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ABSTRACT 

The solution and diffusion of water vapour in a series of 

polysulphide elastomers has been studied at temperatures of 30, 40, 45 

o 

and 50 G and in the range of water activities 0 to 1. All of the 

elastomers were prepared from diethylene formal polysulphide with a 

variety of curing agents for examples lead peroxide, p-quinone dioxime 

and chromates; some carbon black filled samples were also studied. 

Prolonged soaking measurements in liquid water were also made for all of 

the samples and in hydraulic fluids for selected samples. 

Sorption isotherm and kinetics were measured using conventional 

electronic vacuum microbalance technique and permeation studies were 

made using conventional partition membrane technique with low pressure 

capacitance manometers. 

The main features of the soaking experiments were; relatively 

large regains (10% to 45%); slow diffusion time with the regain approaching 

a pseudo-equilibrium state followed by a slow increase on prolonged 

soaking; crosslinking and carbon black filler reduced the degree of 

swelling. 

The vapour studies in the range 0-0.95 *Vp exhibit considerably 
o 

smaller regains but there are significant differences between the various 

samples. The permeability increases with concentration (but not strongly) 

whereas D the diffusion coefficient either decreases or exhibits maximum. 

An interpretation of the results indicates the following features. 

The bulk of the water sorption at unit activity is attributed to the 

presence of water soluble impurities giving rise to isolated pockets of 

solution in the matrix. The large difference in regain between the 

vapour phase studies (0-0.95 ^/p ) suggests that these impurities are not 

highly soluble but form saturated solutions at vapour pressures in the 

range 0.95 to 1; the chrornate cures are exceptions with higher regains. 

The permeation and transient state data are consistent with the 

view that the bulk of the water does not contribute to transport but is 

immobilized either by specific site sorption at lower activities or by for-

mation of clusters or pockets of solution as the activity approaches unity. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

The solution and diffusion of gases, vapours and solids in polymers 

has been widely studied to determine the mechanism of transport and studies 

of this kind with relatively small penetrant molecules can often help to 

elucidate the microstructure of the polymer itself. The subject is also 

of some technological importance with applications^" in -areas such as 

packaging, protective coatings, membrane separations and slow release 

systems to name but a few examples. 

1.2 The Aim of the Present Investigation 

The main object of the present work was the investigation of water 

transport in a number of polysulphide elastomers. Polysulphides can be 

crosslinked using a variety of curing agents whose water solubilities can 

range from high to very low; both inorganic and organic types of curing 

agent are used. The presence of residual amounts of curing agent in the 

elastomer can markedly affect its affinity for water and in certain 

applications may affect the performance of the rubber as a seal or pro-

tective coating. In this study the effect of several cures on the solution 

and diffusion of water is examined and the results analysed in terms of 

current sorption and diffusion theories for polymeric systems. 

Carbon black is often used as a reinforcing filler in these 

systems and a few studies have been made with carbon black filled 

elastomers. Polysulphide seals in practice are often in contact with 

hydraulic fluids such as SKYDROL 500B and 0M15 and some measurements have 

been made with these fluids as penetrant. 

1.3 Basic Principles of Diffusion in Polymer Systems 

The transport of a gas or vapour through or in a polymer membrane 

comprises a number of steps or processes. Firstly, penetrant molecules 

are sorbed at the ingoing surface to establish a concentration gradient 

within the membrane which leads to diffusion of the penetrant into the 

interior of the membrane, or to the outgoing surface where evaporation of 

penetrant into the vapour phase takes place. It is generally assumed and 
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found to be the case that the diffusion process is relatively slow and 

hence rate controlling. 

The mathematical equations expressing the rate of transfer of 

substance diffusing under a concentration gradient through an unit area 

of cross-section of an isotropic medium are Fick's first and second 

2 3 
equations of diffusion * , namely, 

J = (1.1) 
3x 

dC _ ^ d2C 
and — p - (1.2) 

J is the flux, expressed as amount of material transported per unit cross-

section per unit time, C is the concentration of penetrant in a section 

located at some point x along the direction of flow and D is the diffusion 

constant. If J and C are expressed in the same units of amount then D 

2 —1 
has the dimensions X t where J! denotes length. 

4 5 
Although constant D behaviour is observed with weakly sorbed gases ' 

6.7 

it is observed that for most vapour-polymer systems D is a function of 

C. Equation (1.1) is unaltered but equation (1.2) now becomes 

3C d ac 
(D (C) -r1-) (1.3) 

dt dx dx 

Equation (1.1) refers to an arbitrarily chosen frame of reference for 

measurement of the flux J. To define D the frame of reference must be 

specified. Both mass fixed and volume fixed frames of reference can be 

used, the choice of a suitable frame depending largely on the nature of 

the system under investigation. The question of the frame of reference 

for measurement of the transport has been reviewed and discussed in some 
g 

detail . For two component systems it can be shown that a single 

diffusion coefficient suffices to describe the transport process. For 

the sorption and permeation studies in the present investigation the 

frame of reference chosen is that in which the mass of polymer is held 

constant on one side of the frame so that in this instance the diffusion 
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coefficient of the polymer component B is fixed as zero and the diffusion 
g 

coefficient of the penetrant A is denoted by D . 

A 

With a volume fixed section where the volume on either side is 

kept constant the diffusion coefficient obtained in the case of a binary v 

system is denoted D and referred to as the mutual diffusion coefficient, 

For a system in which zero volume change occurs on mixing it has been 

shown that** 

D® = Dv 61 (1.4) 
A B 

where denotes the volume fraction of polymer; in the limit 0_ B _ B 
v B 

that is relatively small amount of penetrant, then D and D become 
A 

identical. 

It has been argued that diffusion of penetrant into a large molecule 

system such as a polymer causes a hydrostatic pressure to develop which is 

relieved by a bulk flow or "mass" flow of the system. This has led in 

turn to the concept of a "mass" flow fixed section across which transport 

occurs by diffusional means only. The corresponding diffusion coefficient 

is referred to as the intrinsic diffusion coefficient D and again can be 

8 B v 

simply related to D^ and D and becomes identical with these in the limit 

0 t — > 1 . 

B For the purposes of the present investigation D will suffice for n 
the bulk of the analysis and in what follows will simply be denoted as D. 

1.4 Solutions of the Diffusion Equations and Methods of Measurements 

Solutions of the diffusion equations (1.1) and (1.2) depend on 

the sample geometry and the initial and boundary conditions of the system. 

The solutions shown below relate to the present work and are for transport 

through a plane sheet only. The mathematics of diffusion has been discussed 

2 3 

extensively in a number of review articles ' . 

1.4.1 Steady State Permeation 

Consider diffusion through a membrane of thickness with a fixed 

concentration CQ in the ingoing face at x=0 and Ĉ  in the outgoing face 

at x=J. For steady state permeation with constant diffusion coefficient 



1 4 

at 

so that 

a G - 0 (1.5) 

ac 
T — = constant (1.6) 
ox 

and therefore the steady state flux J becomes 
s 

J = - D - f " (1.7) 
s ox 

Integrating equation (1.6) and introducing the boundary conditions gives 

(1.8) x_ co - C 

Z " c0- C, 

for the linear concentration gradient which exists across the membrane. 

Integration of equation (1.7) and application of the boundary conditions 

y i e l d s D ( C - C-) 

J = (1.9) 
8 I 

Therefore the diffusion coefficient can be obtained by measuring the flux 

J for known values of C and C 0 . 
s ° X 

The permeability coefficient P is defined by 

P.;(P1 " P2) 
(1.10) 

where p^ and p^ are respectively the pressures of gas or vapour on the 

membrane .faces at x=0 and x=£ respectively. If penetrant sorption obeys 

Henry's law 

C - p s (1.11) 

where S is the solubility constant then from equations (1.10) and (1.11) 

it follows that 

P = D S (1.12) 

and D is obtained from measurement of P and S. 

When D is a function of C equation (1.7) is still valid. Inte-

gration of equation (1.7) yields 
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+ f D (C - C») 

J - -J- J D(C).dC =* ° 0 (1.13) 

C * 

where 

rc0 

C 0 - C 
D (C) • dC (1.14) 

C < 

In this investigation C^ was effectively zero so that equation 

(1.13) becomes 

- -1- r 
Z Jo 

J = I D(C) • dC (1.15) 
o s 

Differentiation with respect to G gives 

dJ 

D (C = C 0 ) = (1.16) 

which enables D(C) to be obtained from a plot of J vs CQ ; the latter 
s 

is constructed by combining plots of J vs p and the equilibrium sorption 
S X 

isotherm (C vs p). One may also rewrite equation (1.12) in the form 

P = D S (1.17) 

where S an average solubility coefficient is defined by 

S =
 c (1.18) 

1.4.2 Transient State Permeation 

(i ) Time Lag 

Transient state of permeation is that period of time prior to the 

establishment of the steady state. The boundary and initial conditions 

employed in this study corresponded to constant concentration in the mem-

brane surfaces and zero initial concentration in the membrane and may be 

written as 

C = CQ x = 0 t £ 0 

C = 0 0 < x <J( t = 0 

C = 0 x = Jl t 2 0 

2 

With these conditions the solution of the diffusion equation (1 .2) for 

constant D is 
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f t _ Dt . J L . _ 2 _ . » H - l ? " . (-Dn2
 , 2 t 1 

*Cc 6 ,2 n = 1L n2 | 2 >J ( 1' 1 9 ) 

where Q is the amount of penetrant which passes through unit cross-sect ion 

of sheet in time t. As t ) oo the steady state of permeation is 

approached and equation (1 .19) reduces to 

DC 

Qt = ~ t ( ' " ® } ( 1 ' 2 0 ) 

A plot of, Q^ vs t therefore becomes linear at large t and extrapolation 

of the linear portion to the time axis yields an intercept L, the time 

lag, given by 

L = (1 .21 ) 

For constant D systems measurement of L provides a simple means of 

evaluating D. 

9,10 
When D varies with C the time lag L is given by 

T* x.C (x) .dx 
L = " V 8 (1 .22) 

f ° o D(C).dC 
wry 

where C (x) is the concentration distribution in the steady state, 
s 

Under steady state conditions the flux of penetrant through any 

section of the sheet is constant so that 

f 7- I D(C).dC = I D(C). dC (1 .23) 

k (x) A 

s 

where C (x) is the steady state concentration at a distance x inside the 
8 9 

sheet. Substitution for x in equation (1.22) yields 

T 02 / C D (C ) D(u) • du - dC , . 
L = A Jo s s s (1 .24) 

"o 

where u is a dummy variable. Also L is related to J„ as 

( J C ° D(u) • du)3 

11 
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J. 

. I C ° X I C (J - J ) d JC Jo s K Cp Cq 3 (1.25) 

' i 

Evaluation of the functional form of the D - C dependence from the 

variation of L with C is rarely easy; a more useful approach is to obtain 

D as a function of C from a steady state analysis and using equation 

(1.24) predict the L - C dependence which may be compared with the 

experimental curve. 

( ii ) Small Times Analysis 

3 
An alternative to the solution (1.19) for constant D is 

^ r ,-JJ> % 0 0 ' t 2 

dt = ° * m=0 

which when t is small reduces to 

, dQ 4C2 D x a2 

In <t* -TT-) - In ( f ) - ~TT- (1.27) 
dt 7i 4Dt 

% dQ 
so that D is obtained from the slope of In (t 2 t ) vs 1 plot. 

dt t 

When D varies with C, the linear region of equation (1.27) may be 

extrapolated towards t=0 to obtain DQ to a good approximation as little 

penetrant is in the sheet at t=0. 

