakami et al (3) compared 

the effects of different crosslinks on the stress relaxation of 

EPDM vulcanisates. The following curatives were used: dicumvl

peroxide (C-C crosslinks), accelerated-sulphur (polysulphide) 

and organic sulphide (mono and di-sulphide).

Contrary to the findings of an earlier investigation (74)> 

little oxidation was found in DCP-cured samples; consequently 

the added antioxidant had little effect. That is, experimentally 

the DCP-cured samples, with and without antioxidants relaxed at 

the same rates in both nitrogen and oxygen atmospheres. The stress 

relaxation evident for the DCP-cured sample was then attributed to 

physical effects suoh as reorientation of chain segments and molecular 

slippage of the polymer backbone; thermal degradation of the main 

chain or at the crosslinks was thought to be unlikely m  view of the 

hydrocarbon structure.

The relaxation curves in air for the sulphur and the organic 

sulphide (TMTD)-cured materials may be superimposed with that for 

the DCP-cured materials, at comparable crosslink densities, in the 

short time region. Departures are seen at longer times, which is more 

evident for the sulphur-cured samples, and are considered to be due to 

chemical relaxation processes. The initial part of the relaxation
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curve is identified with the same physical relaxation processes that 

occurred in the DCP-cured sample and is independent of the crosslink 

type hut dependent on the crosslink density.

By subtracting the physical contribution, estimated from the 

relaxation curve of the DCP-cured sample, from the relaxation curves 

of the sulphur and TMTD-cured samples, the purely chemical 

relaxations may be found. Thus

.'.here

f(t) f(t) f(0
f(0) chem.n(o) f(o) total,n(o) f(o)

f(o)_

f(t)
f R

f  ( t )
f(0

chem

total

phys

phys,n(o)

is the estimated relative stress, corresponding to 
the pure chemical degradation of the sulphur or 
TMTD - vulcanisates, at time t

is the original stress, at time obtained for the 
sulphur or TMTD-cured vulcanisates

is the physical relaxation and is the relative stress, 
at time t, obtained for the DCP-cured sample

The subscript n(o) refers to the fact that all of vulcanisates are 

at the same crosslink density.

A plot of In f h vs time was linear and showed that
0 _ Chem,n(o)

little thermo-oxidative degradation of the mono and disulphidic
*

crosslinks, present in the TMTD-cured samples, occurred.

The chemical relaxation of the sulphur-cured materials can 

be represented by a three term multiexponential, thus,

f (t
f (o

A exp (-k^t) + B exp (-k^t) + C exp (-k^t)
Chem

The rate constant, k^, representing the slowest process is 

identical to that obtained for the TMTD-cured samples and is, 

therefore, attributed to the cleavage of mono and disulphide cross­

links. Since this cleavage reaction is faster in air it is thought 

to be an oxygen induced process.

The first two terms in the multiexponential are considered

to be due to typical polysulphide interchange reactions.
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2.6 Natural Rubber
Natural rubber, obtained as a latex from the tree Hevea 

Brasiliensis, is formed mainly from cis 1,4 isoprene units (XIII,a). 
Synthetic poly (cis 1, 4 isoprene) is very similar in many of its 
properties, but tends to produce softer compounds (1). The 
chemical structure of poly (cis 1, 4 isoprene) is given in (XIII,b).

(a) CH2=  C —  CH == CH2

CH.
(XIII)

CH.

(b) — CH
CH—  C

CH^ CH —  C
ICH

CH,

/ CH2

CH,

3

2.6.1 Sulphur-Curing Systems

Natural rubber, in common with other unsaturated elastomers,

may be crosslinked by a number of methods utilising the double bond.

The most widely used is the accelerated-sulphur cure, which introduces
*

a variety of crosslink types:- mono, di and polysulphide, cyclic and 

pendant structures (fig 2 - 2, a). Accelerators such as MBT 

(mercapto benz thiazole), MBTS (mercapto benz thiazole disulphide) 

and TMTD (tetramethylthiuram disulphide), fig 2 - 2 ,  may be U3ed.

In practical formulations activators such as zinc oxide or stearic 

acid are also added.

Tetramethylthiuram disulphide (TMTD) may also be used to 

provide a crosslinked polymer containing mainly mono-sulphide 

linkages (40). The mechanism, when zinc oxide is used as an 

activator is thought to be as follows:
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(t) MET

fig 2.2
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CH.
\

S
II

N —  C — S —  S —  C —  N
/
J
\

CH. CH3
\

Znô N-

S
II

S-—  C —  N
/

CH.

\
CH. CH. CH. CH.

TMTD fRH/Z;•no

RS -R ■■ * Zno RS ■N,\ CH.
(XIV)

RH is the unsaturated rubber with a labile hydrogen, ac ^  1,

"but reduces to x  = 1 as curing proceeds.

2.6.2 Chemical Stress Relaxation

The effect of different crosslinks on the stress relaxation 

was studied recently (84). Dicumyl peroxide and radiation cures 

produced carbon-carbon crosslinks, accelerated-sulphur produced 

polysulphide and TMTD produced mainly monosulphide crosslinks.

The similarity of the relaxation behaviour of the peroxide 

and irradiation-cured specimens indicated that the chemical structures 

are identical. The relaxation rate in air was dependent on the 

crosslink density, indicating that oxidative cleavage occurs in 

the main chain.

In TMTD and TMTD-irradiation-cured samples the relaxation 

behaviour was first order in air and again the rate constant was 

dependent on crosslink density, indicating main chain scission.

Since the hydrocarbon backbone is thermally stable, the cleavage 

reaction must, therefore, be oxidative. In these samples there 

are either mono and disulphide only (TMTD) or sulphide and carbon- 

carbon crosslinks (TMTD-irradiation cured); it was shown that the 

number of cuts at time t is independent of crosslink type, which 

is consistent with a main chain scission process. In nitrogen the
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decay process was independent of the crosslink density indicating 

a thermal scission of the crosslink. This thermal process is 

likely to continue in the presence of the oxidative cleavage but 

it will not greatly influence the stress relaxation in air because 

of its much slower rate- The linear plots obtained ir air are 

consistent with the treatment given in section (l.5)»

For the accelerated-sulphur and the accelerated-sulphur/ 

irradiation cured specimens in both air and nitrogen a two-term 

multiexponential expression was found to describe the stress 

relaxation. The short time region in both samples, either in 

air or nitrogen, was identical and the rate constant was independent 

of crosslink density, indicating scission at the crosslinks. This 

behaviour is associated with an interchange of polysulphide 

crosslinks, the labile nature of which has been discussed by 

Tobolsky (74)* In the longer time region, the rate constant for 

degradation in nitrogen was independent of the crosslink density, 

whilst in air it was dependent on the crosslink density. This 

thermal degradation is thought to involve the cleavage of mono 

and disulphide linkages. If the treatment in section (1.6) is 

valid, there would appear to be only mono-sulphide linkages 

present (40) or that only one of these mono and disulphide is 

being cleaved. The oxidative scission process, in the longer 

time region, is in the main chain and compares with the cleavage 

in the other vulcanisates studied.

2.6.3 Different Environments
The effects of different environments has been studied in 

many systems, but the individual effects of, for instance, thermal 
and oxidative degradation have not often been isolated. Murakami 
(l8) carried out experiments on peroxide-cured (DCP) natural rubber 
in air, nitrogen and UV light. As already determined in a previous 
study (84), oxidative scission occurs in the main chain.
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In nitrogen, thermal scission was not apparent until 170 C; 
relaxation up to this temperature was attributed to physical effeots. 
The effect of UV light, in an inert atmosphere,was seen in the 
increased rate of relaxation at all temperatures. Once again the 
rate of relaxation was independent of temperature up to 170°C; 
above this temperature the rate of relaxation becomes temperature 
dependent as thermal scission becomes important. The excitation 
of molecular bonds by UV is practically independent of temperature, 
with virtually zero energy of activation, which explains the constant 
rate constant. Over the whole temperature range linear first-order 
plots were obtained. At lower temperatures, the scission process 
due tc the UV light could be represented by

= exp(-k̂ t) 2.1

where is the rate constant.
At higher temperatures, the relaxation could be expressed by

(^_ = exp ~(k1 + k2)t 2.2

where kg is the rate constant for thermal degradation.
The Arrhenius plot of (k̂  + kg) is curved, however, with quite a 
distinct change of slope at 170°C. The plot on either side of the 
break is almost, but not quite, linear.

Similar expressions describe the relaxation behaviour under 
the combined influence of UV light and oxygen. At lower temperatures 
( ^ 60°C) the photodegradation may be described by a two-constant 
expression, which accounts for the degradation of the backbone due 
to UV (k̂ ) and also photo-oxidation (k̂ ), thus,

j = exp ~(k1 + k^)t 2.3



f|t| = exp — (k1 + k^ + k^)t 2.4

where k. is the normal oxidation rate constant.4
Experiments at different crosslink densities confirmed that the 

photo-oxidative attack was directed at the mam chain.

At higher temperatures ( ^>70°C) the normal oxidative scission of

the backbone will be present and a third rate constant is added

to the equation 2.3*

2.6.4 The Site of Scission

The method most used to determine the site of scission is that 

due to Tobolsky (14)> but is rather limited in practice due to 

trapped entanglements and exchange reactions. Recently (62), an 

alternative method has been described. The Charlesby equation (64) 

relates the crosslink density to the sol fraction in a randomly 

crosslinked network, as follows:
1 2

_ ±  ( » „ + » # )  2-5
Y

where Y is the number of crosslinks per original polymer molecule 

and Ws is the sol fraction. If it is assumed that there are no loose 

ends,

M
Y * _JL

M 2*6c
Horikx (63) derived the relations for the relative network 

chain density when scission is directed at the network chains, 

in the crosslink or selectively at the crosslink.

Network chain scission n(t
m o

O - M t F  )
JL

2.7
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i 2
Crosslink scission n(t) _ V (t) (1 — ^s(t)2)

n(o; “ Y W  i  2
(1 — Wg(o)2)

JL 2
at the crosslink n(t) _ (1 — 2Wg(t)2)

n(o) “ i 2
(1 -  Wg(0)2)

Murakami et al (62) applied the usual stress relaxation 

approximation;

2 .8

2.9

m  - a #

to test the above relations (2.7) - (2.9)• Excellent correlation 

between equation (2.7) and the stress relaxation data for a series 

of natural rubber vulcanisates confirmed that scission occurs in 

the main chain.

2.7 Polyurethanes

Polyurethanes contain a variety of different linkages and 

stress relaxation has been used in a number of studies to elucidate 

the mechanism and site of scission.

Singh and Weissbein (20) prepared a series of polyester-based*

urethane polymers containing exactly the same number of urethane 

groups per network chain, but differing in ester content. The rate 

constant, for the relaxation process, was the same in each case.

In addition, a sample containing a greater number of urethane groups 

per network chains was found to relax faster. Degradation, therefore, 

clearly involves the thermal cleavage of the urethane group whilst 

the ester group appears to be stable.

In later studies (2l) of the continuous relaxation of certain 

polyether and polyester-based urethane polymers in air and nitrogen 

the following observations were made. The rate of relaxation of the 

polyester in air and in nitrogen was identical and also equal to the
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rate of relaxation of the polyether in nitrogen; the polyether 

in air relaxed at a much faster rate. These results are shown 

in fig 2.3

a polyester in air

b polyester in

c polyether ir. N2
d polyether in air

fig 2.3

Since the polyether and the polyester relaxed at the same rate in

nitrogen, the site of thermal cleavage was deduced to be the

urethane linkage. This also confirmed the thermal stability of

the ester and ether linkages. The oxidative stability of the

ester and urethane linkages follows from the similarity of the
¥

relaxation rate of the polyester in air and nitrogen. The much 

faster relaxation in air of the polyether indicates the 

susceptibility of the polyether segment to oxidative attack.

The polymer used in this study was prepared by the pre-polymer 

method, which yields isocyanate terminated intermediates 

(section 3«2.l). Chain extension and crosslinking were 

simultaneously accomplished with the trifunctional reagent, 

trimethylol propane (fig 2.4(a)) to produce the structure in 

fig 2.4(b). The most likely site of oxidative scission is the

ether linkage.
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Ludbrook (6) conducted experiments with a polyether-based 

urethane, of a similar backbone structure used in the previous 

study (2l). Crosslinking sites were introduced by incorporating 

some glyceryl mono-allyl ether (fig 2.4(c)) segments into the 

chainj carbon-carbon crosslinks were formed by using dicumyl 

peroxide, as shown in fig 2.4(d).

ch2oh

CHj—  CHg— C —  CHpOH
ch2oh

00
fCK OH

CO CO

0 0-(CH )-0(CH )-0
4 4

(c) CH2OH

C H - O - C H  — CH =  CH2

ch2oh

fig 2.4



83

CH-

w

•(ether) CH-CH= CH,

CH== CH-CH

CH3 j ch3

m -  CO- O- CHj- CH- CĤ - o- C O nh_ co"0 “ (e ther

m
i k

(ether)—  0- CO

fig 2.4 /contd

These experiments showed that cleavage occurred at the crosslink sites, 

fig.2.5,under oxidative conditions, ie the polyether segment was 

stable, a result that conflicts with those of Singh and Weissbein (2l).

Davis and Golden (79) have proposed a mechanism for the 

oxidative cleavage of the ether linkage, based on experiments with 

poly (tetramethylene oxide). Hydroperoxide groups, formed during 

manufacture, are thought to be responsible for the degradation.

00H
~ C H p- 0 - C H w  °2 r <—  CH—  0 —  CHp— '

l (XV)

~ C H = 0  0CH2 ~ C H - 0 - C H 2‘— '

O' OH

If the polymer was prepared under inert conditions, the degradation 

rate of the polymer was reduced, which supports the view that 

hydroperoxides are formed in the presence of oxygen during

manufacture





80

The rate of degradation is little affected by the presence 

of antioxidants or inert atmospheres, which suggests that the 

hydroperoxides are present in the polymer matrix and are not formed 

during degradation. The activation energy for this process is 

55*7 kJ/mol.

The polyether, fig 2.4(b), fails to be protected by 

antioxidants of the hydrogen donor type (hindered phenols and 

amines). This is thought to be due to the isocyanate groups 

(on the pre-polymer) interacting with these active hydrogen 

compounds.

The activation energy for the oxidation of the polyether, 

fig 2.4(b), although not quoted by Singh and Weissbein, may be 

estimated from their data by the time-temperature superposition 

method (14)* The value obtained, 47 kJ/mol, compares with that 

quoted by Davis and Golden (79)? and suggests that the same 

mechanism is operating. Ludbrook (6) obtained, for the oxidative 

cleavage at the crosslink, a value of 130 kJ/mol, which is much 

higher, indicating that a different mechanism is taking place.

This further reinforces the view that the polyether segments in 

the main chain are stable, which may indicate that the polymer was 

prepared under inert conditions and without additives.

The intermittent experiments, by Singh and Weissbein (2l), 

follow a similar pattern to the continuous experiments; similar 

relaxation rates were observed for the polyester in air and nitrogen 

and for the polyether in nitrogen, a much faster rate was observed 

for the polyether in air.
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These results showed that the cleavage of the urethane is 

reversible whilst cleavage of the polyester segment is irreversible. 

Ludbrook (6) largely confirmed these findings except that the 

irreversible cleavage in the polyether compound occurred at the 

crosslink rather than in the backbone.

Summary

(a) Oxidative cleavage of an ether linkage has been shown to 

occur in poly(tetramethylene oxide) by Davis and Golden (79)*

(b) Stress relaxation measurements on a polyether-based 

polyurethane by Singh and Weissbein (46) indicated an oxidative 

scission of the ether linkage. An activation energy of 47 kJ/mol 

compared favourably with a value of 55*7 kJ/mol obtained by Davis 

and Golden.