1.4.3 Sorption and Desorption Kinetics 

For sorption in a plane sheet with constant concentration C^ at the 

surfaces and zero initial concentration as follows 

C = CQ x - 0 x = 2 t } 0 

C = 0 0 < x < jf t = 0 

3 
one obtains for constant D 

M 

J - 4C D t 

Moo 02 
)' 2(-V+2 ? f(-l)n

 ierfcf-a-V)} ) (1.28) 

r 1 1 (4Dt) JJJ 
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or 

i r - ^ - z ' 7 i r T T r - e ^ - D ( 2 m +
 2

1 ) 2 ( i . 2 9 ) M ° ° * 2 m=0 < 2 m + 1 } f 

where M is the amount of penetrant in the sheet at time t and M its 
t oo 

value at equilibrium. At small times equation (1.28) reduces to 

M % 
t , , Dt 

TT = 4 ( — ) (1.30) 

M 
and D can be obtained from the initial slope of a plot of t/ v s 

% > 
t / . The linear t 2 region usually extends at least up to M = 0.5, 

* 
oo 

For longer times equation (1.29) is more useful and reduces to 

M 2 

In (1 - — 7 " ) = In ( — - D * 0
t (1 .31) 

* 2 i 

M 

so that D can be obtained from the slope of a plot of In (1 - "TJ—) vs 

M oo 
t; equation (1.31) usually applies for t >0 .5 . 

M 11 oo 

Equations (1.28) 

to (1 .31) are still applicable for desorption with 

the initial and boundary conditions as 

C = 0 x = 0 x = JJ t * 0 

C = CQ 0 < x < j } t = 0 

and M^, the amount of diffusant lost from the sheet at time t. 

When D is a function of C equations (1.28) to (1.31) are no longer 

valid but equations (1.30) and (1.31) may be used to yield an average 

diffusion coefficient D over the concentration range 0 - CQ . The problem 

then is to relate D to the differential coefficient D. To a first 

approximation one may use equation (1.14) to give 

- 1 ° 

D = — — J D(C) * dC (1.32) 
Co  Jo 

fr which 

D (C) = D (G) + C • (1.33) 
o dC 

o 
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Hence D(C) may be obtained from a plot of D vs CQ. In many cases this 

first approximation is sufficiently accurate; if not further successive 

approximation may be made following a numerical procedure described by 

2 , » 
Crank . If equation (1.30) is applied to conjugate sorption and 

desorption rate curves then two average coefficients D and D are 
S C 

obtained respectively. A better approximation to 1 C 0 D(C) • dC is 
n J 

given by their arithmetic mean ° ° 

D 4- D 

D = 5
 2

 d (1.34) 

so that 

d ( c
0

 + 

D(c) = h r-r-2 (1.35) 
d C 

o 

12 13 

If higher accuracy is desired the successive approximation method ' 

can also be used. 

13 

Crank also showed for a number of D - C forms that the mean 

average diffusion coefficient can be related to the differential coefficient 

by the following weighted - mean expressions, 

-p rco 
D = p C J • CF * D(C) dC (1.36) ,P-1 

D^ = q C q / ° (C - C) ( q " ' 1 ) D(C) dC (1.37) 
d o JQ o 

where p = 1.67 and q = 1.85 when D increases with increasing C and 

p = 1.85 and q = 1.67 when D decreases with increasing C. Equation 

(1.36) can be differentiated with respect to C to yield 

C d D 

D(C) = D + -j-7s- (1.38) 
s p d C 

o 

1.5 Free Energy, Heat and Entropy of Dilution 

As the flux of penetrant depends both on the concentration gradient 

as well as the diffusion coefficient a knowledge of the sorption behaviour 

of the vapour - polymer system is essential in any detailed study of 
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transport. Information on the sorption process can often be obtained from 

the heat, AH^ and the entropy, of dilution and their dependence on 

concentration and temperature• The free energy of dilution AG is 
A 

defined as the change in free energy on transferring, isothermally and 

reversibly, one mole of penetrant from pure liquid to an infinite amount 

of polymer-penetrant mixture at a given composition. The following 

standard thermodynamic relationships apply, 

P ° 
AG, = RT In ( ) = V- - V-A 

A P o A A 
(1.39) 

AH. 

fa ( AG 

a ( i / T ) 
= R 

d In ( / P o) 

Jp,C 
( V 

(1.40) 

AS 

i P!'C 

(1.41) 

where p is the vapour pressure in equilibrium with the polymer-penetrant 

mixture, p^ is the saturated vapour pressure at temperature T and p1 is 

the hydrostatic pressure on the mixture phase and is equivalent to p in 

this investigation. AG is also equivalent to ay., the difference in 
A A 

chemical potential of the penetrant in the mixture and in pure liquid 

penetrant. 

1.6 Factors Affecting the Diffusion Process 

Diffusion of penetrant in a polymer is an activated process and 

over relatively short ranges of temperature the diffusion coefficient is 

given by 

D = Dq exp ( - — (1.42) 

the activation energy for diffusion. It is generally 

accepted that molecular transport in polymer requires the cooperative 

where E^ is 
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motion of segments of the polymer chain and the diffusion process has 

been considered as occurring through chance fluctuations of the energy or 

density which enable the molecule to jump from one equilibrium position 

14 

to another. For example in Barrer's zone theory a unit jump requires 

a sufficient amount of energy to be acquired by a number of degrees of 

freedom in the surrounding polymer segments. On the other hand fluctuations 

in density lead to the concept of free volume which for simplicity may be 

approximated to holes diffusing in the liquid or polymer matrix; the 

probability that a penetrant molecule may execute a unit jump will depend 

on the probability that a critical amount of free volume is adjacent to 

it. These topice have already been reviewed in detail elsewhere3' 

The temperature dependence of S, the Henry's law solubility constant 

from equation (1.11) is given by 

s = So exp (- J J — ) • (1.43) 

where A H^ is the heat of sorption which for condensable vapour is 

equivalent to the sum of the heat of condensation and heat of dilution. 

For permanent gases AH is generally small and positive. For vapours 
b 

A Hg is negative because of the large heat of condensation. 

Combination of equations (1.12) , (1.42) and (1.43) yields 

r < A i
s + \ h E

P 

p = V o e x p l" ' RT T p o e x p (- " I T * ( 1 - 4 4 ) 

where E^ is the temperature coefficient of permeation. 

Both D and S and hence P are affected by a variety of factors such 

as the size and shape of the penetrant molecule, the physical state of the 

polymer, rubbery, glassy or semi-crystalline and the nature of polymer-

penetrant interactions. Permenent gases interact weakly with the 

polymer matrix so that sorption obeys Henry's law which D is generally 

constant. Polymer-penetrant interactions become more prominent with 

organic vapour and nonlinear isotherms obtain. Plasticization of the 

matrix occurs through an increase in the free volume available to 

segmental motions and both D and P invariably increase with concentration, 
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As will be discussed later the behaviour with water and other hydrogen 

bonding compounds can be more complex with D increasing or decreasing with 

concentration. 

The factors affecting D and S in polymer-solvent systems have 

already been discussed in detail in several review a r t i c l e s ^ ' 1 9 , 2 0 ^ 

1.7 Sorption and Permeation in Filled Polymers 

Brief mention is made here of the effect of filler as some studies 

were made with carbon black filled samples. A filled polymer represents 

a heterogeneous system consisting of the dispersion of component (filler) 

in a continuum of the other (polymer). If aggregation of the filler is 

significant then a third phase separating voids in filler aggregates may be 

considered. The solubility S of penetrant in such a system may be 

represented by 

S = 0 S + 0 S + 0 S (1.45) 
r r f f v v 

where 0 denotes volume fraction and the subscripts r, f and v denote 

rubber (polymer), filler and voids respectively. If the filler is 

impermeable its presence will affect the flux J of penetrant through a 

reduction in the cross section for diffusion and an increase in the 

21,22,23 
diffusion path length. Fick's first equation may be modified 

as follows, 

and also 

dC 

J = - D 0 K — (1.46) 
r r dx 

4— = 0 K (1.47) 
r r 

where D^ is the diffusion coefficient of penetrant in continuous polymer 

phase and K is a structure factor to allow for the effect of the filler 

particles on the diffusion path through the continuous phase. A number 

of theoretical expressions nave been developed for K pertaining to a 

variety of dispersions and particle shapes. In their more general form 

these expressions also allow for a permeable disperse phase. Much of this 

24 25 
work has been reviewed in some detail ' 
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CHAPTER 2 

WATER IN POLYMERS 

2.1 Sorption and Diffusion of Water in Polymers 

In general the more polar the polymer the greater is its sorptive 

capacity for water. The lowest solubilities are encountered with the 

hydrocarbon and silicone elastomers and with crystalline plastics. The 

transport of water is complicated by the ability of H^O to self associate 

through hydrogen bonding to form water clusters inside the polymer. The 

diffusion coefficient can increase or decrease with concentration or be 

independent on concentration depending on the type of polymer used. Much 

of the literature in water - polymer system has been reviewed by Barrie 

«. i 7 ' 1 7 
et al 

Sorption isotherms for water in hydrophilic polymers such as natural 

26 
and synthetic fibres are generally of type I I in the BET Classification ; 

the initial water sorbed interacts strongly with polar groups in the polymer 

often through the formation of hydrogen bonds. The sorption process in 

this region of lower relative pressure is analogous to a localized 

27 

Langmuir-type absorption with the sites in this case scattered throughout 

a three dimensional lattice. Further sorption at higher activities often 

results in swelling or plasticization of the polymer with the water molecules 

less strongly bound to the substrate. For hydrophilic polymer it is 

postulated that the sorbed water is in one of two or more states corresponding 

to strongly bound and loosely bound. The BET type of analysis has been 

applied with some measure of success to natural fibres and proteins where^ 

an approximately 1 : 1 correlation obtains between the number of sites 

(B.E.T.) and number of polar groups in the polymer. Generally for most 

plastics and synthetic fibres the number of moles of water sorbed is less 

than the number of polar groups even for sorption at high activities. The 

diffusion coefficient in these systems shows an initial increase associated 

with the localized sorption region of the isotherm followed by a more 

rapid increase at higher activities generally attributed to some degree of 

swelling and plasticization of the matrix. 

The less polar materials such as the common plastics and rubbers 
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sorb significant amounts of water but much less compared with the more 

polar materials discussed above. Isotherms are generally of type III in 

the B.E.T. classification suggesting that strong localized interactions 

are absent. Various solution models, in particular, the Flory-Huggins 

28 
equation for polymer solution , have been applied with some degree of 

success. Very often the amount of water sorbed even at saturation is not 

sufficient to cause significant plasticization. The diffusion coefficient 

often decreases with concentration, or increases only by relatively small 

amounts and there is evidence that the sorbed water self associates or 

clusters in the matrix. 

A relatively small number of water-polymer systems exhibit practically 

ideal behaviour with sorption following Henry's law and D constant. The 

29 
hydrophobic polyolefins such as polyethylene are in this class. 

In summary, one may distinguish between at least two states of water 

-in polymer systems, namely, a strongly bound or localized component and a 

relatively weakly bound component which may or may not plasticize the 

matrix depending on its degree of dispersion. The presence of a localized 

component leads to a D which increases with C. If the sorbed water 

plasticizes the matrix this will also result in a D which increases with 

C whereas if clustering of water is a dominant process will produce a 

decrease in D with G. It is also found that the permeability increases 

with C when plasticization dominates whereas it is virtually independent 

of C when clustering is the dominant process. A number of these features 

are discussed in more detail in subsequent sections. 