(c) Ludbrook (6), from stress relaxation measurements, 

demonstrated that the dominant process in Adiprene CM, a polyether- 

polyurethane, was a scission of the crosslink. The appreciably 

higher activation energy of 130 kJ/mol provided further evidence 

that a mechanism different to that in (a) and (b) was operating.

Tobolsky et al (4) examined the thermal scission process in
*

a polyester-based urethane polymer, which was crosslinked using 

1, 2, 6 hexanetriol. The continuous data was found to fit a 

two-term multiexponential expression, the two rate constants 

representing the cleavage of two different linkages, although 

these were not positively identified. The activation energies 

obtained for the fast and slow processes respectively were 176 

and 155 kJ/mol, which are somewhat higher than those obtained by 

other workers (6, 20, 2l). The magnitude of these activation 

energies indicates that both processes are chemical in origin.
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Singh and Weissbein (46) added a catalyst, ferric acetyl 

acetonate, known to affeot urethane stability and found that the 

relaxation rate of both the fast and slow processes were increased 

indicating that both processes were chemical in origin.
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CHAPTER 3

THE CHEMISTRY OF THE POLYURETHANES

Introduction

Polyurethane is the generic name for a polymer that
C
II

contains the 4*N— C— O-f group in the main chain.
I
H

However, it is often not the major constituent of the main 

chain; ester, ether, amide and urea groups may he 

incorporated. In addition to a variety of chemical structures, 

the degree of branching and the cresslinking system used enables 

a wide variety of polyurethane types to be fabricated, which 

find use as flexible and rigid foams, elastomers, fibres, 

surface coatings a: ̂  adhesives.

3.1 Synthesis of the Urethane Group

The basic reaction used to form the urethane group is 

that between an isocyanate and an alcohol.

R - N = C = 0  + R-OH -> R -  N —  C —  OR7 (i)
.1 II
H 0

The reaction is thought to prooeed by the following 

mechanism (1); nucleophilic attack by the alcohol takes 

place (il) followed by the formation of a resonance stabilised 

intermediate (ill, IV).

ito-*"
II -iQ= c a R —  C = 0  

I
0

i
0+

I
0+

/ \ ,/\ / \R H R H R H

(II) (HI) (IV)
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Attack by a second alcohol molecule involves the formation of 

a transition state (V), which rearranges to give a urethane and 

an alcohol; since one of the two alcohol molecules is

R

it may be considered to be acting catalytically.
H—  0 — -R'

R-OH j ;
=  C —  0 1 ------ > R— R— C —| -0 R— NH— C — OR' II1

0+
1
0+

II
0

: / \ H R-OH

(HI) (V)

3•2 Preparation of Urethane Polymers (l, 35» 77)

Clearly the use of multifunctional isocyanates and alcohols 

will result in the formation of polymeric materials. Difunctional 

reagents are used if linear polymers are required - other types 

will produce branching and crosslinking.

For all practical purposes other groups are incorporated 

into the chain, usually in the form of a low molecular weight 

hydroxyl-terminated polymer. The production of elastomers falls 

into three categories - castable, millable and thermoplastic.

3.2.1 Castable Polyurethanes

These were the first types to be introduced commercially 

and are still very widely used, despite disadvantages with the 

materials. Early materials were simply prepared by casting 

liquid diisocyanate and polyester or polyether components; 

these urethane polymers, however, did not display good strength 

properties. The pre-polymer method was developed which solved 

this problem of poor strength.
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A pre-polymer is prepared from a mixture of a linear, 

hydroxyl-terminated, polyester or polyether in an excess of the 

diisocyanate. The resulting isocyanate-terminated polymer is 

usually a low molecular weight, non-toxic, liquid and is often 

transported in this form; conversion to a high molecular weight 

polymer takes place at a later stage. The pre-polymer has the 

disadvantage of being very sensitive to moisture because of the 

isocyanate end-groups.

High molecular weight polymer is produced by addition of a 

chain-extending agent, which reacts with the isocyanate end-groups. 

In principle this chain-extending agent could be any multi­

functional active hydrogen compound, but usually a low molecular 

weight diol (1, 4 butane diol), triol (trimethylol propane) or 

diamine (MOCA) is used.

HO----------- -v^OH +

hydroxyl-terminated polymer
OCN R --- NCO
diisocyanate

OCN—  R -- N — C —  0
H 0

0 —  C —  N —  R --NCO
II H0

pre-polymer

HO —  Rr— OH (chain extender)

OCN— R — N —  C — 0
i II

extended polymer

(VI)
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It has been suggested that crosslinking takes place by the 

formation of allophanate or biuret linkages via the terminal 

isocyanate groups. This scheme may be criticised on the grounds 

that the formation of these linkages does not occur readily at 

normal curing temperatures (about 100°C) without the aid of 

catalysts (2). However, this criticism is not fully justified 

in view of the fact that curing times of 24 hours are usual.

Alternatively, isocyanurate ring structures have been 

proposed to account for the crosslinking process.

3.2.2 Millable Elastomers

The castable elastomers described in the previous section 

suffer from the disadvantage of not being workable on conventional 

rubber processing and vulcanising equipment. As a result millable 

elastomers were developed.

Hydroxyl-terminated polymers are reacted in excess with a 

low molecular weight diisocyanate to produce a high molecular 

weight, solid polymer. This linear polymer is quite moisture 

stable, due to the absence of terminal isocyanate groups and may 

be stored for long periods.

Vulcanisation may be achieved by using the dimer of a 

diisocyanate, usually TDI (VII), by incorporating active hydrogen 

sites, eg urea and amide groups in the gum polymer.

Til dimer

(VII)



92

TDI dimer dissociates at the curing temperature (l50°C) to 

the monomer which then reacts with the urea or amide groups 

producing, respectively, biuret and acyl-urea crosslinks.

Conventional vulcanisation using sulphur or peroxides may 

be accomplished by incorporating a small amount of olefinic sites 

into the chain, often using an allyl ether. MDI prepared polymers 

are supposed to crosslink via the active methylene group.

3.2.3 Thermoplastic Elastomers. (l,5)

Two types of thermoplastic urethane have been developed; 

the first is unvulcanised and the second, although slightly 

crosslinked, may be processed on normal thermoplastic processing 

equipment.

True thermoplastic elastomers behave like vulcanised rubbers 

at normal temperatures, that is showing a rapid recovery of original 

shape after deformation. At elevated temperatures plastic flow 

occurs and the usual methods of processing thermo-plastics may be 

used, eg injection moulding. Dissolution is resisted in all but 

the most polar solvents. This behaviour is due to the presence of 

strong, polar inter-chain forces in these polymers, which dissociate 

readily at elevated temperatures.

The basic components used to make castable or mi liable systems 

are used to make thermoplastic elastomers. In the first type of 

material no excess of isocyanate or hydroxyl groups are present.

The type and ratio of diisocyanate, polyol and chain extender has 

a profound effect on the properties of the final product (5)«

The second type of material is prepared with a slight excess 

of diisocyanate, the amount of which is quite critical, and post- 

cured in an oven for several hours. The material may be compounded 

on conventional thermoplastic processing machinery.
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3*3 Materials used in the Production of Urethane Polymers

3*3-1 Isocyanates (l, 2, 5)

Isocyanates commonly used are 2,4 and 2,6 Tolylene 

diisocyanate (TDI), 4>4* diphenylmethane diisocyanate (MDl), 

and 1,5 naphthalene diisocyanate (NDl). The TDI is often used 

as a mixture of isomers. (VIII).

NCO

OCN
1,5  NDI

VIII

Aromatic diisocyanates are used widely as the bulky aromatic 

groups impart better strength properties than corresponding 

aliphatic materials. However, 1,6 hexamethylene diisocyanate (HDl) 

is often used where better stability towards external agencies 

(heat, moisture and light) is required, as compared to TDI. The 

trimer of HDI is often employed in view of the high vapour pressure 

and toxicity of HDI (26).

NCO
|

NH —  (CEO ■--- NCOI ^ 6
( c s 2 ) 6  + ¥ ) oII

- o —

t + C02
1
NCO N --- (CHJ ;---- NCO

l 6
C— 0

n h —  (CH ) ---NCO
6
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The low reactivity of HDI may he improved, to that of TDI, 

by the addition of metal ion catalysts (tin, lead, iron, etc) (44)• 

Incorporation of acyl or sulphonyl groups considerably 

enhances the reactivity of the isocyanate group and they are, 

therefore, extremely sensitive to the presence of moisture (26). 

Compounds such as these find use where fast reaction times are 

required, eg in one-shot processes and coating applications.

Also better thermal stability is claimed for the polymers prepared 

from these diisocyanates.

m-phenylene disulphonyl diisocyanate (IX)

SCLNCO

so2nco

3.3.2 Polyol Components

(a) Polyesters

Polyesters commonly used in the preparation of urethane

polymers are made by the usual catalysed reaction of an acid and
♦

an alcohol, with multifunctional reagents being used to produce 

polymers. The possible choice is wide, but for commercially 

available materials is restricted to a few types; commonly adipio 

and sebacic acids are reacted with diols (eg ethylene and propylene 

glycols) or with triols (eg glycerol and trimethylol propane).

The greater the separation of the carboxyl groups and the greater 

the hydrophilic content of the chain, the greater will be the 

stability to hydrolysis; adipic acid esters prepared from 1,6 

hexane diol have become available (33) with this in mind.
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e— caprolactone, which may he considered to he an internal

ester of an hydroxy-acid, can he polymerised hy either an anionic 

or a cationic mechanism. An hydroxyl-terminated polyester is 

manufactured hy adding a small amount of a glycol. These polyesters 

are characterised hy a high molecular weight of a narrow chain 

length distribution.

The main structural feature of this type of polyester is the presence 

of only one type of monomer unit compared to the normal esters which 

contain segments from the acid and alcohol.

The first types of polycarbonate to he developed were 

aliphatic,but did not find v/ide use because of the ease with which 

they underwent hydrolysis. However, recently hydroxyl-terminated 

polycarbonates prepared from 1,6 hexane diol have been shown to 

impart good hydrolytic stability to urethane polymers (34)•

An improvement in the hydrolytic stability of the normal adipate 

esters can be made by mixing with this polycarbonate. Cohen (38) 

has demonstrated the good hydrolytic stability of urethane polymers 

prepared using polycarbonates, but it is not clear which polycarbonate

0 O'
(X)

was used.
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(b) Polyethers

The most widely used polyethers are those prepared from 

polypropylene oxide. The oxide is polymerised at 160°C in the 

presence of polypropylene glycol and sodium hydroxide, which 

produces a hydroxyl-terminated polymer of the following form.

CH.

HO— CH— CH; CH;

CH,
I 3
CH— 0 CH,

CH,
I 3
CH— OH (XI)

The majority of polymers, prepared as above, contain mainly

secondary hydroxyl groups which are rather unreactive. This

limitation has been overcome by preparing block co-polymers with

ethylene oxide and the final product terminated with primary

hydroxyl groups attached to the ethylene oxide segment. More

effective catalyst systems have been developed which make this

unnecessary. Should the polymerisation be carried out in the

presence of a triol or hydroxy compound of higher functionality,

then multifunctional polyesters are produced. These are used when
*

lightly crosslinked structures are required.

Glycol terminated polyethers are rather unreactive (33) and 

are therefore unsuitable for use in applications where a quick 

'set-up* time is necessary, eg surface coatings. Their established 

resistance to hydrolysis (32,38,27), however, makes them very 

desirable for use under extreme conditions. The development of 

amino-ethers (33) has led to faster reacting polyethers, without 

the necessity of metal catalysts, which unfortunately tend to 

accelerate degradative processes.
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The glycol terminated polyether is reacted with a 

nitroarylisocyanate. The reactivity of the isocyanate is very 

much enhanced by the presence of the electron withdrawing nitro- 

group.

+

The nitro end-groups are reduced to amine groups and 

polymerisation with the diisocyanate occurs as described in 

the previous section.

o2n - ■NCO + HO w OH
-1 n

■NO2

t

N° 2* ^ ^ ^ )k Nh - CO- O 0 H6 0 0—  CO-NK •n o 2

H2N' ■NH —  CO-O ■ c  h 6 0 0- CO-NH n h 2
n (XIII)



Polyethers may be manufactured from other cyclic ethers, 
eg tetrahydrofuran (THF).
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(c) Other Hydroxy-terminated Polymers
Polybutadiene, either as a homopolymer or copolymerised 

with styrene (SBR) or acrylonitrile (NBR), when capped with 
hydroxyl may be used to form urethane polymers (33)• Good 

hydrolytic stability is obtained largely because of the hydrophobic 

nature of the backbone, although the polymers might be expected to 

be susceptible to attack from hydrocarbon solvents.

n

CH =  CH
CĤ --OH hydroxy-terminated polybutadiene 

-*n

CH =  CH
\ CH —  GH— CH, OH SBRHO —  CH,2 2

n

n (XIV)
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3.4 Reactions of Isocyanates

Isocyanates contain the highly unsaturated — NmCzzO 

group, which may he represented by the following resonant 

structures:

+ +
R— N— C ~0 «*-> R— N— C— O R— N=C~0 (XV)

Most of the reactions involve active hydrogen compounds, with 

addition occurring across the double bond. It can be

seen from the resonant structures above, (XV), that electron donors 

will attack the carbonyl carbon and the electron acceptors the 

nitrogen or the oxygen. The presence of electron accepting or 

donating groups on the isocyanate would modify reaction rates by 

enhancing or reducing the effective charge on the carbon or the 

nitrogen. Similarly the effectiveness of the active hydrogen 

compound could be modified in this manner (2).

Where two isocyanate groups are attached to a benzene 

nucleus (eg TDl), the reactivity of the two isocyanate groups 

is not identical. The presence of the second isocyanate group 

enhances the reactivity of the first ^roup. A urethane, however, 

does not create such a large enhancement and the second isocyanate 

group has a reactivity similar to a monoisocyanate. In the 

particular case of TDI, where there is an additional methyl 

substituent, the 2-position isocyanate is very much less reactive. 

This methyl substituent in addition to being electron donating, 

which reduces the activity of the isocyanate, is also very bulky,

thus causing steric hindrance.
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3*4•1 Summary of the more important reactions of Isocyanates

(a) Isocyanates react with alcohols to produce urethanes; 

further reaction of an isocyanate with a urethane produces an 

allophanate, although this reaction is somewhat slower than the 

first.

RNCO
R— TOO + R-OH R— KH — CO— OR'-----*- R— NH— CO— K— CO— OR'

I
urethane R

allophanate (XVl)

(b) Reaction with an amine proceeds readily to produce a urea; 

further reaction gives a biuret.

R— NCO + R'-NF^
RLTCO

R— NH — CO— NH— R7 ----► R -  NH -  CO -  N -  CO -  NH—  R#
I

urea R

biuret (XVII)

(c) Reaction with carboxylic acids is supposed to proceed 

through an anhydride intermediate, which, with loss of carbon dioxide, 

yields the amide; further reaction produces an acyl-urea.

R-NCO + R-COOH [r - n h - c o - o - c o — r']
-CO,

R— NH— CO— R  

amide

R-NCO + R'— NH— CO— R"--►  R - N H -  C O - N — CO-R"

acyl-urea (XVIII)
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(d) Dimerisation and trimerisation of isocyanates are the 

most important self-addition reactions. Dimers are often used as 

crosslinking agents and crosslinking of isocyanate capped polymers 

may he achieved with the formation of isocyanurate ring structures.