2.2 Clustering of Water in Polymers 

The ability of the water molecule to hydrogen bond distinguishes it 

from most, although by no means all penetrant molecules. In a relatively 

non-polar polymer matrix it is not unreasonable to expect some degree of 

self association or clustering and for an increasing fraction of the water 

to be in clusters as its activity is increased. Since the diffusion 

coefficient of a cluster will be smaller than that of an isolated water 

molecule a mechanism exists to explain the decrease in D with concentration, 

observed in a number of polymer systems^. 
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There is little direct evidence of the extent to which water clusters 

7 134 

in polymers or of the distribution of cluster sizes. Various authors 9 

have reported the development of some degree of opacity in polymer films 

in contact with high relative pressures and have suggested that it is 

associated with self association of the water to form clusters. Heats 

of dilution AH for such systems indicate that the water sorbed at lower A 
activities is less strongly bound and at higher activities ^H tends to 

£X 

zero consistent with cluster formation. 

Self-association or clustering of the penetrant implies that 

penetrant-penetrant interactions are preferred to polymer-penetrant 

30 31 

interactions as in the case with a poor solvent. Zimm and Lundberg ' 

developed an analysis based on a statistical thermodynamic approach to 

examine the extent of clustering in binary solutions. They were able to 

relate the cluster integral G ^ which in turn is related to a molecular 

pair distribution function, to the slope of the sorption isotherm through 

the following relation, 

ai 
G u r d ( 7 V i 

- - <1 - V — z 1 — J T - 1 (2 .1) 
V^ 1 I d a^ J p,T 

where Vj-y 0^ and a^ are respectively the partial molar volume, volume 

fraction and activity of the penetrant. For an ideal mixture in which 

Gii 
mixing occurs in a random fashion the quantity 1 1 , which can be taken 

VI 
as the tendency of the penetrant to cluster, 1 is - 1. If 

Gni 
penetrant-penetrant contacts are favoured as in clustering then >- 1 

G VI 
whilst if sorption is localized at specific sites _11 < - !• 

0i G-, V 
The quantity ^ ,L-L becomes the mean number of 1 penetrant molecules 

in excess of the\nean concentration of penetrant in the neighbourhood of 

32 
a given penetrant molecule. From (2.1) it follows that 

01G11 f d l n 01 1 
= (1 - 0 ) — ; L • " 1 (2.2) 

Vĵ  1 L a In a^ Jp,T 

0 G 1 1 1 
Also ( — + 1) gives a measure of the mean size of a cluster. 

V1 
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33 
Starkweather has extended these arguments to obtain a measure of the 

number of water clusters present in the system but the argument is not 

convincing. The Zimm-Lundberg analysis has been applied to a number of 

water-polymer systems7 and suggests that in many instances substantial 

clustering occurs at higher activities. It has also been applied to a 

number of theoretical isotherms including the Flory-Huggins equation 

where the concentration dependence of the interaction parameter has been 

34 35 

interpreted in terms of clustering ' . A weakness of this analysis is 

that it gives the average behaviour of the system in cases where both 

localized and clustered modes are present. 

Clustering of water in polymers can be greatly enhanced by the 

36 
introduction of water soluble impurities such as NaCl . This has led to 

29 37 

the suggestion ' that clustering arises largely as a result of residual 

polar impurities in the polymeric matrix and isotherm equations based on 

this concept have been developed. Alternatively it has been proposed 

that water in a relatively inert medium may undergo a polycondensation and 135 polymerize through hydrogen-bond formation . If monomeric water is 

assumed to obey Henry's law then isotherm equations for clustering can be 

38 

developed but agreement with experiment is only semiquantitative at 

best. The isotherm equation for a purely random polycondensation is 

P / p = 2 7 " K ) 4 ( 2 . 3 ) 

° 64 KCJ 

/ 2 

where k = (K + 4 KC) and K, the equilibrium constant for the process 

of hydrogen bond formation is related to the concentration C^ of water at 

P /p n = 1 by K = ~ C . 
o J s 

2.3 Concentration Dependence of D and P for Water in Polymers 

This topic has already been discussed in some detail7. Briefly, 

expressing the flux in terms of the chemical potential gradient one may 

write 

j - - B C - p - = - BRT • -jp- = - D - P - (2.4) 
dx d In C ox ox 
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so that 

BRT 
9 In a 

d In c ( 2 . 5 ) 

where B is the intrinsic mobility of the sorbed water. For a number of 
a in a 

water-polymer systems the thermodynamic term -J-J—~ can account for the 

major part of the concentration dependence. However, if plasticization 

of the polymer occurs to some extent then one anticipates that B also 

will increase with concentration. 

For those systems in which it seems reasonable to distinguish bet-

ween two forms of the sorbed water, which to simplify the argument may be 

approximated to mobile and immobile respectively, then 

a V, 

J = - B,C 
1 1 a x 

- BLRT 
a in a i 

a In c. 
a c. 
a c 

a c 
a x (2.6) 

and so 

a In a a C. 

D = B i R T T t r F - 7 7 
= D 

a c 
l a c ( 2 . 7 ) 

where subscript 1 refers to mobile species only. This argument assumes 

local equilibrium between mobile and immobile species with the diffusion 

process rate controlling. The immobile species may refer to water 

molecules localized by specific site sorption or water molecules in 

a C 
clusters. One may examine the effect of the term 1 on the con-

7 T " 

centration dependence of D by employing various isotherm equations to 

describe the sorption process. For example, if the monomeric mobile 

water is assumed to obey Henry's law in sorption and the remaining water 

is immobilized at specific sites according to a Langmuir mode then it may 

be shown that7 

D = D 

a c. 
I a c = D 

i ( l - p c ) 2 
(2.8) 

where a and (3 are independent of concentration. It follows that in such 

systems D will increase with concentration to some limiting value. Should 

plasticization occur simultaneously then D-̂  will also increase with C to 
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enhance the overall concentration dependence of D. If clustering is the 

preferred mode of immobilization equation (2.3) may be used to obtain the 

38 
following expression 

* C, _ „ n3 

16C 

which decreases as C increases. 

D = D _ L = D i ^ M l f j O L 3(k - K) 1 
i a c i _ 3 U c J 

Activation energies of diffusion E^ may be obtained from the 

temperature dependence of D in equations (2.8) and (2 .9) ; for the former 

Ep decreases with C whilst for the latter E^ increases with C. For 

systems in which plasticization of the polymer is significant then E 

7 D 

again decreases with C. Both types of behaviour have been observed in 

water-polymer systems. As indicated earlier if opposing factors are 

present in one system a resultant D and E only weakly dependent on 

39 
G may obtain 

When appreciable swelling and plasticization occurs the permeability 

P is generally observed to increase with C in line with the diffusion 

coefficient. For those systems which D decreases with C, it is observed 

that P is practically constant or increases weakly with C over the whole 

range of activity. This can be interpreted in terms of the cluster model 

as follows. The flux is given in terms of the mobile species by 

A C I 8 C I I P , S 
J = - D i — = - D i i T " — ( 2 - 1 0 ) 

If monomer sorption obeys Henry's law and D^ is constant then J will vary 

linearly with the pressure at the ingoing face of the membrane to yield 

a permeability which is constant. 

2.4 Sorption and Diffusion of Water in Filled Polymers 

The emphasis here is on water soluble impurities in rubber systems 

but brief mention is made initially of water sorption in polymer systems 

containing more conventional fillers. Much of the work on gas and vapour 

sorption in filled polymers has been reviewed2^' 

Generally the presence of filler, especially if it provides sites 



29 

for water sorption, has more of an effect on the sorption isotherm at 

lower relative pressures where it may induce a Langmuir-type curvature 

not observed with the unfilled polymer. This leads to a D which at 

lower activities increases with concentration according to the arguments 

leading to equation (2.8) . Once the surface sites for sorption have been 

occupied further water sorbed tends to cluster and in the absence of 

significant plasticization will cause the diffusion coefficient to 

decrease. Behaviour of this kind where D passes through a maximum has 

been observed for water transport in silicone rubber containing silica 

36 

filler . Another feature of filled polymer systems is that sorption of 

the two pure phases, filler and polymer, is rarely additive indicating 

varying degrees of wetting of the filler surface by polymer. The presence 

of voids resulting from incomplete dispersion of filler is an added 

complication in the analysis of these systems. 

Water soluble impurities are generally present in much smaller 

amounts compared with the more conventional filled polymers. Nevertheless, 

relatively small amounts of such an impurity can increase markedly the 

water content of a polymer, especially elastomers, at the higher activities. 

Generally, because of the small surface area presented, these impurities do 

not have a marked effect on sorption at activities less than that of a 

saturated aqueous solution of the impurity. Once this activity is reached 

water is sorbed to form pockets of saturated solution which grow and exert 

a pressure on the surrounding network. At equilibrium the elastomeric 

network will exert a hydrostatic pressure equal to the osmotic pressure of 

the solution. With highly soluble materials such as NaCl large osmotic 

pressure may develop sufficient to damage or rupture some networks. On 

the other hand if the solution is sparingly soluble the restraining force 

of the network may be sufficient to prevent the formation of pockets of 
40,41,42 

solution of significant size 9 9 

With an uncrosslinked elastomer the development of pockets of 

solution is restricted only by the retractive force of the effective 

network resulting from physical entanglementsIf the osmotic driving force 

is large enough to disrupt this network then dilation and eventual rupture 

of the gum is envisaged as the activity is increased towards unity. 
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40 43 44 

A number of authors ' ' have used these concepts to develop 

isotherm equations and describe the diffusion process in elastomers 

containing water-soluble impurities. Daynes, on the basis that osmotic 

pressure was the driving force for water sorption in these systems, 

proposed that an activity gradient replace the concentration gradient in 

Fick's equation so that 

P / 
ac * a ( /po ) 

= D v " 7 (2.11) at A 2 
a x 

Daynes observed that sorption and desorption rate curves were of different 

shape with desorption the much more rapid process. Also the higher the 

relative pressure the longer the time required for both sorption and 

desorption processes. Qualitatively this behaviour is consistent with a 

D which decreases with C but there was evidence of non-Fickian long time 

effects. Using the concept of mobile and immobile species it may be 

shown7 that equation (2.11) is equivalent to Fick's equation with a con-

centration dependent D. Thus if monomeric water sorption obeys Henry's 

law then from equation (2.10) one obtains 

J = D. S. ? P (2.12) 
1 1 O x 

where S^ is solubility constant for monomeric water. If D^ is also 

independent of concentration the application of the conservation relation-

ship 

9 0 = - U - (2.13) at a x 

to equation (2.12) yields Daynes equation (2.11). 

Tester, by balancing the osmotic pressure of a pocket of solution 

with the pressure exerted on it by the network, obtained the isotherm 

equation 

p = (2.14) 
A + BM^ 

for the region of higher activities. He further showed that the relation 

M t
2 = KX (1 - e ~ V ) (2.15) 

derived from the same model afford a satisfactory description of the 
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experimental rate curves. In these expressions Moo is the equilibrium 

water uptake expressed as a weight percentage and K^, K^, A and B are 

constants. 

Further developments led to improve expressions for the pressure 
42 

exerted by the network . Thomas and Southern considered a network with 

an impurity (NaCl) concentration C^ in contact with aqueous solution 

containing the same impurity at concentration and by arguments similai 

to those outlined above obtained the following expression for C, the 

concentration of water in the rubber, 

C R T C p R T r -l/3 -b 
e i "w '• ' C • - / C . , ( 2 a 6 ) 

M C M 
e 

where M is the molecular weight of the impurity, p is the density of 
6 W 

water, E and M^ are respectively the Youngs modulus and molecular weight 

between crosslinks for the network. If the pressure exerted by the net-

work can be ignored then equation (2.16) reduces to 

C = 
C (2.17) 

e 

with 

A = C. p M / M. 
i Kw e i 

To extend these arguments to describe the transport process it was 

assumed that local equilibrium was maintained at all times between water 

in the pockets of solution and dissolved in the ambient rubber phase. 