0
II
.C

2RNC0 ----- -*■ R — N N -- R uretidone-ciimer

C
li
0

3RNC0

R
\  / VR

\
isocyanurate-trimer

(XIX)

(e) Water reacts readily with isocyanates and atmospheric 

moisture is a source of long-term storage problems An amine is 

first formed followed by urea and biuret linkages, as shown in 

(b) above.

R— NCO + H20 ---^  RNH2 + C02 (XX)

The presence of moisture during the manufacture of urethane 

polymers often presents problems; the carbon dioxide produced 

causes small air bubbles to be formed which weaken the final material.

In the production of flexible and rigid foams, water is often added,
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the carbon dioxide generated acting as the foaming or 'blowing' 
agent.

The order of reactivity, in uncatalysed systems, of 
isocyanates with active hydrogen compounds is generally as 
follows:- Aliphatic amines, aromatic amines, primary alcohols, 
water, secondary alcohols, tertiary alcohols, phenols, carboxylic 
acids, ureas, amides, urethanes.

c
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CHAPTER 4
THE DEGRADATION OF THE POLYURETHANES

Introduction
The comparative stability of various linkages has been 

studied by a number of workers (6, 27, 32). The results have 
often been inconsistent, indicating the need for further study 
on well defined and characterised materials.

Many of the results, particularly with regard to the hydro­
lytic stability, indicate only apparent stabilities of the various 
compounds and linkages; other factors such as experimental 
conditions may be important.

4.1 Factors Affecting the Apparent Stability
4*1.1. The number of degradable linkages per network chain

The degradation of vulcanisates is often investigated by
measuring some mechanical variable, eg tensile strength, stress
relaxation, which are functions of the number of network chains.

In the case of a series of vulcanisates prepared from the
same sample, but with different crosslink densities, the rate

♦
constant for network chain scission is inversely proportional to 
the network chain density (14)»

An alternative approach is to consider the cleavage of a 
particular linkage, characterised by a specific rate constant, kSp, 
of degradation. The rate constant for cleavage of network chains, 
k, is then given by (4, 6, 20).

k = kg p.m (4#l)
where m is the number of cleavable linkages per network chain.
For a series of vulcanisates prepared from the same polymer, then, 
k is proportional to m.
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4.1.2. The Sorption of Water
Few reactions are truly first order overall and the rate 

of reaction usually depends on the concentration of the attacking 
species.

For reactions in polymeric media it is the sorhed water 
concentration that is of interest. The equilibrium sorption 
depends on a number of factors, apart from the humidity of the 
atmosphere, such as:

(a) The Hydrophilic Content
Polar groups in the polymer, such as urethane, favour the 

sorption of water whereas hydrocarbon groups are hydrophobic.
The sorption of water, at constant humidity, for a series of 
vulcanisates will depend on the polar : non-polar group ratio (36).

(b) The presence of bulky groups may restrict the solvation 
of polar groups by water molecules, resulting in a lower water 
sorption (38) ana consequently a more hydrolytically stable 
material.

(c) Crystallinity
If a material is crystalline only the amorphous regions will

♦

tend to absorb water. The higher the percentage of crystalline 
material, the lower will be the water sorption (68). A further 
complication arises in this case, since it may be that degradation 
will possibly be inhomogeneous. Pure polycarbonate plastic, 
usually prepared from bis-phenol A and diphenyl carbonate, have 
very stiff chains due to the presence of the aromatic rings (l), 
which impart water sorption properties characteristic of crystalline 
material, although substantially amorphous.

(d) Water will tend to swell the polymer matrix, especially 
at relatively high humidities; the uptake depends on the network 
chain density and the polarity of the molecules (83).
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4.1.3* Enhancement of Reactivity

The presence of electron donor or acceptor groups in close 

proximity to the reacting group will affect its rate of 

degradation.

It is known that the carboxyl group exerts an electron 

withdrawing effect, the magnitude of which is shown by comparing 

the first acid dissociation constants of an homologous series of 

linear dicarboxylic acids (55> 57)* The dissociation constant 

reduces to that of a monocarboxylic acid when four methylene 

groups separate the carboxyl (adipic acid). Similarly, for a 

series of poly-adipate esters, prepared using various glycols, 

the ester group will be more stable as the number of carbon atoms 

in the glycol increases (33).

4.1.4. Diffusion Effects

In a recent investigation (29) it was shown that the 

oxidative degradation of hydrocarbon rubbers, studied by chemical 

stress relaxation, was controlled by the diffusion of oxygen into 

the sample. A limiting thickness for the sample was found, below 

which the rate of degradation rerrained constant. It is important 

in any study of the chemical degradation processes in polymers 

that thin specimens be used to minimise this effect.

4• 2 The Site of Cleavage : Thermal and Oxidative Degradation

Folyurethanes contain a multiplicity of possible sites of 

attack; each linkage must be assessed in its stability to various 

environments before attempting to improve the material for a 

particular application.

Ingham and Rapp (52) considered the thermal degradation of 

certain polyether (poly(propylene oxide), PPO) based polymers.
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The original PPO had a narrow molecular weight distribution with 

Mw/Mn ^  1.0

If degradation proceeds by a random attack in the polyether 

segment, then a broader distribution of molecular weights would 

be obtained. If, however, degradation occurs in a highly 

localised fashion at the urethane linkage then the molecular 

weight distribution would approach that of the original PPO.

An Mw/Mn ~ 1*03 suggested, therefore, that thermal

degradation occurs at the urethane linkage.

Singh and V/eissbein (20) prepared model urethane polymers

containing ester (poly(ethylene adipate)) segments, carefully

avoiding the formation of allophanate or biuret linkages.

Several vulcanisates containing four urethane groups per network

chain, but differing in ester group concentration, produced

identical degradation rate constants. Further experiments

demonstrated the dependence of the rate constant on the number

of urethane units per network chain; this confirming the

susceptibility of the urethane group to thermal degradation.
*

In a later study (2l), the comparative stability of polyester 

and polyether based urethane polymers was made. The similarity of 

degradation rate of both compounds in nitrogen indicated that the 

urethane group, the common component group, was the site of thermal 

attack. Conversely, the stability of the ester and ether segments 

to thermal decay is indicated. In drv air the polyester degrades 

at the same rate as in nitrogen whilst the polyether degrades much 

faster. The urethane and ester linkages are stable towards 

oxidation whilst the ether linkage is susceptible.
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Ludbrook (6), whilst confirming the stability of the 

urethane and ester linkages under oxidising conditions also 

found the polyether segment to be resistant; scission in this 

latter compound occurred at the crosslink. A fuller discussion 

appears in section 2.7.

Shaw and Tobolsky (7) demonstrated the stability of the

C-C bond in a variety of hydrocarbon polymers; an activation
-Ienergy of about 210 kJ.mol was obtained for all samples.

Summary of the Thermal and Oxidative Effects

At the temperatures studied, 200°C, the following general 

conclusions may be drawn concerning the stability of the various 

component groups present in many urethane polymers.

1. The C-C bond is thermally very stable.

2. The urethane group is susceptible to thermal but not 

to oxidative scission processes.

3* The ester group is stable to heat and oxidative attack.

4. The ether group is thermally stable but some disagreement 

exists as to the oxidative stability; the results, in 

section 2.7, of Davis and Golden indicate that the method 

and conditions of manufacture are important.

4.3 The Thermal Cleavage of the Urethane Group

It is thought (2) that the urethane group may degrade by 

three different mechanisms, as follows:

(a) Dissociation to regenerate the component isocyanate and 

alcohol groups.

heat
R.NH.CO.OR' ------ ► R.N = C = 0 + r' OH (i)
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(b) Formation of an amine and an alkene; this reaction is 

favoured when the corresponding alcohol is readily dehydrated 

and a meohanism involving a cyclic intermediate has been proposed.

R.NH.C0.0.CH2.CH.r' -*■ R.NH2 + C02 + r'.CH = CHg (il)

0
II

products

R

(III)

(c) Formation of a secondary amine, involving a rearrangement.

R.NH.CO.0R/ R.N.R + C02 (IV)

Ludbrook (6) favoured the generation of products as in 

scheme (a), above, but because of a second order dependence in 

the kinetics, proposed a meohanism involving two urethane groups, 

as follows:

RX / 0R'
— >

2 N .r A N
.C,~ vN\ i-0/ X R II

OH

2KNC0 + 2R-0H
(V)
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Hileman et al (23) pyrolysed flexible urethane polymer 

foam, prepared from a TDI-based polyether, at 300°C under an 

inert atmosphere. Using a gas chromatograph (G.C.) for 

separation and a mass spectrometer for identification of the 

products, several pathways were proposed (fig 4»l)» The major 

pathway involved the regeneration of the isocyanate and the 

alcohol component groups. At 300°C, some olefinic products 

were produced due to dehydration of the alcohol.

Other workers (53) investigating the degradation of 

xylene diisocyanate-based compounds by thermogravimetric 

analysis (TGA) and gas-liquid chromatography (GLC) also 

discovered the original diol to be regenerated, thus supporting 

the scheme (a), above. The isocyanate was then thought to 

decarboxylate at the temperature studied (^  300°C).

A number of workers (80, 8l, 82) have investigated the 

degradation of urethane polymer foams using evolved gas analysis 

(EGA).

Reed (80), using a mass spectrometric technique, measured 

the total ion current as a function of temperature for the 

pyrolysis, in an inert atmosphere, of certain polyurethane foams.

fig 4.1

temperature / °C
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The Total Ion Current represents the total sum of all the ion 

fragments passing through the mass spectrometer. The peaks, 

fig 4.1, can be associated with the various degradable linkages 

in the polymer. A detailed examination of the mass spectra at 

these peak temperatures enables the chemical entity to be 

positively identified; the following results were obtained 

for the position of the Total Ion Current peaks;

TDl/urethane £2 100°C, MDl/urethane ~  85°C, 

polyester segment 150°C. By comparing with the mass spectra

of known urethane compounds, unknown urethane polymers may be 

analysed.

Napier and Wong (8l) found that the major products of 

degradation, m  the region 220-240°C, were isocyanate, alcohol, 

primary amine and carbon dioxide plus some urea, which largely 

confirms the findings of other workers.

Woolley (82) found that a yellow smoke which condensed to 

a yellow solid, was emitted in the temperature range 200-300°C.

The nitrogen loss of the polymer corresponded to the total weight 

loss, which indicated that only thet urethane group was degrading. 

From both the polyester and polyether TDI-based compounds the 

yellow smoke was found to have the same elemental composition, 

which agreed closely with that of pure TDI; the slight difference 

wa3 thought to be due to TDI being evolved as a polymer, followed 

by loss of carbon monoxide or dioxide. The yellow solid was stable 

up to 800°C, which is accounted for by the presence of strong 

isocyanurate or carbodiimide structures.
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4*4 The Hydrolytic Stability of Urethane Polymers

Attempts by a number of workers to determine the hydrolytic 

stability of polyurethane materials and to locate the site of 

attack in the polymer have not been entirely conclusive.

Athey (32) investigated the hydrolytic stability of 

polyether (poly(tetramethylene ether glycol) and poly(propylene 

ether glycol)) and polyester (poly(ethylene adipate)) based 

urethane polymers. These pre-polymers were chain extended using 

diamines and glycols. The amine-extended specimens were found to 

degrade more rapidly than those extended with glycols. Polyethers 

were more resistant to degradation than polyesters. As a result 

the order of stability of the various linkages was deduced to be:

ether urethane ^>urea ester

Magnus (27) studied urethane polymers with polyether

(poly(tetra methylene ether)) and polyester (poly(adipate) and

poly(caprolactone)) as the soft segments but the detailed chemical

structure of the polyesters was not given. In addition to

diamine and glycol cures, as used by Athey (32), sulphur was used.
*

The results of this investigation were not in complete agreement 

with the work of Athey. Diamine-cured grades were found to be 

more stable than the glycol-cured specimens, and the sulphur-cured 

samples were the least resistant, suggesting catalytic action by 

the accelerated-sulphur system used. The poly(caprolactone) 

samples did not fit into the general pattern of stability. The 

order of stability of the flexible linkage for the amine and 

glycol cures was:

polyether poly(caprolactone) poly(adipate)



112

and for the sulphur cured systems:

poly(caprolactone)^> polyether polyadipate.

Once again, it may he that the nature of the accelerated-sulphur 

system adversely affecting certain linkages.

Both Athey and Magnus used tensile strength measurements 

to follow the degradation behaviour, a parameter dependent on the 

network chain density. In this type of measurement where the 

simultaneous degradation of several types of linkage is being 

followed, it may be difficult to ascribe the hydrolytic stability 

to any particular linkage. The results do, however, give the 

overall stability of a polymer, which is useful from an industrial 

viewpoint.

It has been noted (32) that polyester-urethane degradation 

proceeds faster in humid air compared to an immersion test. This 

difference may be due to acid products, from the cleavage reaction, 

remaining in the sample during the humid air test and catalysing 

further reaction; in fact Athey (32) recovered adipic acid from 

the water in the immersion test.

Kallert (33) has drawn attention to the relative instability 

of ethylene and propylene adipate-based urethane polymers compared 

to those containing hexamethylene adipate and polycaprolactone 

soft segments. In view of the greater hydrophilic nature of the 

former materials, the closer proximity of the ester groups and the 

increased ester content of the polymer chains, this effect is to be 

expected.

It should be noted that the three factors just described 

that affect the hydrolytic stability are produced by making a 

single change to the structure of the polyester. A fuller 

description appears in sections 4*1*15 4*1*2 and 4*1*3*
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Hydrolytic degradation was also studied by Schollenberger 

(36) using thermoplastic urethane elastomers, which provided a 

cleaner system since the use of catalysts was avoided.

The ester group was regarded as the most susceptible to 

degradation, although it was acknowledged that some decay may 

occur due to the urethane group. Samples were prepared with 

MDI and a glycol chain extender; Reegan and Frisch (39) found 

that polyether-urethane compounds prepared from MDI were resistant 

to decay whereas those prepared from TDI degraded rapidly - 

Schollenberger's assumption as to the stability of the urethane 

group would appear to be justified. All of the polyesters used 

in the preparation of Schollenberger1s urethane polymers had the 

same molecular weight, the ester : methylene group ratio was 

altered to provide a series of materials with different structures 

The polymers most resistant to attack were those with a high 

methylene group concentration; these polymers have a higher 

degree of hydrophobicity and consequently a lower water absorption 

In addition a urethane polymer prepared using poly (1,4 

cyclohexyldimethylene adipate glycol) was studied; apart from 

being strongly hydrophobic because of its large methylene : ester 

group ratio, the cyclic structure produces a hard material which 

favours a low water sorption. Consequently a more hydrolytically 

stable material results compared to the equivalent straight chain 

compound.

Although the chemical structure was found to be important, 

the dominant effect was found to be the carboxylic acid content 

of the component polyester which was found to vary a great deal 

from source to source. The presence of these acids is independent
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of the struoture of the polyester and occurs as a result of 

incomplete esterification during the manufacture of the polymer.

A much faster rate of degradation occurred with those urethane 

polymers containing a high acid content, which indicates some 

catalytic action on the part of the acid.

In this study (36) some polycaprolactone-based polymers 

behaved anomalously in that they were less stable than either the 

methylene concentration or low acid number would suggest.

A later paper (37) showed that the presence of tin or zinc 

organometallic compounds, often used as catalysts during manufacture, 

adversely affected the thermal stability of pure poly(caprolactone) 

materials. These authors (37) speculated that the hydrolytic 

stability may be similarly influenced and this may explain the 

odd behaviour of these polycaprolactones (36).

Recent studies (38) using polyurethane gum stock materials 

showed the order of stability of the flexible component to be: 

poly(tetrahydrofuran) ^  polycarbonate polyester, with 

hindered ester groups polyadipate polycaprolactone.

In this study (38) all polymers were prepared with MDI and 

ethylene glycol as the chain extender. In view of the work of 

Reegan and Frisch (39)> mentioned previously, the assumption 

that only ester bonds were hydrolysed seems reasonable. Analysis 

of the viscometric data yields the kinetic parameters for ester 

bond cleavage, rather than the network dependent parameters 

obtained in other studies (27, 32). The order of reactivity is 

largely as expected, the polyether displaying little degradation.

The poly -(caprolaotone) material is the most susceptible but in 

view of variation of the results obtained by other workers (27, 32, 

36), some further work needs to be conducted on this type of 

urethane polymer.
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Aromatic pure polycarbonate polymers show good resistance 

in acid and neutral media, largely due to the low water sorption 

promoted by the regid structure but in alkaline media degradation 

proceeds readily (41» 42). Pure polycarbonate polymers prepared 

from aliphatic compounds did not achieve commercial significance 

because of poor hydrolytic stability (l).

Mueller (34)> however, claims outstanding hydrolytic 

stability for urethane polymers prepared using 1,6 hexane diol 

carbonate; the stability of polyadipate-urethane polymers was 

improved when mixed with the above carbonate.

In an inherently sensitive system containing ester linkages 

it is necessary to use some stabilising compounds. Magnus (27) 

and Kallert (33) describe the use of carbodiimides. Magnus (27) 

found polycarbodiimides to be more effective than the monomer and 

Kallert (33) proposed that the carbodiimide ion reacts with the 

free carboxyl groups formed as a result of ester hydrolysis.

In the case of polycarbodiimide, several carboxyl groups may 

react with one polymer molecule, thus correcting the defect 

introduced into the network by ester cleavage. It should be 

noted that most testing methods employ an intermittent technique 

in which the sample is relaxed for the greater part of the test 

period; if the mechanism proposed is correct, little effect 

would be apparent. With a continuous testing technique, eg 

continuous stress relaxation, however, relaxation would be 

observed as a result of ester cleavage.

R* - NH - CO - N - R"
I
CO

R' - N = C = N - R" + RCOOH 
poly(carbodiimide)

R

(VI)
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Summary of Hydrolytic Effects

The results obtained by different workers in the field 

are often in disagreement. In the main the ether group is 

found to be the most stable in the presence of water, but 

certain additives, notably sulphur curatives, can change the 

order of stability.

The ester group may be associated with hydrolytic attack 

but it is recognised that attack also occurs at the urethane 

group.

It is evident that polymers containing few additives are 

essential for such fundamental studies; it has been found that 

the acid content of commercial polyesters, which varies a great

deal for products that have nominally the same chemical 

composition, affects the stability of the final polyurethane.
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CHAPTER 3 

EXPERIMENTAL

Introduction

In this Chapter the materials under stud;/ will be described 

together with the results of characterisation by swelling and sol 

fraction measurements.

The experimental apparatus used for the stress relaxation 

measurements is described. Measurements in dry and humid air were 

made on a set of relaxometers in the laboratories at the RAE, 

Farnborough. The experiments in humid air were carried out using 

a simple reiaxometer mounted in a humidity cabinet; only 

continuous mode experiments could be performed with this unit.

Dry air experiments, in both the continuous and intermittent modes, 

were carried out using a specially designed and versatile 

reiaxometer rig.

5*1 The materials used

Two commercial polyurethane gum stocks were selected for 

study having respectively polyester ancl polyether soft segments. 

Both materials, of the millable type, were hydroxyl terminated 

which improves the moisture resistance and the possibility of 

other side reactions through terminal isocyanate groups is 

eliminated.

5.1.1 Genthane-S (General Tyre and Rubber Co.)

A hydroxyl-terminated linear polyester prepared from an 

80 : 20$o mixture of ethylene and propylene glycols with adipic 

acid is reacted with MDI (methylene 4,4^diphenyl diisocyanate) to 

yield a highly viscous polymer with a number average molecular 

weight, M^ , of 31000. The structures of the various polymer 

feedstocks are given below.



ethylene glycol propylene glyool

ch2-  ch2

OH OH

CH —  CH2 (I)

OH OH

Adipic acid

HOOC —  CH2—  CH2—  CH2—  CH2—  COOH

The structure of the resultant polymer has been determined 

from nmr measurements (6), the relative mol fractions of the various 

segments are given in 5*1

segment

Table 5*1

relative mol fraction

- CONH — C ,H - 0Ho—  C.H.NH - CO -64 2 6 4

—  CH —  0Ho— 0 -

-  c h2~  ch2-  0 —  

- c o (ch2)4co —

1

3.6

6.6

9.2

5.1.2 Adiprene CM (Du Font)
A linear hydroxyl-terminated polyether, poly (oxybutylene) 

glycol is reacted with a mixture of 2,4 and 2,6 TDI (Tolylene 

Diisocyanate) and a small amount, 5-10^ w/w, of glyceryl monoallyl 

ether to provide olefinic sites for crosslinking. A mixture of the 

1- and 2— isomers of glyceryl monoallyl ether may have been used.
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The structure of the 2-isomer together with the structures of 

the other feedstocks are given below,

TDI

poly(oxybutylene) glycol (i d

HO 0 (CH„)2'4
n

glyceryl monoallyl ether

c h2oh

c h - o - c h2—  CH = c h2

c h9oh

The composition of the resultant polymer is reproduced in table 5*2(6)
*

Table 5.2

segment

CONH -C.H—  CH —  miCO o 3 3

(CH2)4 -  0

relative mol fraction 

1

7.4

The number average moleoular weight is approximately 140000.

The glyceryl monoallyl ether reacts with the isocyanate groups 

leaving short, pendant structures.
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5.1.3 Crosslinking of the gum polymers

Elastomers were prepared with peroxide cures to yield clean 

systems with carbon-carbon crosslinks. The dicumyl peroxide, (ill), 

used throughout is considered to degrade thermally and produce free 

radicals by the following mechanism (1,25). Initially, the 

methyloxy radical is formed which may either abstract a labile 

hydrogen from the polymer or degrade further to yield methyl 

radicals. Methyl radicals are formed if the reaction with the 

methyloxy radical is slow.

Me Me Me

0 Me

- c h 3 *R

polymer, RH

Cfi4 R* (III)

The polymer radicals, R , then combine to yield a crosslinked 

structure, thus

R'^V^'R -----^ R -- R (IV)

At the temperatures used for vulcanising (l40-l60°C) the 

non-radical products formed (ketones, alcohols) are vaporised.

Ludbrook (6) found that extraction with solvent had little effect 

on the stress relaxation of the elastomer indicating that contaminants

are likely to be absent after crosslinking.
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In Adiprene CM, the polymer radical may be similar to that 

formed in the peroxide crosslinking of polydienes (l), in which the 

a - methylenio hydrogen is abstracted, with the structure (V).

CH,

CH -  0 -  CH —  CH = CH,

CH,

(V)

In Genthane-S, the reactive methylenic hydrogen atoms on the 

isocyanate segment are thought to be easily abstracted (l) to yield 

the structure (Vi). Note that no equivalent of glyceryl monoallyl 

ether is incorporated into Genthane-S.

Dicumyl peroxide may also degrade by an ionic mechanism, a 

reaction which is catalysed by acids (25). The importance of this 

mechanism will be discussed later when carbon black fillers are 

considered.

0
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It will be apparent that dicumyl peroxide molecules degrading 

in this manner do not form the radicals necessary to promote 

crosslinking reactions.

5.1.4 Carbon black fillers (9.76,77.31)

Carbon blacks are widely used as fillers for elastomers 

though mainly hydrocarbon stocks such as Natural Rubber (NR) or 

Styrene-Butadiene Rubber (SBR). They are employed for a number of 

reasons including improvement in strength and wear properties, the 

more economical use of relatively expensive polymers and as a 

pigment.

Carbon blacks have been incorporated into the two polyurethane 

stocks, Genthane-S and Adiprene CM, to examine their effect on the 

thermo-oxidative and hydrolytic properties. Two types of carbon 

black were selected namely: SAP (Super Abrasion Furnace) which

is a reinforcing grade and MT (Medium Thermal) whioh is normally 

used as a polymer extender.

The primary particles in a carbon black are fused together as 

aggregates - in SAF-black the aggregates are of a high structure 

whereas in MT-black they are of a low structure. Diagramatically 

the structures are shown below, fig 5«1*

high structure
fig. 5.1
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The high structure carbons have a large surface area which

may explain their high degree of activity eg promoting the

formation of hound rubber and rubber reinforcement (77)* Typical
2 -iBET surface areas are 130 and 6 m g  for SAF and MT-blacks 

respectively.

The surface activity itself arises in a number of ways. The 

surface atoms have a different co-ordination to that of the bulk 

atoms which makes them highly reactive. Also chemical entities, 

produced during manufacture are absorbed on the surface. Lactone, 

quinone, carboxyl and phenol (49>78) have been detected, typical 

values are given in Table 5*3« ISAF (intermediate Super Abrasion 

Furnace) is similar to SAF-black.

Table 5*3 

meq/g
carbon
black

phenol lactone

ISAF 0.56 0.16

MT 0.10 0.02

Rivin (49) found that SAF and MT-black* contained quantities of 

weak acids, the results are given in Table 5»4*

Table 5.4

carbon black weak acid/meq g

SAF O.84

MT 0.10

Such acids may promote the decomposition of dicumyl peroxide by 

an ionic mechanism.

The antioxidant properties of carbon black have been 

demonstrated in certain elastomers (polyethylene (69), 

chloro-sulphonated polyethylene (50)) which is likely to be 

associated with the ability of the carbons to scavenge free
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radicals.

Donnet (76) calculated the number of free radicals fixed for 

a number of carbon blacks using AIEN (2,2^ azobisisobutyronitrile) 

as a radical donator. The results, table 5*5» show that SAF-black 

scavenges some seven times more free radicals than an equal weight 

of MT-black.

Table 5«5

10

SAF 150

m 22

* N - number of free radicals fixed per gram of carbon black.

5.1.5 Preparation of the vulcanisates

The gum rubber was processed on a conventional rubber milling

equipment which ensured that the added powders (curative and filler)

were well dispersed. The dicumyl peroxide (DCP40C) was used in a

formula containing 40$ w/w active ingredient and 60$ w/w calcium

carbonate as a diluent. The advantages are twofold. By using a
*

greater bulk of powder for a given weight of curative a more even 

dispersion is ensured which leads to a more homogeneously 

crosslinked product. Also the dicumyl peroxide, being a relatively 

unstable material, is safer to handle in diluted form.

Carbon black fillers were incorporated into most of the 

samples (in these samples 0.2 phr stearic acid was added as a 

processing aid). Two types of filler were used namely MT-black 

(Medium Thermal), a low structure carbon with a large particle size, 

and SAF-black (Super Abrasion Furnace), a high structure with a 

small particle size. Vulcanisates containing either 25 or 40 

phr filler were prepared.
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Vulcanisation was effected by heating in a hydraulic press 

at l60°C for 20-30 minutes. The optimum cure time was determined 

using a Monsanto oscillating disc rheometer.

The samples were prepared as thin sheets (0.4mm) to minimise

the effects of oxygen and water diffusion in the stress

relaxation experiments • The samples prepared are listed in

Table 5*6.

Table 5.6

Genthane-S

DCP40C/phr filler/phr

unfilled 3.75 -

4.50 -

5-5 -

7.5 -

8.75 -

MT-black 4.5 25

4.5 40

SAF-black 4.5 . 25

4-5 40

Adiprene-CM

unfilled 3.75 -

5.0 -

6.25 -

MT-black 4.5 25

4.5 40

SAF-black 4.5 25

4*5 40
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5.2 Characterisation of the elastomers 

5*2.1 Density measurements

The purpose of measuring the density of the vulcanisates was 

for use later in the volume swelling calculations.

5.2.1,1 Method

Densities were determined using a conventional density bottle
•2

( ̂  7 cnr), with a capilliary stopper and with water as the 

displaced liquid. Pieces of elastomer weighing up to Ig were 

used. Adequate wetting of the rubber surface was ensured by 

adding 1-2 drops of detergent and all bubbles were carefully 

removed.

5*2.1.2 Mathematical procedure

In the vulcanised materials some inert solid, calcium 

carbonate, was present as a result of using the diluted form of 

aicumyl peroxide (DCP40C). Its presence was allowed for in the 

following way.

The masses of elastomer and filler are additive and assuming

that the volumes are also, ie there is no shrinkage on mixing, then
♦

Mg = Mjj + Mp 5*1

and Vg = VR + Vp 5*2

where

“s ’ vs are the mass and corresponding volume of a sample

V VH are the mass and volume of the rubber content of

the sample

“p. VP are the mass and volume of the filler content of

the sample
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The density of the sample, p̂  , is then given by

M,
Ps = “r + “f

v + VR F

5-3

Now the densities of the rubber, p , and filler, p , are definedK i
thus

5-4

The density of the rubber can be written in terms of known 

quantities by substituting equations 5*4 into 5*3 and rearranging.

PR = PS PF___________
PF (1 * mf/ mr ) - psmf/ mr

5*2.1.3 Results 

Genthane~S

The densities of a series of vulcanisates of different 

crosslink densities as well as that of the gum stock was measured. 

The results are given in Table 5*7* A density of 2.62 gem 

for calcium carbonate (55) was used in the calculations.
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Table 5.7

DCP40C/phr sample density rubber density

/gem “3 /gem”3

unvulcanised 1.180 1.180

2.5 1.186 1.176

3.75 1.201 1.187

5.0 1.207 1.188

7.5 1.208 1.179

8.75 1.220 1.187

The average rubber density is I.I83 gem"3 which compares with

a value of 1.143 gem ~3  measured previously (6). Little dependence

on crosslink density is apparent.

Adiprene CM

The densities <of series of vulcanis ates and the gum rubber

are given in Table 5.8.

Table 5.8

DCP40C/phr sample density rubber density

/gcm“3 » /gem"3

unvulcanised - 0.953

3.75 1.155 1.141

5.0 1.169 1.150

6.25 1.201 1.177

The average rubber density is 1.156 gem”3 in the vulcanisates.

Several determinations showed that the gum rubber had a 
somewhat lower density than the vulcanised materials - a feature 
not noted for Genthane-S. The densities of the vulcanisates were 
all within a narrow band and did not show a strong function of 
curative level. The value obtained by Ludbrook (6) for the gum 
was 0.973 gem"3 .
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5*2,2 Swelling and Sol fraction measurements

Swelling and sol fraction measurements were carried out on 

filled and unfilled vulcanisates to give an indication of the 

network chain density and the efficiency of the curing agent. 

Qualitatively, a vulcanisate will be swollen to a greater extent 

by solvents and have a greater proportion of soluble material 

(sol fraction) as the number of crosslinks is decreased. 

Quantitatively the swelling and sol fraction data can only be 

reliably related to crosslink density in the case of unfilled 

vulcanisates since it is difficult to account for the effect of 

carbon black fillers. For instance, during the milling the high 

shear forces can generate rubber free radicals which may combine 

to produce additional crosslinks or the rubber may interact with 

the carbon black filler to produce an insoluble bound rubber (15,40). 

These two effects would both influence the swelling and sol fraction 

measurements and indicate an increase of crosslink density and yet 

the types of linkage may be of a different type to those in the 

unfilled. A further complication arises since carbon black fillers 
can promote the degradation of dicumyl 'peroxide by an ionic 

mechanism (section 5*1*3) leading to a lower than expected 

crosslink density.

Sol fraction data have been analysed by a number of workers. 

Charlesby (64) derived the following relation.