They related the concentration of water C in the network to the concentration 

C^ in the rubber phase by 

Cr = Cr ( 1 " > ( 2 - 1 8 ) 

where cj. is the concentration of water in the network when the impurity 

concentration is zero. One obtains for the flux 

HP . d C r J = - = - D ^ T - (2.19) 

which with equation (2.18) yields 
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aC' . C 

D • D ' <c[ + C)2 <2-20> 

where D' is the diffusion coefficient of water in the rubber phase which 

may be identified with that in pure rubber. Generally C. is small 
2 

compared with C so that D will vary inversely with C . These relations 

were tested on natural rubber and synthetic cis-polyisoprene containing 

0.1% NaCl and good agreement obtained with equation (2.20). 

45 

Fedors using similar arguments obtained the following expression 

for water sorption in elastomers containing up to 1 to 2% volume of 

water soluble impurity when in contact with pure liquid water, 

n RTJS — ) - - £ - ( 5 - 4 0 O
1 / 3 - 0 ' / 3 ) (2.21) 

V2
 1 ~ S2 2 2 2 

The term on the left hand side represents the osmotic pressure of a 

pocket of solution and that on the right the elastic retractive force- of 

the network. The expression allows for partial or complete dissolution 

of the impurity phase. Thus S 2 is the volume fraction of solute in the 

solution phase of the pocket or cavity and 02 its volume fraction with 

respect to the total cavity or pocket. G is the shear modulus of the 

network, is the molar volume of the solute, <|> is an osmotic coefficient 

and n, the number of particles formed from a molecule of solute on 

dissolution, allows for dissociation of solute. 

If the impurity dissolves completely in the cavity then equation 

(2.21) becomes 

n
V ^ T

( F - % (5 - 4 I * / 7 3 - 0 a
4 / 3 , ( 1 ^ ^ ) (2.22) 

2 

and for 0 2 ^ 1 reduces to 

n J S i . ~ 2 ( - J 1 ) (2.23) 

2 G 2 

or 

W, n R I p . J 
w i " 2 M 2 G * ( 2 - 2 4 ) 

where W^ and W2 are the weights of liquid and solute respectively in the 
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cavity at equilibrium, p is the density of the liquid and M,. the 
1 

molecular weight of the solute. The correspondence of equation (2.22) with 

equation (2.16) is apparent. 

When the impurity does not dissolve completely equation (2.21) 
* 

obtains with S2 replaced by S 2 > the volume fraction of solute in a 

saturated solution of impurity. 

Fedors also indicates that the rate of dissolution may be controlled 

by diffusion of water into the pocket or the dissolution process itself 

may be rate controlling. If diffusion is rate controlling then in general 

the rate of growth of a cavity will be independent of particle size 

whereas if the dissolution process is rate controlling it will depend 
46 

strongly on particle size. Rosner developed the following expression 

for the time taken for the dissolution of a spherically shape particle of 

solute, namely, 

P r 2 

^ - D I (1 + B) ( 2 - 2 5 ) 

where 

C _. — Coo sat 

1 - C 
sat 

where C CQQ are respectively the weight fractions of solute in 

saturated solution and far removed from the liquid-particle interface, p^ 

is the density of the solute, rQ the radius of the particle and D is the 

diffusion coefficient of the solute in the solvent. Comparing AgBr and 

sucrose impurities he estimated that an elastomer containing the former 
g 

would take about 10 times longer to reach equilibrium swelling than it 

would if it contained sucrose. 

2.5 Sorption and Diffusion of Water in Some Polymers 

Much of the earlier literature has been r e v i e w e d 7 , . In what 

follows some of the more recent work is briefly reviewed with the emphasis 

on those closely related to the present investigation. 

The solubility of water in natural rubber is higher than in synthetic 
40 48 

cis-polyisoprene which sorbs less than 1% water ' . The isotherms for 

cis 1, 4 - polyisoprene are linear in the region of lower relative vapour 

pressures whereas for natural rubber Langmuir-type sorption has been 
49 p 

observed at low t /p • The Langmuir component is more pronounced for 
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"aged" natural rubber which sorbs more water than an unaged sample. The 

origin of the Langmuir component in natural rubber is probably residual 

protein or polar impurities; ageing is accompanied by oxidation degradation 

and the formation of more polar groups. The diffusion of water in natural 

rubber and synthetic cis-polyisoprene loaded with 0.1% of sodium chloride 

in contact with the aqueous salt solutions of different concentrations 
42 

has been studied . The proposed equilibrium swelling theory has been 

discussed in last section. 

The sorption isotherm of natural rubber loaded with sodium chloride 
49 

is similar to that of the unloaded rubber at low relative humidity 

P 

However for /P0 > 0.75, the isotherm for the loaded sample increases 

much more rapidly compared with the unloaded sample. A free saturated 

solution of sodium chloride has a relative vapour pressure ^ 0 . 7 5 ; the 

enhanced water sorption for the salt loaded rubber for > 0.75 is 

attributed to the formation of pockets of solution inside the rubber. 

The equilibrium sorption is sensitive to the concentration of salt and 

the degree of crosslinking of the rubber. The diffusion coefficient of 

water in natural rubber decreases and the activational energy for 

diffusion increases with increasing concentration. The permeability, P, 

of water through the rubbers remains constant over the entire range of 

*VpQ. The results are consistent with the formation of pockets of solution 

in the rubber matrix as described in the last section. 

36 38 

Silicone rubber ' has a very low water solubility as strong 

specific interactions between polymer and water are unlikely. The level 

of sorption is similar to that encountered in the amorphous regions of 

polyethylene and polypropylene. Sorption isotherms in the range from 0 to 

0.6 are linear with a sharp increase in curvature above 0 .9 relative 

pressure indicating that water clusters at higher concentrations; a Zimm-

Lundberg analysis indicates that the mean cluster size is about 1.5 watex 

molecules. As for natural rubber P is independent of concentration and 

the diffusion coefficient decreases with increasing C consistent with the 38 

predictions of the clustering theory. Polycondensation theory mentioned 

in sections 2.2 and 2.3 has been applied with some success in predicting 

the main features of the sorption and diffusion of water in the non-polar 

silicone rubber in the region of higher relative pressures. The transport behaviour of water in polydimethylsiloxane rubber 
36 

loaded with sodium chloride and silica filler have also been studied 

The presence of sodium chloride in the rubber does not affect the sorption 

isotherm below P /p ^ 0 . 6 5 , but between 0.65 and 0.75 the effect of the 
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filler becomes evident through the more pronounced curvature of the 

isotherm. The rapid increase of water sorption between 0.75 - 1.0 again 

is indicative of an additional mode of sorption such as the formation of 

pockets of solution. As for natural rubber it was found that the 

equilibrium water regain was sensitive.to the degree of crosslinking. 

The presence of salt again has practically no effect on P which remains 

independent of *Vp ar*d with a value equal to that for the unfilled 

rubber. Although significant amounts of water are sorbed this behaviour 

indicates that no plasticization occurs consistent with the isolation of 

the bulk of the water in pockets of solution. The diffusion coefficient 

is unaffected by the salt until exceeds the critical value around 

0.65, thereafter it decreases with C much more rapidly than for the 

unfilled rubber in agreement with clustering theory. 

Polydimethylsiloxane rubber loaded with silica filler exhibits 
36 

B.E.T. type II water sorption isotherms . At the lower relative pressures 

the Langmuir mode of sorption is dominant corresponding to sorption of 

water at specific sites on the filler surface. At higher pressures 

clustering becomes dominant as the surface sites become saturated. Again 

the permeability is independent of *Vp hut as expected decreases with 

increasing volume fraction of the filler in the polymer. In contrast to 

the salt loaded silicone rubber the plot of D vs C for the silica filled 

sample exhibits maxima corresponding to the immobilization of water by 

Langmuir type sorption at low relative humidity and by clustering at high 

concentrations. 

Another class of elastomer which has been studied is the polyurethane 

elastomer. The affinity of these materials for water is in general higher 

than for natural rubber and silicone rubber but depends markedly on their 

chemical composition particularly the polyethylene oxide content of the 

soft segment^' Studies with a series of commercial elastomers showed 
39 

equilibrium regains of ~3% for both polyether and polyester based rubbers 

For these lower regain materials it was found that there was little 

evidence of any Langmuir component to the sorption. The permeability P 

increased slightly with C while D was weakly dependent on C generally 

showing a slight decrease. An analysis of these systems in terms of 

clustering theory and plasticization suggested that both processes were 

operative and tending to compensate for each other in the concentration 

dependence of D. The sorption and diffusion behaviour of liquid ethanol 

and water solvent mixture in a polyurethane by thermogravimetry and mass 52 
spectrometry has also been studied 
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33 
Studies with the polyakylmethacrylates show that in general the 

water sorption decreases and D Increases as the size of alkyl group is 

increased. The permeability is usually not affected significantly by 

changes in the chemical structure. Again behaviour consistent with 

clustering of water in the matrix is observed with D decreasing with 

concentration while P remains almost independent of C. More recently^^ 

it has been reported that crystalline (76%) isotactic polymethylmethacrylate 

sorbs more water than non-crystalline atactic polymer. The isotherm for 

the iso polymer shows a pronounced Langmuir knee at low ^/pQ which is not 

so distinct in the case of the atactic polymer. This result is somewhat 

surprising and not easily explained; the question of hydrophilic impurities 

in the isotactic sample was not considered. 

Polyvinylacetate sorbs several percent of water and the permeability 
47 shows quite a pronounced i n c r e a s e with concentrat ion . However the 

54 47 

diffusion coefficient as reported in a number of studies ' shows only 

a weak dependence on concentration and is virtually constant; this would 

again suggest that compensating factors combine to give an almost constant 

D as it is known that water plasticizes the polymer and lower its glass 

transition temperature. 

Cellulose a c e t a t e , because of i t s importance as a membrane in 

reverse osmosis applications, has been studied e x t e n s i v e l y ^ ' # 

Depending on its composition the polymer sorbs relatively large amounts of 

water at saturation; polymer with an acetyl content of "-'39% has a 

saturation regain of 15%. The heat of dilution is exothermic but the 

isotherm shows no sign of Langmuir-type sorption at lower *Vpo« A 

cluster analysis indicates that although clustering occurs the tendency is 
6 3 6 A 

not strong. Recent infra-red studies ' suggest that bonding between 

the water and cellulose acetate is not as strong as in liquid water and 

support the view that cluster sizes are small. However, other studies 

using a variety of techniques suggest strong interactions of the water 

molecule with the polymer and a several distinct physical states for 

water in c e l l u l o s e a c e t a t e have been p o s t u l a t e d ^ ' ^ , There have been 7 67 

a number of diffusion studies ' and there are indications that 

diffusion is not quite Fickian. Diffusion coefficients which increase 

and decrease with C have been reported but in either case the dependence 

is not strong. 

Several other s tudies have been made on r e l a t e d c e l l u l o s i c 
„ . - 56,62,66,67,115 

membrane materials 
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Polyamide membranes * have been considered as a potential mem-

brane for desalination by reverse osmosis; their permeability to water 

is higher than that of cellulose acetate membrane. Sorption isotherms 

of nylon 66 and nylon 6 are independent on temperature and D was found to 

increase with increasing A number of studies have been made 

to determine the physical state of the sorbed water in n y l o n ^ ® a n d 

the results interpreted in terms to a tightly bound component forming 

water bridges between CO groups and loosely bound water interacting with 

CO and NH groups. 