1 (w + w lf2> f  ( 5 .6 )__ = ' s s
y

where Y is the number of crosslinks per original polymer molecule

and is defined by



- 1 3 0 -

Y = M n

c
(5.7)

M and M are the number average molecular weights of the original n c
polymer chains and between crosslinks respectively. W is thes
fraction of soluble material (sol fraction) in the vulcanisate.

French (ll) proposed the following equation to relate the 

network chain density and sol fraction

n(o) = K W Z  g (5-8)

where Wg is the gel fraction, or insoluble portion, and is given by

W
g (5-9)

K is a constant dependent on the crosslink functionality and gum 

polymer molecular weight.

The number of polymer chains/unit volume, N, is given by

If - PR ’ (5-10)

w n

where P- is the rubber density.K

Hence the number of mol of crosslinks/unit volume, C(0) is 

given by

c(0 ) = Y N = Y PR (5 .11 )

2Mn2



131

In an ideal network with tetrafunctional crosslinks the 

crosslink density is related to the network chain density using 

eqn 1.22, that is

n(o) = 2C(o) (5.12)

A  correction for loose ends can be applied (17) using the

relation (10* 17* 28).

1
8 J _  ♦ 2 (5-13)

(m " )c corr («■)n

where (M ) is ' c'corr the number average molecular weight between

crosslinks corrected for loose chain ends . Multiplying through by

PR yields

PR

< ^ o o »

PR +
(IT)

2P r

(5T)n

(5.14)

Now -n(o)J eorr * PR (5-15)

(M )' c corr

and n(o) = PR (5.16)

(S')' c'

where 

for loose 

Hence,

n(o) 1L x J corr 
chain ends.

corr

is the network chain density corrected

« n(o) 2 P r

( M .
■ a)

(5-17)
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or, from eqn 1.22,

[ C(o)]corr * n(o) + PR (5.18)

2 Mn

5.2.2.1 Method
Small pieces of each vulcanisate were swollen in ethyl acetate

solvent was changed during the period of swelling to ensure that 
the maximum amount of sol had been extracted. The swollen samples 
were removed from the solvent, surface dried, and quickly transferred 
to a bottle and weighed; the dry weight was then obtained after 
removal of solvent under vacuum.

5.2.2.2 Mathematical procedure
Initial weight of vulcanisate strip

Weight of strip at equilibrium swelling

Weight after drying
¥

density of rubber

density of swelling liquid

parts of carbon black filler per hundred 
parts rubber b
parts of calcium carbonate c
Calcium carbonate, present as a diluent in the curative, and 

the carbon black fillers were assumed to absorb very little solvent 
compared to that swelling the rubber matrix, 
total inert filler (parts per hundred parts rubber)

at 30°C for several days until equilibrium was attained. The

60c b (5.19)+
100
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weight of rubber in the original vulcanisate sample =
100 V

100 -f 60c( + b 
100

(5.20)

weight of inert fillers in the original vulcanisate sample
* WF

60c + b
100

100 60c, + b
100

( 5 * 21)

Sol fraction = Ws W. (5.22)
Wor

weight of rubber in swollen strip = Wr_* s

weight of solvent in swollen strip = Wss

volume fraction of rubber in swollen strip

W3 - WF

-

■ Wr s / P R

(5-23)

(5.24)

W__ +r s Wss
(5.25)
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5.2.2.3 Resuits

Table 5.9

Genthane-■ S

unfilled vulcanisates
DCP40C/phr 0Z ws Y 105n(o)/mol.era 3 crosslinking

efficiency
3.75 0.22 0.1656 3.50 13.36 1.02
5.0 0.28 0.1006 5.73 21.87 1.25
7-5 0.33 0.0749 8.23 31.40 1.19
8.75 0.35 0.0524 12.64 48.2 1.57

filled vulcanisates (4.5 phr DCP4QC)
carbon
black

loading/
phr

W Y s
C10^n(o)/mol cm-3 crosslinking

efficiency
SAF 25 0.13 0.497 O.69 2.64 0.17
SAF 40 0.13 0.714 0.41 1.57 0.10
MT 25 0.18 0.266 I.64 6.24 0.40

MT 40 0.19 O.246 1.82 6.93 0.44

Adiprene CM

unfilled vulcanisates *

DCP40C/phr 0^ Ws
5Y 10^n(o)/mol.cm- 3 crosslinking 

efficiency
3.75 0.27 0.0360 19.6 16.2 1.26
5.0 0.34 0.0302 24.O 19.8 1.16

6.25 0.38 0.0226 33.4 27.6 1.29
filled vuloanisates (4.5 Phr DCP40C)
carbon
black

loading/
phr % W v

S ' 10^n(o)/mol .era"*3 crosslinking 
efficiency

MT 25 0.45 O.Q429 16.0 13.2 0.86
MT 40 0.47 0.0423 16.3 13.4 O.87

SAF 25 0.45 0.0605 10.7 8.8 0.57
SAF 40 0.41 O.O655 9.7 8.0 0.52
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Table 5*9 gives the volume swelling, , and sol fraction,

W , results for the filled and unfilled vulcanisates of both s
polyurethanes. Y was calculated from equation 5*6 and the 

network chain density, n(o), from equations 5*11 and 5*12.

Genthane-S

unfilled vulcanisates

Fig 5*2 shows a plot of n(o) vs_ curative level (table 5*9 ) 

together with values obtained earlier from stress-strain measurements 

on swollen vulcanisates (6,17). Good agreement between the results 

is noted which suggests that the Charlesby Treatment may be used to 

estimate network parameters from sol fraction measurements.

The crosslink efficiencies, that is the number of crosslinks 

formed per peroxide molecule, are comparable to those obtained 

earlier but with a greater spread of values. A cross linking 

efficiency of approximately unity is consistent with the notion 

that a peroxide molecule splits to yield two free radicals each of 

which then generates a rubber free radical. The two rubber radicals 

then combine to form a crosslink.
p

The volume swelling results also show the expected dependence

on curative level but is not as sensitive an indicator as W .s
filled vulcanisates

Table 5*9 shows thai the sol fractions are much higher for 

the filled vulcanisates than expected on the basis of the curative 

used. Values of Y and n(o) were calculated for comparison purposes 

and will be accurate if it is assumed that little polymer-filler 

interaction occurs (bound rubber).

The apparent crosslinking efficiency is much lower than for the 

unfilled materials. A possible explanation is that the carbon blacks 

are acting as free radical traps - peroxide free radicals captured

in this way would then be unavailable for generating rubber radicals.
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Plot of network chain density vs curative level (Genthane-S)

126
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Additionally acid groups on the carbon black may catalyse peroxide 
decomposition by the ionic route. The swelling results are in 
broad agreement with the sol fraction values.
Adiprene CM 
unfilled vulcanisates

The sol fractions are somewhat lower than for Genthane-S 
which is most probably explained by the longer chain length:

is 140000 for Adiprene CM compared to 31000 for Genthane-S.
Fig 5*3 shows that values of n(o) calculated from sol measurements 
are somewhat lower than those previously reported (6,1 7).
Consequently the crosslink efficiencies are also lower but 
interestingly compare very well with those obtained for Genthane-S.
The swelling measurements are in agreement with the sol fraction 
results.
filled vulcanisates

In Adiprene CM as with Genthane-S the incorporation of carbon 
black reduces the efficiency of the dicumyl peroxide curative but 
not as drastically as with Genthane-S. Possibly some polymer-filler 
interaction is occurring which causes some partial reinforcement and 
an apparent increase in crosslink density. Furthermore the volume 
swelling measurements do not follow the same trend as the sol fraction 
measurements and some reinforcement is indicated.

In both polyurethanes the SAF-black is seen to be the more 
active black, as expected, in that it reduces a greater amount of 
dicumyl peroxide available for crosslinking.



138



139

5*3 Water sorption of Adiprene CM and Genthane-S

The hydrolytic degradation of a polymer depends not only on 

the inherent stability of the various linkages but also the 

concentration of water in the matrix. Experiments at different 

temperatures should be conducted at constant uptake of water.

Barrie et al (58) have studied the water sorption of 

Adiprene CM and Genthane-S at a variety of temperatures and 

obtained the heat of dilution

a h a ■ v h; (5.26)

where and H° are respectively the partial molar heat content 

of water in the polymer mixture and that of pure liquid water.

The Clausius-Chapyron equation relates the external vapour 

pressure, p, and temperature, T, at constant uptake, c, thus

^  Inp

3 l/T
J C

R
(5.27)

where AH is the heat of sorption 8
The heat of sorption and heat of dilution are related by 

the following,

a ¥ a = a ¥  — a  ¥  ( 5 .2 8 )
A  S  C

where AH is the heat of condensation of water, c
If pQ is the saturated vapour pressure at temperature, T,

then

Slnp^
A l/T

_

A h__ c
R

(5.29)

on substituting for AH (eqn 5*27) and AH (eqn 5*27) inc s
eqn 5»28, the heat of dilution is given by



1/JO

^ lnp/po A hA (5.30)
b  l/T R

Using the data given by Barrie et al (58) the sorption 

behaviour was estimated at 70, 80 and $ 0 ° C , fig 5»4» for

Genthane-S. The heat of dilution for Adiprene CM was zero whioh

indicated that the water molecules in the polymer were as tightly

bound as in the liquid state. The heat of dilution of Genthane-S 
and positive

is small /?hich indicates that the water molecules are less tightly 

bound than in the liquid state.

As a result of the small heat of dilution an approximately 

constant uptake of water at different temperatures can be attained 

by operating at constant relative humidity. The uptake is a much 

more significant function of temperature at constant vapour 

pressure, p.

A relative humidity of 4 2 %  was used in the majority of 

experiments.

5.4 Chemical Stress Relaxation Apparatus 

5.4.I Relaxation Apparatus - humid air.experiments

The apparatus consisted of a small, simple relaxometer, 

which was capable of continuous mode operation only, suspended 

in a humidity cabinet.

A strain gauge transducer with its output connected to a 

multipoint chart recorder completed the equipment. The various 

parts are described below; a more detailed explanation is given 

elsewhere (88). The multipoint chart recorder oarried three 

channels; the two spare channels were used to record wet and dry 

bulb thermocouple outputs.
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5.4*!•1 Stress relaxation rig

A diagram of the stress relaxation rig appears in fig 5«5»

The thin rubber sample was mounted between two clamps which were 

hooked onto the relaxometer frame at D and to the transducer at F.

The rod D was part of the movable plate, C.

The strain in the sample was adjusted by rotating the rod,

H, which in turn, through a gear train, A, and lead screws, B, 

moved the plate C. The extension of the sample was measured with 

a ruler which proved to be sufficiently accurate since the relative 

stress was not a significant function of strain.

The transducer, G, was fixed to the bottom of the relaxometer 

and thus did not carry a ballast weight or the weight of the sample 

clamps. This arrangement proved quite satisfactory in practice 

with no sign of any hysteresis in the transducer output. In the 

diagram two support rods, E (one in front and one behind) have been 

omitted for clarity.

5.4.1*2 The Transducer

The transducer was of the resistance element type which had
*

been modified to be sensitive to the very small retractive force 

exerted by the thin rubber samples.

The windings inside the transducer formed the four arms of 

a Wheatstone bridge. The bridge diagram is shown in fig 5*6*

A 5V stabilised power supply was applied to the bridge and 

the zero point adjusted by means of the rheostat, A (fig 5*6).

A force applied to the bridge windings caused an out-of-balance voltage 

output, which once suitably attenuated, was displayed on a 

continuously triggered multi-point chart recorder.
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Stress Relaxometer - humid air experiments

fig. 5.5
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5.4*1*3 The humidity cabinet

A Hedin 762 (Slimline, type E2) humidity cabinet was used for 

all of the humid air experiments. The water circulation diagram is 

shown in fig 5*7*

Water was supplied to a continuously heated boiler, D, from 

an internal header tank, B. A constant water level was maintained 

in the boiler by means of the float chamber, E. The small tank, B, 

was necessary since supply to the system from the large header tank, 

A, placed on top of the cabinet, or directly from the mains increased 

the hydrostatic pressure such that the float chamber, E, failed to 

operate properly.

The large header tank, A, was filled periodically from the 

mains via a deionising unit. This tank contained sufficient water 

so that overnight runs could be conducted. The water circulation 

system was further modified in the following manner so that the 

humidity cabinet would operate for several days without attention. 

Water condensing in the cabinet, normally allowed to discharge into 

the main drain, was collected in the tank, I. When the ballcock 

reached a pre-set level a rod activated the microswitch, P, which 

in turn activated a pump, G. Water was then pumped from the tank,

I, to the tank, A.

Continuous power was supplied to the boiler through either 

one or both of the 600 watt elements. The steam outlet from the 

boiler was controlled by an electromagnetic valve (fig 5*7» C). 

Control over the boiler heater was restricted to the selection of 

'high' or ’low' on the front panel. The 'high' heat supply, using 

both heater elements, was only necessary for rapid heating of the 

boiler from 'cold’; the 'low' heat supply was sufficient for

normal operation
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Temperature and humidity were controlled by means of a 

wet and dry mercury contact thermometer arrangement. The dry 

bulb thermometer was connected to the cabinet heater circuit 

and the wet bulb thermometer to the electromagnetic steam 

injector valve (fig 5*7>C). Into the wet and dry bulb circuits 

were included two bimettalic-strip type energy regulators which 

served to reduce any oscillations in temperature and humidity.

This dual control system was operated as follows: each regulator

was switched to maximum so that initially control was only by the 

respective contact thermometer. The regulators were then 

backed-off until steady temperature traces were obtained on the 

chart recorder. Care was required to ensure that each regulator 

was not backed-off too much otherwise the cabinet cooled or the 

humidity fell irrespective of the state of the contact 

thermometers.

To ensure adequate mixing of the atmosphere a fan was

positioned at the back of the cabinet. A baffle, fitted just in

front of the fan, served to ensure a sufficient flow of air over*
the wet bulb thermometer.

Two chrome1-alumel thermocouples were mounted in the cabinet, 

one positioned in the centre of the cabinet close to the rubber 

sample to monitor the air temperature and one fitted in the sock 

of the wet bulb thermometer. The two outputs were routed to a 

multi-point chart recorder. An ice/water cold function was used. 

This factor and that the wet bulb was sufficiently force 

ventilated enabled standard tables (55) "to be used in the 

calculation of humidity from the two thermocouple readings.



Water supply system for the humidity cabinet r

i

fig. 5.7
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5*4*2 Relaxation apparatus - dry air experiments

A bank of six relaxometers, each capable of independent 

operation, were used for the dry air experiments. In principle 

the relaxometers were similar to the simple relaxometers used 

in the humidity oabinet. However, the operation and control 

system was much more versatile. Automatic operation was 

possible in either the continuous or intermittent mode 

experiments which in the latter type of experiment included 

automatic sample extension.

The stress relaxation data were recorded on a multi-point 

chart recorder the mechanism of which could be activated 

continuously or on a time-lapse basis. Time-lapse operation was 

advantageous as experiments often extended for several hundred 

hours - continuous operation would have produced too much chart 

paper output.

Each relaxometer consisted of an insulated tube, capable

of evacuation and filling with hostile or inert atmospheres,

which were individually heated and controlled. The transducer,
¥

sample supports and extension mechanism were fitted to a frame 

which slid into the furnace tube. The construction and operation 

of the relaxometer is described in the following sections, more 

detail is contained in ref.(89).