Polyvinylalcohol has also been studied and again two distinct types 

of sorbed water have been postulated7"*. Other systems which have been 
76 77 78—82 

studied include hydrogels ' , epoxy resins and a number of polyamide 
8 3 - 8 6 

and protein structures 
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CHAPTER 3 

POLYSULPHIDE POLYMERS 

3.1 Introduction 

The chemical formula for a polysulphide is 

(—R - S — 
x n 

where x a 2-4 and for elastomers R is an aliphatic moiety. 

Those polymers with the trade name Thiokol have a very low 
87 o 

temperature flexibility (Tg = -27- -76UC) and outstanding oil, solvent, 

oxygen and ozone resistance which makes them valuable for special 
87 88 

applications 3 such as gasket, hose, printing and coating rollers 

where contact with oil is unavoidable. 

8 9—96 

The polymers also have low permeability to gases such as 

hydrogen and helium and at.one time were considered for balloon and air-

ship fabrics^7. However, polysulphide polymers have an unpleasant odour because of 

the presence of low molecular weight dithiols and sulfur containing cyclic 
88 98 

compounds ' and therefore limits their use in many places where other 

oil resistant polymers are used. 

Polysulphides are available, not only in solid form for rubber 

processing but also as latices, puttices, moulding powders, solutions and 

liquid polymers of low molecular weight. These different forms of 
88 

polysulphide provide further applications such as adhesives, sealants 

and coatings. 

3.2 Preparation of Polysulphide 

Polysulphides are formed by a polycondensation process which involves 

sodium polysulphide, N a2 S
x» an<* a suitable organic dihalide, YRY, such as 

methylene and ethylene dichloride, 1, 3 glycerol dichlorohydrin and 
87 99 

dichloroethyl formal. The basic reaction ' can be written as 

n Na0 S + YRY > - f R • S 4- + 2n NaY 
2 x x n 

The conventional preparation of polysulphides with alcohol as 

solvent yields a rubbery mass which is difficult to purify and insolubl 

in any solvent. An improved polymerization is carried out with aqueous 

. _ . . 87,99,100,101,102 . . , 
dispersion techniques using magnesium hydroxide 
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and sodium a r y l sulphonate as d ispers ion agents . Dihalide i s added 

slowly with vigorous a g i t a t i o n t o a s o l u t i o n of sodium polysulphide; to 

obtain a high molecular weight product the l a t t e r i s present in e x c e s s 
103 

as some sodium polysulphide i s hydrolysed . The r e a c t i o n i s exothermic 

and i s best c a r r i e d out a t about 70°C. The p a r t i c l e s of polymer l a t e x 

s e t t l e r e a d i l y to permit washing out of soluble sodium s a l t s and e x c e s s 

sodium polysulphide. A high molecular weight polysulphide with hydroxyl 

end groups i s obtained. 
The speed of the polymerizat ion r e a c t i o n g e n e r a l l y conforms to 

104 

the rule that a l l y l or benzyl d ihal ides are very r e a c t i v e ; aromatic , 

v i n y l or neopentyl h a l i d e s a r e slow; primary dihal ides give the highest 

molecular weight polymer and dibromides are more r e a c t i v e than 

d i c h l o r i d e s . 

The rank of the sulphide l inkages x , the number of S atoms in the 

sequence S x can a f f e c t the p r o p e r t i e s of the polymer. Polysulphides 

with sulphur l inkages of rank 2 can be thionated by heat ing the polymer 

l a t e x with a suspension of sulphur or by adding sulphur t o the polymer -

on a rubber m i l l ^ 4 . 

R S 2 R . + x S > R S 2 + x R 

Polysulphides with high rank can a l s o be d e s u l p h u r i z e d ^ ^ * 

to a minimum rank of 2 by t reatment with sodium polysulphide s o l u t i o n , 

c a u s t i c s o l u t i o n or a l k a l i s u l p h i t e s , 

R S 4 R + 2 S~ > R s 2 R-+ 2 S 2 

R S 4 R + 2 OH" : > — R s 2 R + j S~ + - j S 2 0 3 = 

R S 4 R + 2 S0~ > R S 2 R + 2 S ^ 

High molecular weight polysulphides are tough rubbers with no known 

s o l v e n t , although they swell in c e r t a i n l i q u i d s ; low molecular weight 
98 

polymers a re soluble in some organic so lvents . The molecular weight 

of a polysulphide can be reduced to a range s u i t a b l e for handling by 

treatment with a disulphide such as tetramethylthiuram disulphiae o r 

benzothiazyl d i s u l p h i d e ^ , 
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'RSSR 

The low molecular weight polymer can be linked up again by zinc o x i d e . 

2-~R-SS-C^ |0l+ ZnO > ~ R - S S - R ^ + [ | o | ' S Z n 
s s 

Liquid and s o l i d polysulphides with mercaptan end groups can be 

obtained by t r e a t i n g the polymer l a t i c e s with a s u i t a b l e amount o£ 

v J , „ , 9 8 , 1 0 2 , 1 0 3 , 1 0 8 - 1 1 0 
sodium hydrosulphide and sodium s u l p h i t e , 

—(RSSR)- + NaSH + Na r tS0o•,—» — RSH + NaSR—+ Na S 0 
n 2 3 2 2 3 

3 . 3 Types of Polysulphide Elas tomers 

Polysulphide rubbers which are manufactured, or have been manufactured 

commercially a re given in Table 3 . 1 in terms of the dihal ide and the sulphur 
. 104 

rank 

3 . 4 Types of Liquid Polysulphides 

Low molecular weight l i q u i d polysulphides were f i r s t produced with 

a view t o obtaining p l a s t i c i z e r s compatible with the high moleculr weight 

s o l i d s which were d i f f i c u l t t o process on a rubber m i l l ; as i n d i c a t e d 

e a r l i e r these m a t e r i a l s only swell a t b e s t and cannot go i n t o s o l u t i o n 

without a reduct ion in molecular weight . 

Commercially a v a i l a b l e l i q u i d polysulphides a r e based on a repeat ing 

diethylene formal disulphide u n i t with a small percentage of t r i f u n c t i o n a l 

curing agent , 1 , 2 , 3 - t r i c h l o r o p r o p a n e . They are prepared by t r e a t i n g 

a water dispers ion of the polymer l a t e x with sodium hydrosulphide and 
9 8 , 1 0 8 - 1 1 0 

sodium s u l p h i t e , . Polysulphide of varying molecular weight 

be r e a d i l y prepared by t h i s method by c o n t r o l l i n g the r a t i o of sodium 

hydrosulphite to the polysulphide repeat ing u n i t . The physica l prope 

of some commercial l i q u i d polysulphides a r e l i s t e d in Table 3 . 2 



Table 3 . 1 

Types of Polysulphide 

Dichloro Dichloro 1 , 2 , 3 - t r i -

Type 
Ethylene Propylene 
Dichloride Dichloride 

Diethyl 
Ether 

Diethyl 
Formal 

chloropropane 
(Crossl inking 

Agent) 

Sulphur 
Rank 

S p e c i f i c 
Gravity 

S 
Content 

Soften 
Temperature 

Harden 
Temperature 

A ie 4 1 . 6 0 84 66°C 
o 

- 2 4 C 

B * 4 1 . 5 1 64 -37°C 

D ie 2 1 . 3 4 47 -40°C 

DX * ie 2 1 . 3 8 55 

F * ie 2 1 . 3 8 55 

FA ie ie 2 1 . 3 4 47 121°C -46°C 

N ie ie 2 1 . 3 9 60 

ST ie * 2 . 2 1 . 2 7 37 
o 

121 C 
o 

- 5 4 C 

WD-2 Crude ie ie 2 . 2 1 . 2 7 37 

PR-1 ie ie ie 1 . 9 1 . 3 3 50 

S-102 * 2 . 2 1 . 2 7 37 

WD-6 ie ie 2 



Table 3 . 2 

Physical P r o p e r t i e s of Commercial Liquid Polysulphides 

LP-31 LP-2 LP-32 LP-3 LP-33 LP-8 LP-205 LP-12 LP-5 LP-38 

o 
Physical S t a t e a t 25 C 

Viscous 
S l i g h t l y S l i g h t l y 
Viscous Viscous F luid F luid 

Very 
F l u i d F luid 

Liquid Liquid Liquid Liquid Liquid Liquid Liquid 
o 

V i s c o s i t y a t 25 C ( p o i s e s ) 1100 400 470 10 15 3 12 470 ~ 1 0 0 3 

Molecular Weight 8000 4000 4000 1000 1000 600 1200 4000 - 2 5 0 0 - 6 0 0 
o 

S p e c i f i c Gravity ( 2 5 C) 1 . 3 1 1 . 2 9 1 . 2 9 1 . 2 7 1 . 2 7 1 . 2 3 1 . 1 3 1 . 2 9 1 . 2 7 1 . 2 3 

R e f r a c t i v e Index 1 . 5 7 1 . 5 6 1 . 5 7 1 . 5 6 1 . 5 7 1 . 5 6 1 . 5 6 

Pour Point (°C) 10 7 . 2 7 . 2 •26.1 - 2 3 . 3 , - 3 6 . 1 3 4 . 5 7 . 2 - 3 1 . 6 

F lash Point Open Cup ( °C) 235 232 235 214 204 235 

F i r e Point , Open Cup ( ° C ) 252 246 252 240 240 252 

Crosslinking Agent (%) 0 . 5 2 0 . 5 2 0 . 5 2 0 . 2 2 0 . 5 

Approximate % of SH 1 . 0 - 1 . 5 1 . 5 - 2 . 0 1 . 5 - 2 . 0 5 . 9 - 7 . 7 5 . 0 - 6 . 5 - 1 0 4 . 5 1 . 2 - 2 . 0 - 2 . 6 9 . 7 

PH 6 . 5 - 7 . 5 6 . 0 - 8 . 0 6 . 5 - 7 . 5 6 . 0 - 8 . 0 6 . 0 - 8 . 0 5 . 0 - 6 . 0 5 . 0 - 6 . 0 

Moisture Content 0 . 1 2 - 0 . 2 2 0 . 1 - 0 . 2 0 . 1 5 - 0 . 2 5 0 . 1 max 0 . 1 max 0 . 2 max 0 . 1 2 - 0 . 2 2 0 . 1 max 
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3 . 5 Compounding and Vulcanizat ion of Polysulphide 

Solid polysulphides a r e compounded as for any crude elastomer 

using rubber m i l l s or Banbury type mixers with a di luent such as 

s t e a r i c a c i d t o prevent s t i c k i n g to the m i l l r o l l s and to f a c i l i t a t e 

the dispers ion of compounding i n g r e d i e n t s . The compounding r e c i p e s 

usual ly include r e i n f o r c i n g f i l l e r such as semireinforcing furnace 

carbon black and curing a g e n t s . A l a r g e number of curing systems have 
87 88 98 112 

been developed 9 9 9 Table 3 . 3 gives the standard compounding 

ingredient for Thiokols Type A, Type FA and Type ST and some p r o p e r t i e s 

of the cured m a t e r i a l s . ^ ^ 
Table 3 . 3 

P h y s i c a l P r o p e r t i e s of Standard Cured Polysulphide 

1620 AH 3000 FA 3000 ST 

Thiokol Type A 100 

Thiokol Type FA 100 

Thiokol Type ST 100 

N i t r i l e Rubber 20 

S t e a r i c Acid 0 . 5 0 . 5 3 

ZnO 10 10 0 . 5 

p-Quinone Dioxime - 1 . 5 

Benzothiazyl Disulphide 0 . 5 0 . 3 

Diphenyl Guanidine 0 . .15 0 . 1 

SRF Black 30 60 60 

Cure (min/°C) 4 5 / 1 4 4 5 0 / 1 4 8 30 /142 

Tensi le ( P S I ) 1080 1210 1250 

Elongation (%) 190 380 310 

Hardness, Shore A 78 70 70 

Compression Set , 2 2 h r / 7 0 ° C ( % ) 100 100 37 

Low Temperature F l e x i b i l i t y ( ° C ) - 18 - 45 - 54 



The v u l c a n i z a t i o n of polysulphide i s b a s i c a l l y a l inking of two 

terminal groups on the polysulphide c h a i n s . The hydroxy1 terminals 

of Thiokols Type A and Type FA can be s a t i s f a c t o r i l y cured by zinc 
98 oxide . Polysulphides with t h i o l terminals a re vulcanized by oxidat ion 

Thiokol Type ST and l i q u i d polysulphides contain a small percentage of 

t r i f u n c t i o n a l 1, 2 , 3 - t r i c h l o r o p r o p a n e so tha t the polymer can be 

c r o s s l i n k e d i n t o 3 dimensional networks; these elastomers possess b e t t e r 

compression s e t r e s i s t a n c e . The mercaptan-terminated polysulphide can 

be cured by a wide v a r i e t y of ox idiz ing agents or d i f u n c t i o n a l r e a g e n t s 

which are capable of r e a c t i n g with a c t i v e hydrogen-containing compounds. 