Pigs 5*8 and 5*9 illustrate the relaxometer in schematic 

form showing the essential features of the sample support and

extension mechanism
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Upper Frame - 
internal straining 
mechanism

W L
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Lower Frame - external straining mechanism

fig. 5.9
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Fig 3*8 - The upper relaxometer frame

A Strain gauge transducer 

B Ballast weight

0 Upper sample clamp

B Sample

E Lower sample clamp

F Clamp support plate

G Tube

H Locking pin

1 Pull rod

J,K Thermocouples

M,L Framework support rods

Fig 5»9 - The lower relaxometer frame

A Flange plate
9

B Seal

C Adjustment nut

B Adjustment nut

E Sliding adjustment (extension)

F Cam

G BBC microswitch (TDC microswitch omitted in the diagram)
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5.4*2.1 Relaxation cylinders

A specially straightened stainless steel tube, of inside 

diameter 1.75 in, formed the relaxation cylinder. A block 

containing the ports to accept vacuum and gas handling pipes 

was welded to the bottom of this tube? the top of the tube was 

sealed with a plate.

A flange plate fitted to the block contained a channel 

for an O-ring seal which ensured a good vacuum-tight connection 

with the main relaxometer assembly, that is with the flange plate,

A (fig 5*9)*

The cylinder was electrically insulated as follows:

(a) a coating of nickel aluminide applied by flame spraying 

W  a coating of alumina

(c) a layer of mica sheeting which was a safety measure since

the integrity of the alumina coating could not be guaranteed

5.4.2.2 Heating and insulation

Three heating coils were wound onto the relaxation cylinders 

each of the coils operating over a section of the cylinder and the 

three coils together covering the entire length. The middle coil 

operated over the working area of the relaxometer where the sample 

was supported. The two end coils were designed to eliminate 

temperature gradients. The windings were of 30 swg (0.315 mm dia) 

nichrome resistance wire and were each of approximately 200 ohm.

The cylinders were then thermally insulated, firstly with a 

layer of asbestos tape and secondly by a layer of glass-fibre. 

Finally a sheet of aluminium wrapped around the centre section 

was designed to even out any heat loss from this region and an 

aluminium draught screen was placed around the whole assembly.



5.4*2.3 Temperature control

The temperature was controlled with a proportional 

controller which regulated the voltage across the cylinder 

windings via a saturable reactor (fig 5*10, S). The sensor 

for this controller was a platinum resistance thermometer 

(fig 5.10, RR) of approximately 20 ohm situated in the working 

area of the furnace. Compensating leads, CC, were also included 

to account for the effect of the wire resistance.

The heater control circuit is shown m  fig 5*10» Each of 

the three windings was connected to the live output from the 

saturable reactor via a 75 ohm rheostat.

The control current passing through the core of the saturable 

reactor, which in turn controlled the voltage supplied to the 

furnace windings, was set by means of a 40-turn helically wound 

precision potentiometer and a ten position rotary wafer switch.

The sensitivity, that is the width of the proportional band, was 

adjusted by a ten position switch on the proportional controller 

front panel so that the temperature in the furnace was 

non-oscillatory (as indicated on the chart recorder output).

Three chrome2-alumel thermocouples, positioned over the 

length of the relaxometer tube, were used to monitor the temperature. 

The outputs were fed to a multi-point chart recorder which 

sequentially scanned the outputs from the eighteen ( 6 x 3 )  

thermocouples.

The room was thermostatically controlled at 20 ± 0.5°C

which further ensured that constant temperatures could be

maintained for long experimental periods.
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The reference junctions were fitted in glass tubes filled 

with oil and these were placed in a water filled vacuum flask. 

Combined with the room temperature control, mentioned earlier, 

the reference junctions could then be maintained in a stable 

condition for long periods. Special calibration tables were 

required, however, which referred to the reference temperature 

of 20°C.

The mains supply was stabilised to ± 0*5$ using a high 

speed regulator and an auto-transformer which further ensured 

an excellent long term temperature stability.

As already mentioned, the voltage switched to the furnace 

windings was determined by the control current to the saturable 

reactor. The relative supply of power to each of the windings 

was determined by the settings of the three 75 ohm rheostats 

(fig 5*10)» The best settings were determined by experiment 

during the original commissioning of the apparatus (88), using 

the outputs from the thermocouples as a guide and observing their 

stability in addition to the absolute values.
I

5.4*2.4 The relaxometer assembly

The whole assembly consists of two frameworks, called the 

upper (fig 5*8) and lower (fig 5*9) frameworks, bolted together 

at a flange. Positioned vertically, the framework is supported 

by a counter-balance arrangement which allows easy movement into 

and out of the furnace. The flange, forming the function of the two 

halves of the framework, was machined flat and when the relaxometer 

is in the working position presses against the cylinder flange to 

provide a gas tight seal (section 5«4»l*l)«
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The upper part of the assembly, which projects into the 

furnace, supports the transducer, sample clamp and various 

screw-adjusting assemblies for the transducer mount and sample 

gauge length.

The lower part of the assembly supports the motor drive and 

external strain mechanism.

The upper frame

The upper part of the relaxometer is shown in fig 5*8.

Three vertical supporting rods (only two, L and M, are shown for 

clarity) in the form of an equilateral triangle provided a stable 

configuration around which the other parts were built.

At the top of the frame was mounted a strain gauge

transducer, A, suspended from which was the upper sample clamp,

C, and a ballast weight, B. The bottom sample clamp, E, slotted

into a channel out in the movable place, F. The rubber sample, D,

is shown hatched between the two clamps. The sample gauge length

used throughout was 2 inches the repeatability of which was ensured

using a jig. The central rod, I, connected to the plate, F, slides
*

into the tube, G5 the rod and the tube being locked together with 

the pin, H. Course adjustment of the position of the plate, F, to 

accommodate samples of different gauge length is accomplished by 

altering the relative positions of the tube, G, and the rod, I.

The lower frame

The important features of the lower frame are shown in fig 5*9* 

The lower frame supports the external straining mechanism.

The pull-rod, I (fig 5*6), passes through the flange plate, A, 

and a gas tight seal, B, connecting with a cam, F, at a slider, E.
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Behind the cam, F, is a motor (not shown) which, when 

activated, rotates the cam* The end of the slider, E, is 

displaced from the centre of rotation of the cam and, therefore 

as the cam rotates, the pull-rod will move vertically causing 

the sample to extend.

The approximate gauge length is set as described in the 

preceding section, fine adjustment to the gauge length is made 

with the screw/nut at C. Having fixed the length of the pull-rod, 

the extension required is set by adjusting the position of the 

slider, E, against a graduated scale engraved on the cam. The 

engravings are in 0.1” intervals up to a maximum of

The external straining mechanism

The motor, which drives the cam, runs at a nominal 1500 rpm 

but a gear train reduces this to approximately S rpm.

As shown in fig 5*9 the cam is in the top-dead-centre (TDC) 

position, that is with the sample relaxed. When the motor is 

activated, either automatically, through a timing mechanism, or 

manually the top microswitch (not showh) is by-passed and the cam 

rotates through 180° until it makes contact with the bottom 

microswitch. A similar sequence is true for the cam moving from 

bottom to top-dead-centre. When the microswitch contacts (top or 

bottom as appropriate) are closed the current in the motor windings 

is reversed; the motor then retards the cam so that it stops 

exactly in the top or bottom-dead-centre positions. The exact 

amount of retardation is found by experiment, and is accomplished 

by adjusting the position of the microswitch on its mounting, and 

also a small mercury switch in the microswitch assembly.



5.4*2.5 The strain gauge transducer

The transducer was of the same type as described previously 

for the humid air experiments (section 5*4*1*2).

The transducer bridge was supplied from a stabilised 6V dc 

power pack. Those relaxometers operating in the continuous mode 

were supplied from a different power pack to those operating 

intermittently because of electrical interference problems.

The transducer bridge circuitry and attenuation network are 

shown in fig 5*H» the outputs from the transducers were displayed 

on a multi-point chart recorder.

5*4»2.6 Automatic operation

The attenuated outputs from the six relaxometers are displayed 

on a multi-point chart recorder. The recorder mechanism was 

activated either

(a) continuously, in which a selector in the recorder repeatedly 

scanned each of the transducer outputs, or

(b) time-lapse, in which the selector mechanism was triggered by 

one of two clocks.

If the stress relaxation experiment was of the continuous mode 

type then two stress readings were printed on the chart during each 

scan cycle. If the experiment was of the intermittent mode type then 

one stress reading and one zero check reading were printed, 

corresponding to the extended and relaxed sample positions 

respectively.

Two clocks were provided:

No. 1 clock graduated in one minute intervals up to a maximum of 

2 hours and

No. 2 clock graduated in 5 minute intervals up to a maximum of

12 hours
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A pointer was set on the appropriate clook to the desired time 

interval between successive scans. When started the clock would 

count to zero time and actuate the recorder scanning mechanism 

whilst at the same time re-setting to the previously determined 

time interval.

In the case of continuous mode measurements the sample was 

extended for the duration of the experiment and only the scanning 

of the transducer outputs occurred. Intermittent mode operation 

required, however, that the relaxed sample was extended prior to 

the stress reading being recorded on the chart. The two functions 

of transducer scanning and sample extension were controlled by two 

rotary selector switches in the recorder. Each pair of contacts in 

the selector switches remain closed for 5 seconds. Since the time 

required to extend the specimen is 4 seconds, there remains one 

second for the measurement to be recorded. Normally, for properly 

vulcanised rubbers, equilibrium stress was achieved very rapidly 

and one second between extension and measurement was adequate. 

However, some vulcanisates have significant physical relaxation 

and they could be accommodated in the following manner. It was 

possible to increase the time, in units of 5 seconds, between 

extension and measurement by connecting the straining mechanism 

to an earlier position on the rotary selector switch; that is, 

a sample was being extended whilst the readings were being obtained 

from a relaxometer earlier in the sequence.
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5.4*2.7 The vacuum system

Three manifolds are fixed to the relaxometer cylinders-
(a) a line for evacuating the cylinder to purge the gaseous 

by-products of degradation. The bulk of the gas may be 

removed using a water-jet pump and the remainder by a 

rotary oil pump.

(b) a high vacuum line employing a silicone oil diffusion 

pump and the same rotary oil pump as in (a), above, to 

remove all traces of air prior to admitting an inert or 

other atmosphere.

(c) A 'clean* line is provided for admitting inert or other

The vacuum system is metal throughout and when the system 

was originally commissioned it required considerable out-gassing 

which involved heating the piping.

5.4*2.8 A note on the principle of the saturable reactor 134)

The circuit diagram is shown below, fig 5*12

gases.

1

Saturable Reactor 
fig. 5.12



An inductor, I, and the resistive load, B, are in series 

and connected to an ac supply. The inductor has no resistive 

component and has a nickel-iron core. A dc control current, i, 

is applied to winding around the core. The effect of this 

current is to change the magnetic saturation of the nickel-iron 

core and hence the inductance of the inductor.

When the coil is saturated the impedance of the inductor is 

zero and so therefore is the potential drop. However, if the core 

is unsaturated the impedance of the inductor is very high and the 

potential drop across the load, and hence the power dissipated, is 

small. An advantage of such a system is that large voltages and 

powers can be controlled using small currents. Practically this 

means that there is little power dissipation in the control 

circuitry which means that it can be made relatively compact.
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CHAPTER 6
CHEMICAL STRESS RELAXATION RESULTS AND DISCUSSION 

Introduction

The stress relaxation results, which formed the bulk of the 

experimental programme,are presented in this chapter. Individual 

sections are devoted to the continuous and intermittent relaxation 

in air of each of the two filled polyurethanes. Finally the effect o f  

a humid atmosphere on the filled and unfilled vulcanisates is 

examined.

The results are complementary to the previous study (6) in 

which the non-oxidative and oxidative effects in the unfilled 

vulcanisates were presented.

6.1 Stress Relaxation of Genthane - S in Air

6.1.1 Continuous Relaxation of Filled Vulcanisates

The continuous relaxation data for all of the filled materials, 

which represents only network scission processes, is best represented 

by a pseudo-second order type of expression of the type,

for the MT - black filled samples and in figs 6.3 and 6.4 for the 

SAF - black filled samples.

Apart from some initial curvature excellent linearity, often 

extending to high degrees of degradation, results. The initial 

curvature may be attributed to physical relaxation processes. It 

will be noted that significant curvature is restricted to the lower 

experimental temperatures (60 - 80° C); at higher temperatures the

1 (6.1)

Plots of f(o) - 1 vs t are shown in figs 6.1 and 6.2
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relatively fast physical processes decay during the initial 

setting-up of the relaxation run.

Pseudo-first order plots of In f(t) vs_ t are shown for
f io)

comparison in figs 6.5 and 6.6, for the MT-black, and in figs 
6.7 and 6.8 for the SAF-black filled materials. The curvature 

suggested that a multiple-exponential might provide a better fit 

to the data. Analysis of the data by the method outlined in 

section 1.8.2.2 proved difficult in that a consistent procedure 

couldn't be applied to each of the curves. At the lower temperatures 

good linearity occurred over a reasonable time scale and even at 

long times the network had only decayed to a limited extent and a 

realistic analysis could be performed. However, at the higher 

temperatures ( >  100°C) linearity did not occur until appreciable 

network degradation had occurred. Since measurements are best 

confined to the early part of the degradation curve, the 

interpretation of the results obtained from these higher temperature 

curves would not be easy. Such a difficulty is compounded when 

crosslinking accompanies scission ( 19 ) which is the case with 

these vulcanisates, as will be shown m  section 6.1.2

The rate constants, n(o)k2» obtained from the slopes of the 

pseudo-second order plots (figs 6.1 - 6.4) are given in table 6.1.

The corresponding Arrhenius plots are shown m  fig 6.9 and the 

Activation Energy results in table 6.2.
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TABLE 6.1

Continuous relaxation of filled Genthane-S in air
MT - black 25 phr 40 phr

°c 10^n(o)k2/hr 10^n(o)k2/hr

60 2.40 -

80 7 • 66 5.48

100 18.40 23.1

120 47.50 103.0

130 - 263.0

SAF - black

60 1.44 -

80 8.72 8-03

100 41.5 27-9

110 - 39-0

120 I67.O 74.9

130 _ 24.1

Activation
TAELE

parameters for phe
6.2

relaxation of G-enthane-S in air

black loading E/kJmol InA
MT 25 53.5 13.29

40 93.2 26.47

SAF 25 86.0 24.54

40 62.9 16, 60



The most likely degradation mechanism is one involving the 

non-oxidative main chain cleavage of the urethane group which 

follows from the similarity of the results with those obtained for 

the unfilled materials (6). A number of workers ( 6799Q) have 

indicated that the initial degradation products from urethane 

degradation are isocyanate and alcohol terminated fragments 

from pyrolysis experiments. Although most of these studies have 

utilised high pyrolysis temperatures (300 - 500°C) one study ( 80 ) 

has used relatively low temperatures comparable io those used in 

tie current investigation of 80 - 120°C . The major mechanism 

of a reversion to an isocyanate and alcohol was confirmed.

The presence of some amine-terminated components (corresponding 

to the isocyanate) were also identified at the relatively low 

temperatures from both MDI and TLI-based polymers. Further 

degradation of particularly the polyol (polyester) fragment to 

yield olefinic p-roduots does not take place readily until 

temperatures in excess of 25C°C are used ( 67 ).

One of the major influences cf the carbon black filler, 

particularly the highly active SAF-black,is tereduce the amount 

of dicumyl peroxide available for crosslinking (section 5*2.2.3 )* 

Consequently the crosslink density is not dependent solely on the amount 

of peroxide added to the gum rubber. Furthermore there are indications 

of some polymer-filler reinforcement which makes the experimental 

determination of the crosslink density from swelling on stress- 

strain measurements difficult. As a result detailed analysis of 

the rate constants is not possible since these will depend on the 

network chain density (6) which follows from the main chain scission 

process.

A more useful parameter is likely to be the Arrhenius Activation 

energy which is independent of the crosslink density.
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The relaxation rate constant, n(o)kp in eqn 6,1 , is related

to temperature as follows 

n(o)k^ = A exp - E

RT

(6.2)

or In n(o)k2 - InA - a-]RTj (6.3)

From a plot of In n(o)k0 vs_ l/T the Activation Energy is obtained

from the slope* For the filled vulcanisates m  air the Activation

parameters are given in table 6,2. The corresponding values for the

unfilled material (6) are E = 95 kJ.mol * and InA = 28.0. It is

evident that a unique Activation Energy for all of the filled and

unfilled samples, which would have indicated the presence of a

single reaction mechanism, is absent. The situation is clearly more

complex and possibly indicates the participation of the carbon black,

although no distinct trend is apparent in the Activation Energies.

A plot of InA vs E reveals a linear relationship. Van Krevelen ( 68)

has observed this type of behaviour for a series of similar reactions

such as where in a particular reaction system the catalyst is altered
»

An increase in E is ‘compensated’ by a decrease in InA. Furthermore 

the Arrhenius plots cross at a common temperature at which the rate 

constant is identical for all compounds. The temperature at which 

this occurs is called the isokinetic temperature, T-, and is 

defined by the following expression.

InA = E + constant (6.4)

From a plot of InA vs_ E, fig 6-10, an isokinetic temperature of 

358K (85o0) is obtained for the Genthene-8 vulcanisates. It is
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interesting to note that the values obtained by Ludbrook (6) also 

fit the straight line.

It is apparent that the Activation Energy is not a good 

parameter by which to characterise the degradation of Genthanc-S 

vulcanisates. It is a variable quantity that appears tc be 

susceptible to small changes in the vulcar.isate possibly arising 

as the result of the presence of the carbon black fillers and 

processing history. Another study (36) has indicated the 

susceptibility of polyester-urethanes to the presence of acids.

The source of acid identified in the study was that remaining 

after incomplete esterification whereas in this investigation it 

could be present at the black surface, or from ionic decomposition 

of the dicumyl peroxide, which is itself influenced by the carbon 

black.

Since the InA vs E relation arises from a series of similar 

reactions it would appear that the basic degradation mechanism is 

the same in each vulcanisate, that is one of a thermal cleavage of 

the urethane group to yield an isocyanate and alcohol end groups. 

6.1.2 Intermittent relaxation of Genthane-S vulcanisates in air

Previous work (6) has indicated that crosslinking accompanies 

network scission in unfilled vulcanisates of Genthane-S. A plot of 

t vs t/A (eqn 1.53) gave a value of j3 = 0.59 which indicated that 

59 new chains were formed for every 100 cleaved. The most likely 

reaction scheme proposed was a straightforward combination of 

adjacent isocyanate and hydroxyl fragments (not necessarily derived 

from the original urethane group). The new network chains then 

constitute a second network identical to the original network.

The inefficiency of the recombination is likely on two counts. 

Firstly, since recombination relies on a collision between two 

components, of which one, the isocyanate, is very reactive there is
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likely to be some wasteage leaving an excess of hydroxyl end-groups. 

Secondly, it has been shown ( 80 ) that some isocyanate groups react 

to yield amine end-groups; such amine end-groups would tend to react 

further with isocyanate groups to yield a urea structure (section 3*5) 

once again leaving an excess of hydroxyl end groups.

This section presents the intermittent data for the LIT and 

SAF-black filled vulcanisates. A note on the intermittent analysis 

method employed is also included in this section.

6.1.2.1 A note or. the intermittent data analysis

The intermittent curve represents the net effects of bond 

cleavage and bond reformation. A function, A , can he defined thus,

(6.5)f . (t)
A = 1 .

(o )

f y o

f0(°)

which represents the pure cresslinking component with respect to the 

original network chain density (section 1.6.3).

The source of the crosslinking reaction may be classified into 

two types: these dependent on the degradation reaction and these

independent of the degradation reaction. As an example of the latter 

type, Thomas ( 19 ) deliberately mcoipcrated a reagent into the

rubber compound that would become active at high degradation 

temperature and induce the formation of crosslinks. It is, however, 

the first type that is most likely to be of interest which follows 

from the results reported for the unfilled materials.

Barrie et al ( 17 ) examined the case where the fraction of

recombined chains ( A ) is directly proportional to the fraction of

cleaved chains 1 - fc(t)/fc(o ) ' . The proportionality constant,

P , is the reformation efficiency and is equal to 1 for 10C$ 

recombination. Thus,

A = p 1
f c(t)

f (o')c

(6.6)
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A plot of A vs f (t)/ f (o) should yield a straight line 

with J3 determinable from both the slope and intercept.

The intermittent and continuous data, however, may not be 

strictly comparable. The continuous data wen? obtained when the 

sample was extended for the entire duration of the experiment and 

may include a significant physical relaxation. Conversely, the 

intermittent data obtained when the sample had been extended 

for only 1 - 2  seconds and consequently will be largely independent 

of any physical relaxation process.

Two further functions, A and f (t)c
f c(°)

i /
may be defined

which have been corrected for any physical relaxation. From a 

suitable plot the time dependence of fc (t)/f (o) is determined. 

For Genthane-S the following expression was found to hold in all 

cases (filled and unfilled vulcanisates) for the linear part of 

the curve.

-c<°)
*  ( o  - cv W

n (o)kt (6.7)

where A is the intercept on the y-axis and arises because of some
¥

curvature at short times due to a rapid physical relaxation.

The purely chemical relaxation can then be given by
f— "| /
f,(o) - 1 « n(o)kt

fgt)

is then given by

(6.8)

d =
fj(t) f (t) c

t

=  p 1 -

r

g(°)_ f (o) c _ _fc(°)_

A plot of A vs f c ( t )

f (o)cv '

(6.9)

should then give a better representation

of the crosslinking reaction with |3 determinable from the slope and 

intercept.
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Such a correction was incorporated into the treatment by 

Barrie et al ( 17 ) with the exception that experimental values

of A were employed instead of corrected values. By using a 

substitution of the corrected continuous data values ie

:'t(t)/fc(o)

expressions of

into equation 6.6 difficult analytical 

A with respect to time mav be avoided.

Genthane-S intermittent relaxation data

6.1.2.2 Results and Discussion

Intermittent relaxation curves are shown m  figs 6.11

and 6.12 for the MT-black filled samples and figs 6.13 and 6.14

for the SAF-black filled samples, together witv curves of A* vs_

time. On each of the plots corrected data are used for f (t)/f (o)c c
and A .

Table 6.3 gives the results of plots of A* vs f '

8 and 8 are the values of 8 calculated from the slope andI At 1
—  the

intercept respectively. p is/anthmetic mean of (3 and {3̂  .

A typical plot of A and f ' is shown in fig 6.15 and is for anc
MT-black filled sample

Table 6.3

°C p , p » P

MT/25phr 80 0. 66 0. 68 O .67

120 0.87 0.8? 0.87

130 0.89 0.90 0.90

MT/40phr 80 0.92 0.94 0.93

100 0.97 O .98 0.97

120 1.03 1.04 1.04

SAF/25phr 80 1.11 1.10 1.11

100 1.58 1.59 1.58

120 1. 62 3.59 1.60
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In contrast to the continuous data which showed no clear 

trend in degradation behaviour between the different samples the 

intermittent data shows distinct trends. The intermittent curves 

lie above the continuous curves (including the data corrected for 

physical relaxation) for all times, which indicates that some 

crosslinking is accompanying the scission process.

At high extents of degradation a maximum is sometimes 

observed in the A7 vs time curve, apparently indicating a 

decrease in crosslink density, figs 6.11 - 6.14* As the original 

netAoik becomes completely degraded then the intermittent curve 

will tend to a line parallel tc the time axis providing that the 

second reformed network is stable. If, however, the second 

reformed network is hot; stable, which it won't be if it consists 

mainly of u ’ethane linkages, then the intermittent curve will 

continue to indicate an overall decay with time.

An alternative explanation for the maximum is given in 

section 2.3. At high extents of degradation the continuous

curve improperly represents the progress of degradation because

of some interaction cf the new crcss links. From the expression,

A = U  - P 6.10

d A _ Dfc 6.11

d t dt dt

A maximum occurs if df.__i df __c . Normally df%.X df to give a 2* __g
dt d t dt dt

positive slope of d A , but if dfc decreases due to the interaction

dt dt

of the nev' crosslinks then a maximum may occur.

Quantitatively the crosslinking reaction may be described by 

the parameter (3
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With the use of corrected continuous data the plots of A / vs 

f ; "become linear and the two values of P ( p( and P^ ) obtained from 

the slope and intercept are acceptably similar. Such a result tends 

to reinforce the assumptions made in analysis. That is, the 

crosslinking reaction is dependent on the degradation reaction - 

an independent cresslinking reaction would tend to produce two 

different P values ie P(̂  P2 . Also the simple correction for the 

physical relaxation appears to be adequate.

From table 6.3 it is noted that in general P , the 

crosslinking efficiency, increases with black loading, the 

activity of the black, and with temperature. Furthermore it 

is evident that values of P 1 are obtained with a number 

of samples, notably the highly active SAF-black filled samples.

Values of P > 1 cannot be explained simply on the basis of 

a recombination between the isocyanate and alcohol fragments.

The interaction of the black is clear and a possible explanation 

is the isocyanate and hydroxyl fragments both interact directly 

with the black particles forming chemical linkages. The overall 

increase of crosslink density with time* is much more significant 

with the SAF-black filled samples.

With the MT-black filled samples the dependence of (3 on 

the black loading indicates the participation of the carbon in 

some fashion, although to a much less extent than with SAF-black.
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6.2 Stress Relaxation of Adiprene CM in Air 

6.2.1 Continuous relaxation of filled vulcanisates

Previous results from work with the unfilled gum vulcanisates 

showed that the major source of degradation was an oxidative 

cleavage of the crosslinks. The urethane group was shown to decay 

thermally but this was a minor effect compared to the oxidative 

cleavage.
for the filled materials

A typical relaxation/curve could be divided into three sections, 

as shown schematically m  fig 6.16, with respectively an initial 

inhibition period, a first order decay and finally a deviation from 

the first order process.

130 -

fig. 6.16

time
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All of the filled samples showed the inhibition period and 

the first order decay but in some cases insufficient data were 

available for the deviation at long times to be observed. The 

main difference between the relaxations for unfilled and filled 

materials was the appearance of the inhibition period in the 

latter. Semi-log, first order, plots are shown in figs 6.17 - 

6.20 for the MT and SAF black-filled materials.

It is convenient to define the inhibition period, I , 

as shown in fig 6.16, as the value obtained on the time axis by 

extrapolation of the first order decay. From table 6.4 it is 

apparent that x was dependent on the temperature, the type and 

amount of carbon black filler present.

Table 6.4

temp/°C inhibition period, X /h:

MT black

25 phr 100 82.6

120 12.5

130 5.9

40 phr 100 161.9

120 27.7

130 14.7

SAF black

25 phr 100 115.7

120 14.4

130 802

40 phr 100 251.6

120 44.2

130 16.5
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From figs 6.17 - 6.20 it is apparent that very little 

degradation occurred which indicates that the thermal urethane 

cleavage as well as the oxidative crosslink scission was being 

suppressed. It is evident that the carbon black was responsible 

for inhibiting the degradation processes.

Presumably the oxidative scission of the crosslinks is 

initiated by the presence of impurities m  the vulcanisate rather 

than by a direct attack by oxygen molecules. In which case the 

carbon black interferes with the oxidative scission by absorbing 

the initiator free radicals. Ior.net (76) has shewn that carbon 

black fillers can act as free radical traps - using free radicals 

generated by the thermal breakdown of AIEN (azobisisobutyronitrile) 

a given weight of MT-black was shown to absorb some seven times less 

free radicals than SAF-black. Phenolic and other oxygen-containing 

groups on the carbon black surface are sometimes cited as being 

responsible for inhibiting oxidation (22, 49)* Rivin (49) found 

that ISAF-black, a similar carbon to SAF-black with a slightly lower 

structure, had O .56 meq/g of phenolic groups whereas MT-black had 

only 0.16 meq/g and it is possible that these groups were 

responsible for inhibiting oxidation.

Carbon blacks resemble the granhite structure with stacked 

aromatic rings and another postulate (48) ie that unpaired electrons 

in the carbon structure are responsible for neutralising the free 

radicals. The SAF-black has a much higher surface area than the 

MT-black and this may explain its ability to scavenge more free radicals.

Since the transition at the point where the first order decay 

begins is well defined it is likely that the carbon black remains 

active until nearly all of the active sites are exhausted. That is, 

the absorption of free radicals by the carbon black is a very rapid 

process. If it is assumed that the fraction of active sites remaining
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after I hour is the same for each of the black-filled samples, then 

an Arrhenius type of Activation Energy law may be proposed, thus

t = A exp (E/RT) (6.12)

The plots obtained for each of the samples is shown in fig.

6.21 and the corresponding activation energies obtained from the slopes 

are given in table 6.5.

Table 6.5

Arrhenius parameters - inhibition period

loading/phr E/kJ mol" 1 InA

MT-black 25 110.6 31.2

40 101.1 27-5

SAF-black 25 112.6 31.6

40 112.0 30.5

Bearing in mind the assumptions made and the fact that only 

three temperature points were available for each sample the 

activation energies are close. It may be concluded that the same 

antioxidant mechanism was operating with both carbon blacks and it 

also confirms that it is unlikely that oxygen-containing groups on 

the SAF-black participate. ,

An unexpected feature of the initial period was the inhibition 

of the thermal urethane decay.

The first order decay, following the initial inhibition period, 

corresponds to the oxidative scission of the crosslinks found in the 

unfilled vulcanisates. Table 6.6 gives the rate constants obtained. 

The Arrhenius plots are shown m  6.22 and the associated activation 

energies are given in table 6.7*



o 50 100 T IM E/H OU R  150 200

19
3



TIME /  HOUR

f i g .  6 . 1 8

194



TIME /  HOUR

19b



\

300100 TIME /  HOUR 140 250
~i------------- ---------r~v/̂  r—

100 c

Adiprene  CM (S A F -b la c k ,  4 0 p h r ) , co n t in u o u s  r e l a x a t i o n  i n  
dry a i r

p l o t  o f  - I n  f ( t ) / f ( o )  vs  t ime

f i g .  6 .20

19
6



6 
black loading 

Q. MT 25 phr 
b. MT 40 
c. SAF 25 
d SAF 40 

f-' 
lC 
'-

lnt 

Adiprene eM (fIlled vulcanisates) In dry aIr 

plots of In 1: vs 1/1' for the lnhlbl tlon perlod 

fIg. 6.21 

OL-----------------~--------~----------------~----------------------------~ 
10/ T / K-' 2·6 2-7 2·5 



6 black loading 

a MT 25 phr 

b MT 40 
c. SAF 25 
d. SAF 40 

-In k 

Ad1prene eM (f1lled vulcan1sates) 1n dry a1r 

plots of -In k vs liT for the f1rst order decay 

fIg. 6.22 

O~--------------~--------------------------------~-------------------------------------4 
10

3
, T / K·' 2·5 2·6 2·7 

1-­
(l) 
('"J 



199

Table 6.6

Relaxation rate constants

loading/phr temp/°C rate constant,10'

MT-black 25 100 4.14

120 41.5

130 93.2

40 IOC 2.9 8

120 22.3

130 55*0

SAF-black 25 100 4.54

120 40.8

130 78.5

40 100 2.17

120 18.4

130 47.6

Table 6.7

Arrhenius parameters - relaxation data

loading/phr E/kJmol ^ InA

MT-black 25 131.1 36.8

40 122.7 33.8

SAF-black 25 120.9 37.6

-1

128.640
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The activation energies fall in the range 121 - 131 kJ/mol 

which are acceptably close to suggest that the same mechanism was 

operating in each of the filled samples. In addition the activation 

energies for the filled stocks compare with a value of 130 kJ/mol 

obtained for the unfilled material (6) which suggests that after the 

initial period the carbon black has no further influence over the 

degradation mechanism. The rate constants themselves are in general 

lower for the filled materials in the temperature range studied.