The optimal p r o p e r t i e s of the cured polysulphide a r e g e n e r a l l y obtained 

with oxidiz ing agents as the o x i d a t i o n process does not r e s u l t in the 

i n c l u s i o n i n t o the polymer chain of fragments derived from the curing 

a g e n t s . The c r o s s l i n k i n g r e a c t i o n s a r e genera l ly speeded up by an 

a l k a l i n e environment, h e a t i n g , humidity and sulphur but a r e r e t a r d e d by 

a c i d i c c o n d i t i o n s . 

Lead peroxide i s one of the most v e r s a t i l e oxidizing curing agents 

because i t i s e f f e c t i v e both a t room and e levated temperatures . F a t t y 

a c i d s a re commonly used in conjunct ion with the curing agent to c o n t r o l 

the cure r a t e and a c t as a r e t a r d e r . The curing r a t e i s moisture 

dependent, being very slow f o r the completely anhydrous system. Also 
113 

lead peroxide cures f a s t e r than potassium dichromate . The presence 
98 

of sulphur a c c e l e r a t e s the curing r e a c t i o n s . A probable r e a c t i o n 

scheme for lead peroxide v u l c a n i z a t i o n i s , 

2 ~ R - SH + FbC) » ~ R - S - S - R ~ + PbO + H 0 
2 2 

2 ~ R - SH + PbO > ~ R - S - P b - S - R ~ + HO 
2 

x, ^ R - S - S - R ^ + 2 PbO 
— R - S - P b - R ~ + PbO r 

2 

The cured product may contain lead mercaptide bonds in the polymer 

chains which import poor compression s e t p r o p e r t i e s as a r e s u l t of 

mercaptide-disulphide i n t e r c h a n g e . The m e t a l l i c groups in polymer chain 

can be removed by the use of sulphur or heat 
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-wR - S - Pb - S - Rr*' + S • ~ R - S - S - R ~ + PbS 

- R - S - Pb - S - R ~ - f e s a t , - S - R ~ + PbS 

Zinc chromate curing systems r e q u i r e heat t o achieve a s u i t a b l e 
1 1 3 , 1 1 4 

cure r a t e . Sodium, potassium or ammonium dichromate cures g i v e 

products s u i t a b l e for high temperature s e r v i c e s . Moisture i s needed for 
113 v u l c a n i z a t i o n t o take place because the oxidat ion r e a c t i o n s a r e i o n i c 

CJL. _ C_L 

2 Cr + 2 ~-RS > 2 Cr + ^ R - S - S - R ~ 

Cr34" + 2 ~ R S " > Cr34" + -^R - S - S -

98 

Cumene hydroperoxide i s f requent ly used as an organic c u r a t i v e 

for polysulphide as i t i s a l i q u i d and soluble in polysulphide polymers. 

The v u l c a n i z a t i o n r e a c t i o n i s a c c e l e r a t e d by the presence of amine and 

diphenylguanidine i s g e n e r a l l y used a s an a c t i v a t o r because the peroxide 

i s only moderately a c t i v e . The r e a c t i o n i s r e t a r d e d by water . The 

probable v u l c a n i z a t i o n r e a c t i o n i s , 

CH CH y—y \ \ 3 

2 ~ R - SH + \ 0 ) - p - 00H —» ~R-S~S-R~ + p - OH + H O 
CH CH 

3 3 

The products are g e n e r a l l y weaker than those obtained with lead peroxide 

c u r e s . The t e r t i a r y a l c o h o l s produced a r e mildly a c i d i c a t e l e v a t e d 

temperatures and cause chain s c i s s i o n as the a c i d can a t t a c k the formal 

group of the polymer. For t h i s reason cumene hydroperoxide cured 

Thiokol Type ST i s not s u i t a b l e f o r high temperature use . 

p-Quinone dioxime when used with an a c t i v a t o r such as 

phenylguanidine or z inc oxide g i v e s good cross l inked products . The 
98 

v u l c a n i z a t i o n process i s a redox r e a c t i o n and produces p-phenylene 

diamine which i s s l i g h t l y e x t r a b l e from the cured products . 

6 ^ R - S H + HON = < ^ > = NOH — > 3 ^ R - S - S - R ^ + H o N ^ o ) NĤ  + 2 ^ 0 

3 . 6 P r o p e r t i e s of Polvsulphide Rubbers 

The most important proper ty o f polysulphide rubbers i s t h e i r 
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good solvent r e s i s t a n c e . Amongst the polysulphide rubbers , poly 

(e thylene t e t r a s u l p h i d e ) or Thiokol Type A i s the bes t s o l v e n t - r e s i s t a n t 

polymer as i t i s p r a c t i c a l l y u n a f f e c t e d by a l l s o l v e n t s . The sulphur 

content plays a mjor r o l e in the solvent r e s i s t a n c e , a high sulphur 

content giving b e t t e r solvent r e s i s t a n c e . 

88 
Polysulphide rubbers have good low temperature f l e x i b i l i t y 

o 
The Tg of te tramethylene formal disulphide polymer i s as low as - 76 C. 

However Thiokol Type A and poly ( e t h y l e n e disulphide) a r e not s u i t a b l e 

for low temperature u s e s ; because of t h e i r high sulphur content and 

chain r e g u l a r i t y these polymers c r y s t a l l i z e slowly a t room temperature. 

I n t r o d u c t i o n of an oxygen l inkage i n t o the hydrocarbon moiety in the 

form of an e ther or formal group or long carbon component between 

sulphide l inkages and r e d u c t i o n of chain r e g u l a r i t y by using mixture of 

d ihal ides i n c r e a s e s the chain f l e x i b i l i t y to prevent the polymers from 

c r y s t a l l i z a t i o n and to improve the low temperature p r o p e r t i e s of t h e s e 

polymers. 

Polysulphide polymers a l s o have good l i g h t , ozone and aging 

r e s i s t a n c e s * ^ ; those with higher sulphur content a re g e n e r a l l y more 

r e s i s t a n t t o ozone a t t a c k . Thiokol Type ST polymer i s more vulnerable 

to ozone a t t a c k and i t s aging r e s i s t a n c e i s not as s trong as for other 

polysulphides . 

88 

Physica l p r o p e r t i e s such a s abrasion r e s i s t a n c e and compression 

s e t r e s i s t a n c e a r e poor f o r polysulphides as the mercaptide disulphide, 

t r i s u l p h i d e and t e t r a s u l p h i d e l inkages undergo bond interchange r e a c t i o n s 

r e a d i l y , 

RS - SR + RT S - SR' > RS - SR1 + RS - SR' 

R - SH + R' S - SR1 > RS - SR' + R' - SH 

RS - Pb - SR + R'S - SR' ->RS - Pb - SR' + RS - SR' 

The interchange r e a c t i o n s can be through r a d i c a l and i o n i c 
. . 9 9 , 1 0 2 , 1 0 7 , 1 0 8 , 1 1 8 , 1 1 9 _ . . , . - . . . . 

mechanisms . The higher the rank of the sulphide 

l inkages the more r e a d i l y the interchange r e a c t i o n s take p l a c e . Due to 
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the ease of the bond interchange r e a c t i o n s polysulphides always have 

a d i s t r i b u t i o n of molecular weights and rank of sulphide l i n k a g e s . 

Because of bond interchange polysulphide rubbers do not support a s t r e s s 

for long p e r i o d s ; on s t r e t c h i n g the s t r e s s on a network decays r a p i d l y 

to zero with an a c t i v a t i o n energy of 100 kJ mol ^ compared with 130 

kJ mol ^ for hydrocarbon e l a s t o m e r s . The polymer can be toughened by 

the addit ion of carbon b l a c k . Host polysulphide rubbers a r e formulated 

with 60 p a r t s of semire inforc ing furnace carbon black as i t reduces c o s t 

and displays optimal p h y s i c a l p r o p e r t i e s . 

Polysulphide rubbers a l s o have low permeabil i ty to many vapours, 
8 8 - 9 7 , 1 1 1 , 1 2 0 - 1 2 2 J _ U 1 gases and a r e even l e s s permeable t o many organic 

vapours than s y n t h e t i c n i t r i l e rubbers . The p e r m e a b i l i t i e s of v a r i o u s 

so lvents through Thiokol Type FA rubber sheet have been given by the 

Technical B u l l e t i n s of Thiokol Chemical Limited. In general a high 

s u l f u r content r e s u l t s in a lower p e r m e a b i l i t y . 

3 . 7 Thiokol Type ST 

The polysulphide s tudied in t h i s work i s Thiokol Type ST which 

i s based on d i c h l o r o e t h y l formal Cl-CH CH 0CH 0CH CH-C1 , with 2% 1 , 2 , 
2 2 2 2 2 * ' 

3 - t r i chloropropane and r e a c t e d with a blend of sodium polysulphide 

s o l u t i o n s r e s u l t i n g in an average of 2 . 2 5 sulphur atoms per r e p e a t u n i t . 

The polymer, H S S C H CH 0CH 0CH CH S — SH, where n ~ 500, has 
2 2 2 2 2 n 

mercaptan terminals and molecular weight about 8 0 , 0 0 0 . The Tg of the 
o polymer i s - 54 C. 

The p h y s i c a l p r o p e r t i e s of the polymer rubber cured with standard 

formulation a r e given in Table 3 . 3 . The polymer has , with some 

e x c e p t i o n s , e x c e l l e n t solvent r e s i s t a n c e as shown in Table 3 . 4 . The 

e f f e c t on some p h y s i c a l p r o p e r t i e s 1 1 1 a f t e r immersion in d i s t i l l e d 

water and s a l t s o l u t i o n a r e given in Table 3 . 5 . 