The rate constants do not show any distinct trend between the 

samples and the differences are more likely to be due to experimental 

fluctuations in the apparatus and inhomogeneities between samples.

The first order decay occurs up to high extents of degradation 

after which the slope of the curve (semi-log plot) decreases with 

time. The intermittent data, as will be discussed later, show that 

the scission reaction was accompanied by a crosslinking reaction.

The decreasing rate at high extents of degradation may then be 

explained in the following ways the new crosslinks will form under 

conditions of zero stress and initially will not contribute to the 

continuous stress. As further degradation of the first network 

occurs then the reformed chains will begin to take on a fractional 

stress as the network adjusts with the result that the continuous 

curve exhibits higher than expected values.

A possible mechanism for the oxidation reaction is by an 

attack of the tertiary hydrogen at the crosslink to initiate the 

chain sequence.

6.2.2 Intermittent relaxation of filled vulcanisates

The intermittent relaxation curves show three distinct stages 

which were observed with the majority of samples. Figs 6.23 - 6.26 

show the intermittent data together with the corresponding continuous 

curves for comparison. During the oxidative inhibition period the
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intermittent curve follows the continuous curve which indicates that 

there is no net increase or decrease of crosslink density. After the 

inhibition period, X , whilst the first network is decaying the 

intermittent curve indicates that substantial network reformation 

accompanies scission. Plots of fc vs time (figs 6.23 - 6.26) show 

the increase of crosslink density more clearly.

Plots of f vis f . (figs 6.27 - 6.30) show that the crosslinking
C * 1

was a highly efficient process with approximately one new crosslink 

formed for each crosslink cleaved. Values of p (eqn 6.6) are given 

in table 6.8.
Table 6.8

Carbon black loading/phr p(120°C)

MT 25 O .84

40 0.95

SAF 25 0.92

40 0.93

Finally at high extents of degradation (table 6.9) the 

intermittent curve closely follows that of the continuous curve in 

terms of the slope (df/dt) which indicates that the crosslinking 

reactions had ceased. »

Table 6.9

Fraction of first network remaining at the point when crosslinking

ceases.

MT-black

SAF-black

loading/phr

25

40

25

fraction

0.11

0.35

0.16

40 0.01
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Several possibilities exist. New crosslinks may be of a different

type to those originally present and will in general have a different

degradation mechanism. In the later stages of degradation the decay

of these new crosslinks will dominate the intermittent relaxation

curve on account of their relatively larger numbers.

Ludbrook (6) found that in the unfilled gum vuicanisate very

little crosslinking accompanied scission but considerable

reformation occurec in the presence of the antioxidant Flectol H.

On the basis of this observation it would appear that although the

carbon black fillers didn’t affect the original network degradation

after the inhibition period they continued t; influence the

reformation processes. Table 6.10 gives the maximum value of A ,

A . for each of the samples and is a treasure of the number of max
new crosslinks formed.

Table 6.10

loading/phr ^ max.

MT-black 25 C.34

40 0.56
9

SAF-black 25 C.60

40 0.85

A distinct trend is observed. Th^ number of new crosslinks 

formed increases as the loading and activity of carbon black is 

increased.

Additional experiments involving the continuous and 

intermittent relaxation of pre~heated samples would help to 

elucidate the degradation mechanism - specifically with regard

to the nature of the new crosslinks.



211

The practical consequences of the results are that carbon 

blacks incorporated into Adiprene CM vulcanisates serve to reinforce 

the materials making them less susceptible to tearing and also 

provide a degree of oxidative protection. Carbon black possesses 

the advantage over conventional antioxidants in that they are not 

leached out on contact with solvents and oils. Since crosslinking 

accompanies scission tile ^tenal is serviceable for a greater period 

of time but will acquire a permanent set if employed under 

compression or tension conditions.

Summary of thermc-oxidative degradation

1. The main chain cleavage of the urethane group in Genthane-S 

proceeds in a similar manner in both the filled and unfilled 

materials.

2. A crosslinking process associated with the thermal urethane 

cleavage, presumed to be a recombination of isocyanate and 

alcohol fragments, was present ir the filled as well as the 

unfilled materials. With MT-black filled samples the network 

reformation process was similar to that :n the unfilled but 

with the SAP-black other crosslinking mechanisms were occurring, 

possibly due to an interaction of isocyanate and urethane groups.

3. The relaxation of Adiprene CM was characterised by an inhibition 

period followed by a first order decay. The antioxidant action 

was associated with the carbon black filler and the inhibition 

period was dependent on the type and amount of filler and also 

the temperature.

4. In Adiprene the carbon black fillers also increase the number

of new crosslinks formed.



6.3 Stress relaxation of Genthane-S in humid air (filled and unfilled)

The continuous data for both filled and unfilled vulcanisates 

could be fitted by a first order expression fig 6.31 - 6.34 with 

the exception of the SAF-black filled sample (40 phr), fig c.j5> 

which was better fitted a second order expression. The anomolous 

behaviour of this sample may be due to the high sol fraction and 

associated low crosslink density. (Table 5*6).

A small amount of curvature was observed at short times which 

could be attributed to physical relaxation effects.

Table 6.11

First order rate constants - Genthane-S

T/°C 25 phr 40 phr
102k, /hr- ' 10 kr/hr

MT-black 70 - 0.87

75 3.9 I.65

80 5*39 2.28

85 8.12 3.33

90 11.17 f 5*41

SAF-black 70 1.32 2.24)
)

80 3.77 4-37)
)

90 7.41 9.18)
j

95 14.1 1 1 . 4 )

unfilied 75 0.42 * second orde:

80 0.72

85 0.92

90 I.48

95 2.25

- 1
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The rate constants, table 6.11, indicate a generally faster 

relaxation, within the range of temperatures studied, for the filled 

material as compared to the unfilled. In part at least this may be 

explained by the apparently lower crosslink density for a given weight 

of dicumyl peroxide; the measured rate constant being inversely 

proportional to the network chain density.

The relaxation of the samples in humid air as compared to dry 

air is conveniently analysed by calculating the time for 50^ of the 

original network to decay. Table 6.12 given the half-life values 

calculated from the respective rate constants for 60°C and ignoring 

the small physical relaxation.

Table 6.12

half-life/hr

humid air dry air

MT-black 25 12.9 130.6

40 30.4 182.5

SAF-black 25 18.4 114.7

40 22.9
P

129.0

unfilled 96.3 200.0

It is evident that apart from a change of kinetic law, from second 

to first order, which suggests a change of decay mechanism, the 

rates of relaxation are somewhat faster in humid air as compared 

to dry air. The presence of a hydrolytic mechanism in addition to 

the thermal decay is indicated.

The possible sites susceptible to hydrolytic attack are the 

ester and the urethane groups, the hydrocarbon backbone being 

resistant. A number of workers!,*:? »30,38)have shewn that the ester 

group Is susceptible to hydrolytic attack but some disagreements 

exist as to the general hydrolytic stability of the urethane group.
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This point will be taken up again when considering the results of 

Adiprene CM.

Arrhenius plots (fig 6.36) yield activation energies (table 6.13) 

which, like those for the samples aged in dry air, show a spread of 

values with no distinct trend observable that might indicate 

participation by the carbon black; a characteristic activation 

energy allied to a particular degradation mechanism is not obtained.

Table 6.13

Activation parameters

loading/phr E/kJmor1 InA

unfilled - 87.5 24.8

MT-black 25 77.9 23.7

40 90.5 27.0

SAF-black 25 95.1 29.1

At high extents of degradation with only 10 - Y y$>  of the 

original network chains intact the rate of relaxation increases 

and the curve takes on the form typical of autccatalysis. 

Autocatalysis would be a feasible propdsition; acid entities 

produced as a result of ester group scission would accumulate in 

the elastomer and promote further degradation of the ester groups. 

Athey ( 32) has already noted that degradation proceeds at a higher 

rate in humid air as opposed to liquid water where leaching of 

catalysts can occur.

Visually, at high extents of degradation the materials were 

all sticky: in some cases the vulcanisate had simply flowed away

from the supporting clamps. Such an observation indicates that no 

crosslinking accompanies scission and the vulcanisate reverts to a 

gum. It may also provide an alternative explanation of the 

accelerating relaxation rate at high extents of degradation.
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A material containing only 10 - V fjo  of its original network chains 

is essentially unvulcanised and would tend to flow and Centhane-S 

would be particularly susceptible. The overall relaxation would 

then be a sum of degradation and viscous flow components.

6.4 Stress relaxation of Adiprene CM in humid air 

6.4*1 unfilled materials

The same general pattern was observed as for Genthane~*S, 

that is, a first order decay preceded by a small amount of curvature 

at short times attributable to physical relaxation and also an 

autocatalytic type of decay in the later stages of degradation 

(fig 6.37). Unlike the Genthane-S vulcanisates the Adiprene C11 

vulcanisates did not become sticky; hydrolytic scission of the 

urethane linkages, of which there were relatively few, and oxidative 

scission at the crosslinks would both result in large polymeric 

fragments with their consequent resistance to viscous flow.

In the humidity chamber the oxidative crosslink scission and

the thermal urethane decay would be expected to continue - the

oxidative process would be less significant than in dry air as a
*

result of the reduced oxygen consentration and any isocyanate end- 

groups formed would quickly combine with water and would thus he 

prevented from taking part in any further reactions.

The first order rate constant and Arrhenius parameters are 

given in table 6.14. Pig. 6.38 shows the Arrhenius plot.



Table 6,14

unfilled Adiprene CM

10

e c 16.1

90

95 50.8

Activation Energy, E = 8l.2 kJ/mol ; InA = 23.6.

Two pieces of evidence indicate that water participates in 

the degradation process. The rate cf relaxation in humid air is 

very much greater than that in dry air which must be a direct result 

of hydrolytic attack. The activation energy has fallen significantly 

from # 130kj/mol in dry air to 80kj/mol in humid air which also 

compares with the data for Genthane-S. The conclusion is that 

hydrolytic scission cf the network occurs - the most likely site 

of scission being the urethane group which confirm the findings of 

a number cf workers (38,39)*

The activation energy plots for humid and dry air cross at
Q

140 C which indicates that the hydrolytic urethane scission is 

important at lower temperatures whilst the oxidative processes are 

more significant at higher temperatures.

In the later stages of degradation the accelerating rate could 

be an autocatalytic process promoted by the build-up of acid entities. 

Significant urethane reformation would not be expeoted since free 

isocyanate end-groups would quickly react with water and a viscous 

flow of the polymer chains would then be possible at high extents 

of degradation.
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6.4*2 Filled materials

During the timescale of the experiments which was limited 

by the lower temperature capability of the humidity cabinet (as 

compared to the dry air furnaces) and its ability to maintain a 

stable temperature and humidity for extended periods, no 

degradation of the vulcanisates could be detected.

After demonstrating the existence of a hydrolytic decay 

mechanism with the unfilled materials it is surprising that the 

carbon black apparently inhibits attack in the filled material.

Hydrolytic degradation: summary and conclusions

Genthane-S and Adiprene CM both undergo hydrolytic degradation, 

For Genthane-S, both filled and unfilled materials, the rate of 

relaxation was much faster in humid air than in dry air which, 

together with a change of kinetics from second to first order, 

indicated that hydrolysis was occurring. For Adiprene CM an 

increased rate of relaxation in humid air over that in dry air 

coupled with a reduction in the Activation Energy from C Z 130 kj/mol 

to £2 80 kj/rnol indicated that some hudrolysis was occurring in the 

unfilled materials. The filled materials showed no tendency to 

degrade.

The results are broadly in agreement with those of other 

workers (36, 38, 92) with the exception that the urethane degradation 

in Adiprene CM was significant and comparable to the ester 

degradation in Genthane S. Also the results contradict those of 

some exploratory experiments reported by Ludbrook (6, 17). These 

experiments showed that neither Genthane S nor Adiprene CM degraded 

hydrolytically to any extent. In the case of Genthane S it is 

possible that, since the rubber was immersed in water, acid catalysts 

could have been leached-out with a consequent inhibition of 

hydrolysis. The results for Adiprene CM are more puzzling and no
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explanation for the disparity can be offered from the limited amount 

of data available.

The mechanism of hydrolysis of the carboxylate ester and 

urethane (ester-amide) linkages is essentially the same (91)•

Considering the ester first. Under the conditions of the 

experiments the type of mechanism (base-catalysed, acyl-

oxygen fission, bimolecular) is most likely (56) - the base- 

catalysed designation also applies under neutral conditions.

A suitable scheme is as follows.

H ̂  / H

R --

H
0+
i ,

R —  C -  OR 
I
0

H-0

/

R — + RCOOH + R'OH 

0

Alkyl-oxygen fission tends to occur only if R forms a

stable, eg tertiary, carbonium ion. Since the ester links are

placed between linear hydrocarbon segments such a carbonium ion

will not form and acyl-oxygen fission, as indicated, becomes more

favoured. Furthermore the hydrolysis is likely to be bimolecular,

requiring an attack by a nucleophile to initiate degradation. A

unimolecular reaction in the rate determining step tends to occur
+

when the carbonium ion CH^— 0 —  CO is stable.



The urethane group is an ester-amide and would he expected 

to undergo hydrolysis hy a similar mechanism. However, it would 

also be expected that hydrolysis would be slower than either ester 

or amide groups under identical conditions. The reason for this 

lower reactivity is that the electron pairs on the nitrogen and 

oxygen atoms, as indicated below, can interact with the 

H - electrons of the carbonyl group by the mesomeric effect (+M). 

This mesomeric effect serves to nullify the positive charge on the 

carbonyl-carbon arising from differences between electronegativitie 

of the atoms (-1, inductive effect).

■ n  P -NH—  C —  0
• K0 ^

—  R

The same reasons as given for the particular mode of ester 

hydrolysis also apply to the urethane hydrolysis. After 

nucleophilic attack at the carbonyl-carbon by a water molecule 

cleavage could occur at the C — 0 or C — N bonds as indicated below

ii
R —  HH —  C

• II

*
0 — r '

0

RNH is usually a poorer leaving group than R /Q on account of 

its stronger basicity and hence cleavage will be acyl-oxygen as 

for the carboxylate-ester.
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R

H H
\  /0

NH

8?

OR

H H
\/y

0
! + ,R - N H  —  C —  OR

0

HO
/

0
R —  NH—

OH
RNHCOOH
r 'or

The carbamic acid-terminated fragment is unstable and readily 

decarboxylates to an amine. A possible mechanism involves a 

zwitterion intermediate (91» 93).

R —  NH— C
V

O — H 0

R - f - CC
% ° H

R —

1
RNH2 C02
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Future Studies

1. The development of a relaxometer for use in humidity cabinet 

with a remote extension and retraction facility would permit 

intermittent experiments to be performed under hydrolytic 

conditions. A  specially designed relaxometer furnace capable 

of evacuation as well as being able to operate with a humid 

atmosphere would enable the effects of oxidation and hydrolysis 

to be separated.

2. Studies on a number of urethane polymers with differing 

isocyanate segments but the same soft segment would enable the 

site of attack to be pinpointed more exactly. Experiments with 

the same isocyanate segment but different soft segments would 

provide further confirmation.

3. The nature of the reformed, second network, could be studied by 

conducting continuous and intermittent experiments on oven-aged 

samples.

4. Experiments on the polymers could be backed-up by experiments 

on model urethane compounds (monomeric) under a variety of 

atmospheres and in the presence of fillers, such as carbon black.
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