Table 3 . 4 

Solvent R e s i s t a n c e of Thiokol Type ST Rubber a f t e r One Month of Immersion 
a t ^ 2 6 ° C 

Solvent Per Cent Vol Swelling 

Mineral Oil 

Benzene 

Toluene 

Xylene 

Carbon T e t r a c h l o r i d e 

Ethylene Dichlor ide 

T r i c h l o r o e t h y l e n e 

Monochlorobenzene 

Motor Oil ( E s s o ) 

Diesel Oil 

Skydrol 

Tetrahydrofuran 

50% A c e t i c Acid 

G l a c i a l A c e t i c Acid 

C r e s y l i c Acid 

Acetone 

Methyl Ethyl Ketone 

Ethyl A c e t a t e 

Tributoxy E t h y l Phosphate 

Dibutyl P h t h a l a t e 

T r i c r e s y l Phosphate 

Dibenzyl Ether 

Methyl Alcohol 

Ethyl Alcohol 

Isopropyl Alcohol 

Ethylene Glycol 

10% Sulphuric Acid 

50% Sulphuric Acid 

10% N i t r i c Acid 

10% Hydrochloric Acid 

100% Hydrochloric Acid 

20% Sodium Hydroxide 

10% Sodium Chloride 

Water 

- 2 

110 

70 

41 

46 

230 

159 

161 

0 

3 

24 

175 

26 

18 

123 

37 

35 

35 

4 

10 

7 

30 

6 

2 
0 

0 

2 

D e t e r i o r a t e d 
D e t e r i o r a t e d 

3 
Deteriorated 

2 
3 

5 
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Table 4.3 

Physical Properties Changes of Type ST Polysulphide after Immersion 

in Distilled Water and Salt Solution 

Original 

Properties 

Immersion 

at 26 

14 Days 

°C 

Immersion 14 Days 

at 70°C 

Original 

Properties 

Distilled 4% Aq 

H O NaCl Soln 
2 

Distilled 4% Aq 

H O NaCl Soln 
2 

Tensile (PSI) 1090 1065 1100 665 1050 

Elongation (%) 215 215 215 150 210 

Hardness, Shore A 73 71 72 67 7.0 

Volume Swell (%) 2 1 12 2 

Thiokol ST polysulphide rubber also has a low permeability to 

104 

many solvents; the permeability for various solvents at several 

temperatures is given in Table 3.6. 

Table 3.6 

- 2 - 1 
The Permeability (gm cm cm sec ) of Thiokol ST Rubber at Various 

Temperatures 

Temper- Carbon Methyl 

ature Methyl Tetra Ethyl Diiso- Ethyl 

°C Alcohol chloride Acetate Benzene butylene Ketone 

24 4.5xlO~9 3.77xlO*8 1.346x10*7 4.846x10" 
7 

0 2.513x10*7 

28 9.0xl0"9 
5.83xl0"8 1.705x10* 6.192x10* 

7 
0 _ 

52 22.4xlO~9 8.97x10"8 
2.423x10*7 8.255x10" 

7 
0 _ 

66 49.4x10*"9 
14.36x10*"8 3.410x10*7 11.665x10" 

7 
0 -

82 125.6x10*9 18.84xl0"8 4.576x10*7 16.152x10* 
7 

9.0x10"1 0 5.833x10* 7 

Thiokol ST polysulphide is vulnerable to attack by mineral acids 

103 
and water which cause chain scission . The reaction may be written as 

H 
~SSCH CH OCH OCH CH SS~ + H 0 > 2 ~SSCK CH OH + CH = 0 

2 2 2 2 2 2 2 2 2 

87 o 
The polymer decomposes slowly at temperatures above 150 C and degradation 
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may be due to reaction of the terminal thiol with the backbone formal 

* ii 1 1 8 
group as follows , 

H + 
2 ~SSRSH + ~SSCH CH OCH OCH CH SS *~SSRSCH SR^ + 2 ~SSCH CH OH 

fa fa m fa fa fa fa fa 

The hydroxyl group can then react with thiol group to form monosulphide 

links 

+ 
—RSH + ~SSCH CH OH —RSCH CH SS~ + H 0 

2 2 2 2 2 

The increasing concentration of monosulphide links converts Type ST 

polysulphide into a hard and brittle polymer. Degradation may also due 

to free radical oxidation at the formal group forming formic acid which 

catalyses the degradation, 

0 

~RSSR~ + H O + CH = 0 > 2 -RSH + HC - OH 2 2 
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CHAPTER 4 

EXPERIMENT 

4.1 Materials 

4 .1 .1 Thiokol Type ST 

The present investigation was centred on the polysulphide 

Thiokol Type ST produced by Thiokol Chemical Limited. The polymer was 

compounded in normal fashion using a rubber mill mixer. The polysulphide 

gum was first masticated on a two roll mill at ~45°C and the required 

compounding ingredients added and dispersed to form a homogeneous mix. 

Thin sheets were made by compression moulding between two stainless 

steel plates placed in a pre-heated press and the mixture cured under 

pressure. Type ST polysulphide has a rather flat curing range and does 

not readily over cure. A number of curing combination has been studied. 

Table 4.1 gives the compounding recipes, curing temperatures and times 

for the polysulphide samples studied. 

The glass transition temperature, Tg, of the samples was 

o 0 0 
measured by DSC (10 C per min) and ranged from -52.5 C to -54 C, close 

o 
to the value of -54 C reported in the literature. . 

Acetone, toluene and mixtures of these were used to extract 

excess crosslinking agents and by-products of the vulcanization. However, 

the water soaking experiments (Chapter 5) showed that the water uptake 

of samples extracted by solvent was similar to that of unextracted 

samples. . "Black Spots" in sample PSXQ indicating the presence of 

residual, unused, vulcanizing agent could still be seen after one month 

of soxhlet extraction and were virtually unextractable. For this 

reason unextracted samples were used in the sorption and transport studies. 

4 .1 .2 Polysulphide Sealant 

A commercial sealant PR1422 (US Patent 2,787,608) produced by 

Berger Chemicals Limited was also studied. This is a two-part poly-

sulphide used as a sealant in aircraft. The base materials is a mixture 

of liquid polysulphides required to meet certain viscosity specifications; 

the curing agents or accelerator is supplied separately as a paste 

consisting of a blend of metal dichromates, fillers which may contain 



Table 4.1 

The Compounding Recipes of Polysulphide Samples (by Weight) 

Type of 

Sample 

Thiokol 

ST 

p-Quinone 

Dioxime 

Stearic 

Acid 

Zinc 

Oxide 

Lead 

Peroxide 

Cumene 

Hydro- Zinc 

Peroxide Chromate 

SRF 

Carbon 

Black Water 

Curing 

Temp-
os 

erature C 

Curing 

Time 

(Min) 

Density 

(g cm 3 ) 

PSWX 100 - 1.297 

PSXQ 100 1.5 1 0.5 154 45 1.317 

PSXQWSA 100 1.5 0.5 150 45 

PSXL 100 2 0.5 3 142 60 1.337 

PSXLWSA 100 3 100 45 

PSXH 100 5 7.5 100 12 1.316 

PSXC3 100 8 4 150 55 1.379 

PSXQ+-B1 100 1.5 3 0.5 60 150 30 1.451 

PSXQfB2 100 1.5 3 0.5 20 150 30 1.359 

LP-3 100 

LP-31 100 

PSXQt-3SA 100 1.5 3.0 0.5 150 25 
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carbon black and calcium carbonate, water and organic solvents. 

Two samples of PR1422 were prepared by mixing the base compound 

and the accelerator thoroughly by hand and then spreading the mix on the 

stainless steel mould described above. Pressure was applied and the 

sample allowed to cure at room temperature. The mixing ratios of the 

base compound to the accelerator are given in Table 4 .2 . 

PR1422 polysulphide is based on the same repeat unit as Thiokol 

Type ST, namely, and as expected the Tg measure by DSC (10°C per min) 

o 
is -52.5 C which is close to that of the Thiokol Type ST polymer. 

Table 4.2 

The Mixing Ratios of the Base Compound to the Accelerator for Commercial 

Sealant Samples 

Type of Base Flectol B 

Sample Compound Accelerator Antioxidant. Density(g cm ) 

PSXC1 100 13.5 2 1.534 

PSXC2 100 10 1.636 

4 .1 .3 Liquid Polysulphide 

As mentioned in Section 3.4, the chemical composition of liquid 

polysulphide is exactly that of Thiokol Type ST polysulphide. The 

molecular weight of the liquid polysulphide is, however, much lower 

than that of the solid polysulphide. Two types of liquid polysulphide, 

LP-3 and LP-31, were used and some physical properties are given in 

Table 4 .3 . 

Both of these liquid polysulphides are slightly volatile. The 

volatility of the polymer caused some problems in determination of their 

dry weight prior to sorption measurements; a continual decrease in 

weight was recorded being more serious for the LP-3 specimen which has 

the lower molecular weight of the two and is the more volatile. 
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Table 4 . 3 

Physical Properties of LP-31 and LP-3 

LP-31 LP-3 

Colour, Gardner 12 max 12 max 

Viscosity, Poises (25°C) 950-1550 9.4-14.4 

Moisture Content, % 0.12-0.22 0.1 max 

Mercaptan Content, % 1.0-1.5 5.9-7.7 

Average Molecular Weight 8000 1000 

Refractive Index, nD 1.5728 1.5649 
o 

Low Temperature Flexibility, C -54 -54 

Specific Gravity at 25°C 1.31 1.27 

When used in the microbalance system these materials were 

outgassed under high vacuum for several days; the weight loss recorded 

after this period was attributed to evaporation of the polysulphide. 

When the balance system was isolated from the pumping system after the 

outgassing period a slow increase in pressure was recorded associated 

with evaporation loss of the polysulphide. For the LP-3 sample, the 

more volatile of the two, both the pressure increase and weight loss 

reached equilibrium within a period of 5 days. However for LP-31 the 

rates of the changes were so slow that it was difficult to determine 

within reasonable time scales whether the system had reached equilibrium; 

in this case the system was isolated and ~ 1 5 days allowed to reach 

equilibrium. After these equilibrium procedures water sorption isotherm 

was then measured by increasing the pressure in a series of steps without 

intermediate outgassing. After the sorption isotherm was measured air 

was allowed into the system and the sample removed. It was then kept 

in a desiccator for 2 weeks after which time it was removed and weighed; 

the weight at this stage was taken as the dry weight of the polymer. 

4 .1 .4 Penetrant 

Distilled water contained in a pear-shaped vessel was connected 

to the sorption and the permeation vacuum systems as shown in Figures 

4.1, 4.2 and 4 .5 . Prior to use it was thoroughly degassed by several 
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pump-freeze-thaw operations. 

4 .1 .5 Hydraulic Fluids 

The hydraulic fluids Skydrol 500B and OM 15 were used in some 

soaking experiments. Skydrol 500B produced by Monsanto Company is 

largely dibutyl phenyl phosphate with 12% high viscosity acryloid, 

1.57osoya bean oil, 0.5% ethylene bisphenyl sulphide and 0.47% of water. 

41 

This fluid is known to cause problems in aircraft seals by swelling 

the elastomers in contact with it. 

OM 15 hydraulic fluid is a petroleum based mineral oil blended 

with less than 10% of a methacrylate polymer, 0.5% tricresyl phosphate 

and a small quantity of oxidation inhibitor. 

4 .1 .6 Tri-n-butyl Orthophosphate (TBP) 

In order to study the action of pure phosphate in the swelling of 

polysulphides by Skydrol 500B hydraulic fluid some soaking experiments 

were made with tri-n-butyl orthophosphate as a model compound. The 

orthophosphate was obtained from Hopkin and Williams Limited and contained 

0.02% of free acid (H P0,) . 
3 4 

4.2 Density Measurements 

Rubber densities were measured by the water displacement method 

using a 40ml density bottle. The wide mouth of the bottle enables the 

polymer sample to be inserted without bending. Distilled water was used 

and the temperature noted. Care was taken to ensure that no air bubbles 

were attached to the sample or to the wall of the bottle. The polymer 

density p^ was calculated from the relation, 

W x O 

rp W - (W - W ) 

where W^ - weight of the sample 

p^ = density of distilled water 

W^ = weight of density bottle + weight of water 

W^ - weight of density bottle + weight of water and the sample 

Three measurements were made for each sample and averaged. The repro-

ducibility of measurements was within t 0.3% and the error in the density 
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better than - 1%. 

4.3 Soaking Experiment 

Soaking experiments were done in distilled water, Skydrol 500B 

and 0M15 hydraulic fluids and tri-n-butyl orthophosphate. A strip of 

polymer was dried in a silica gel desciccator for one to two weeks prior 

to the experiment and the dry weight of the polymer recorded. The 

sample was then immersed in the liquid held in a polytop container and 

immersed in a water bath maintained at temperatures of 30, 40, 45 and 

50°C with a thermocirculator unit (Churchill Limited). After the 

o o 
measurement at 30 C the temperature was raised to 40 C and then 

subsequently to 45 and 50°C. The sample was removed from the liquid 

periodically, dried with filter paper to remove liquid on the surfaces, 

and weighed; the whole operation could be completed within three minutes, 

The amount of liquid sorbed by the polymer at time t, M^ was calculated 

from 

W - W 

M = —^-T. ^ x 100% (4 .2) 
t w 

P 

where W^ and W^ are the weights of the sample at time t and of the dry 

polymer sample, respectively. The maximum error in M is estimated to 

be ~4%. 

4.4 Sorption Experiment 

Sorption isotherms and sorption kinetics were measured by 

gravimetric techniques. In these studies the microbalance system was 

found to be more appropriate and was used for all samples except PSXCl 

for which the silica spring balance was used. The square-root time 

region of sorption was generally less than 5 minutes and as such was 

more accurately measured on the microbalance. 

4 .4 .1 Spring-Sorption Experiment 

( i ) Apparatus 

The spring-sorption apparatus is shown in Figure 4.1 . It 

consisted of a high vacuum pumping system which included an Edwards two-

stage rotary oil pump (A), two liquid nitrogen traps (B and C) and a 

— 6 
mercury diffusion pump (D). An ultimate vacuum of about 10 mmHg was 
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obtained and leaks were detected using an Edward Pirani gauge (G) reading 

-4 
down to 10 mmHg. 

The quartz spring-balance (S) obtained from the Thermal Syndicate 

Limited was suspended inside a vertical, cylindrical glass envelope (E) 

+ o 

immersed in a water bath (W) thermos tatted to - 0.1 C. The thermostat has 

two plate glass-sides so that the length of the spring could be measured 

by a cathetometer. The spring was calibrated at 30, 40, 45 and 50°G 

with known weights prior to the sorption experiment. The polymer sample 

(P) was hung from the quartz spring by a piece of platinum wire. 

The vapour source (V) was connected to the "hivac" line and to 

the spring-balance through an underwater three-way tap (T). The exposed 

glass-tubing connecting the water reservoir and the three-way tap (T) 

was wound with heating tape (H) to prevent condensation of water vapour. 

The vapour pressure of the system was measured by a pressure transducer 

(J) (0 - 10 psi absolute, Bell & Howell Limited) which was calibrated 

against the mercury manometer (M) to within - 0.02 cmHg using a cathe-

thometer. The output of the pressure transducer was read with a 

potentiometer. 

( i i ) Procedure 

o 

The polymer sample (P) was outgassed at 50 C under high vacuum 

to constant spring (S) length and then allowed to attain thermal equili-

brium at the temperature of measurement. The initial spring length and 

pressure transducer output were recorded and water vapour then admitted 

to the balance chamber by way of tap (T) which was then closed. 

Attainment of equilibrium was indicated by constant spring length and 
-3 

transducer output which were noted. The concentration C cc(S.T.P)cm 

was calculated from 

„ 1.2442 x 103 x ( * E x k + B) 
C = ^ (4 .3) 

where AE = extension of spring (cm) 

k = spring constant = 2.745 x 10 2 g cm * 

/ 3\ 
V = volume of the sample (cm ) 



58 

B = 

P " 

P = 

T = 

The temperature of the water reservoir was then adjusted to 

change the vapour pressure and the procedure repeated until the complete 

sorption isotherm was obtained. 

+ 
The error in the spring calibration constant was less than - 1%. 

The cathetometer could be read to ^ 0.002 cm; at low pressures errors as 

large as - 10% could arise because of the low amounts sorbed and 

correspondingly small spring extensions in this region. For sorption at 

higher activities the error reduces to around i 1%. The error in the + 
transducer output was around - 1% except at low pressures of less than 

1 cmHg where it became progressively larger. It was estimated that over 

+ 
most of the isotherm the error in measurement was less than - 3% with 

the exception of the region of low pressure (p < 1 cmHg). 

4 .4 .2 Microbalance - Sorption Experiment 

Sorption equilibrium, sorption kinetics and desorption kinetics 

were studied using the electronic vacuum microbalance. 

( i ) Apparatus 

The mi crobalance-sorption apparatus is shown in Figure 4 .2 . It 

consisted of a high vacuum pumping system similar to that for the spring-

sorption apparatus. In this system a 1 litre buffer volume (F) was 

connected to the reservoir and whole assembly was thermostatted in a 

+ o 

water bath to - 0.1 C. The connecting glass tubing was wound with 

heating tape (H) to prevent condensation of water vapour. 

The electronic vacuum microbalance (Model 4102, Sartorius-Werke) 

was supported by wall-brackets and enclosed within a large air thermostat 

(K) with a plate-glass window for viewing. The temperature of the 

thermostat was maintained by five 500 watt heaters mounted in the 

circulating air channel and controlled by a Tetcol relay and a mercury 

contact thermometer. Air circulation was provided by fans ( I ) and (L). 

buoyancy correction (g) 

0 273.2 
r • ——%—-m x V x p 

T x 76 r 

water vapour density at S.T.P obtained from Handbook 

equilibrium water vapour pressure (cmHg) 

temperature (K) 
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Temperature fluctuations were more prominent in the region near to the 

+ o 
top of the air thermostat but was usually less than - 2 G. A temperature 

gradient existed within the thermostat in the vertical direction. The 

o 

balance head was always about 5 C higher than the rest of the system and 

prevented any possible condensation of water vapour on the balance head. 

The balance tubes were immersed in a small water thermostat (W). The 
+ o 

temperature of which was controlled to - 0.05 C by a thermocirculator 

(Tecam Circulator C-400) external to the air thermostat. To prevent any 

possible condensation of water in the balance head the temperature of the 

air thermostat was always maintained a few degrees higher than that of 

the bath (W). 

The electronic microbalance was of the beam type and was capable 

of measuring to within 1 jug. The weighing principle of the balance 

depended on automatic electrical compensation of a torque moment induced 

by the load. The balance was a continuous, null-point instrument with a 

D.C. output which was recorded by a two-pen recorder (Model 2800, Bryans 

Southern Instruments Limited). The beam of the balance was suspended by 

torsion wires inside a massive stainless steel case (Z), The polymer 

sample (P) and copper counterweight (N) were hung from the beam via 

platinum wires and aluminium stirrups and were enclosed inside the glass 

tubes (Q) which were connected to the case (Z).by cone-socket joints 

(R). The internal surface of glass tubes (Q) were coated with metal 

oxide and earthed to facilitate the removal of static electrical charges 

from the system. The lower portions of the two glass tubes (Q) were 

immersed in the water bath (W). A metal flange (U) connected the 

balance to the vacuum line via a flexible bellows-type metal coupling (Y). 

Water vapour pressures were measured with a pressure transducer. 

The output of which was fed along with the microbalance output to a two-

pen chart recorder (Model 2800, Bryans Southern Instrument Limited). 

It was found that the base-line of the microbalance shifted 

when water vapour was admitted to the balance head. It was necessary 

therefore to construct a "blank" water sorption isotherm which is shown 

in Figure 4.3 . It was found that the isotherm was not a function of 

temperature. 
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( ii ) Procedure 

The sample (P) and the copper counterweight (N) were outgassed 

at about 50 °C in the air thermostat without the water bath (W) to 

constant weight as indicated by no change in the balance output. The 

water bath (W) was then brought to the required temperature and the 

temperature of the balance head (Z) set and maintained some 5-8°C higher. 

When thermal equilibrium was established the water reservoir 

(V) was brought to the required temperature and the zero output of the 

pressure transducer and the balance noted. Tap (T) was opened and the 

trace of weight gain against time recorded until a constant output from 

the balance indicated that equilibrium had been attained. The balance 

was then connected to the pumping system via tap (T) and the trace of 

weight loss against time also recorded. 

As the activity of the vapour approaches unity small changes in 

pressure result in relatively large changes in the water regain. In 

this region therefore fluctuations in the temperature of the water 

reservoir (V) are reflected in fluctuations.in the regain and it was 

necessary to accept some average value. 

A computer program was written to calculate the equilibrium 

sorption and mean diffusion coefficient, D. The concentration G 

. -3 
cc(S.T.P) cm was calculated by the equation 

22.414 x 103 x Moo . 

18.0154 x V C 4 , 4 ; 

where MQO is the weight gain at equilibrium after the correction for 

buoyancy and blank sorption. 

— 2 - 1 
The mean diffusion coefficient D (cm s ) was calculated by 

D = (4 .5) 
16 

-% M % 
where I is the initial slope (cm s ) of a plot of vs t where 

is the weight increase for sorption (decrease for desorption) at time 

t after the correction for buoyancy and blank sorption. The initial 

slope I was calculated using a linear regression method of analysis. 
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+ 
The microbalance is capable of reading to - 1 jug. Allowing for 

blank isotherm corrections and temperature fluctuations it was 

estimated regains were accurate to within 2% or less. At low activities 

the major error is again the limiting accuracy of the pressure transducer. 

In the measurement of sorption (desorption) kinetics the response 

time of the balance has to be accounted for. This factor has been 

123 + 
discussed earlier and estimated to be less than - 5% and will be more 

important at short times. Generally pressure equilibrium was established 

rapidly in a sorption kinetic experiment; in desorption, however, 

noticeably longer times were required to reach effective zero pressure 

so that the boundary conditions stipulated for the desorption experiment 

(Section 1.4.3) may not be strictly adhered to. Film thickness were 

measured with a micrometer screw-gauge and errors were less than i 3%. 

Finally another possible source of error resides in heat effects as the 

124 
water is sorbed. This effect has been discussed but the estimation 

of the heat effect cannot be made because some parameters required for 

124 
the correction are not readily available. 

The overall error in the diffusion coefficients obtained from 

initial sorption and desorption slopes is difficult to estimate but 

probably better than i" 15%. The reproducibility of measurements was 

+ 
better and within - 10%. 

4 .4 .3 Sorption of Liquid Polysulphide Experiment 

The equilibrium sorption of water vapour by the liquid polysul-

phide, LP-31 and LP-3 was measured using the microbalance. As these 

polymers are very viscous liquids the samples were contained in a small, 

thin glass bucket. A blank isotherm was determined with the empty glass 

bucket on the microbalance and is shown in Figure 4.4. 

4.5 Permeation Experiment 

The steady state permeation of water as a function of water 

activity was measured as follows. A constant vapour pressure was 

maintained on one face of the membrane mounted in a diffusion cell. On 

the other face the pressure which was virtually zero by comparison, 

was recorded as a function of time in the region of steady-state flow. 

From the linear plot of pressure against time the flux of water through 
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the membrane was obtained. 

Several designs of diffusion cell were tested including the 

125 

standard metal cell . This was not satisfactory as the polysulphide 

rubbers tended to flow under the clamping pressure of the cell causing 

the membrane to bulge at the centre. It was found that a glass cell 

design into which the membrane was cemented was more satisfactory. 

( i ) Apparatus 

The permeation system is illustrated in Figure 4 .5 . It consisted 

of a high vacuum pumping system similar to that of the spring-sorption 

apparatus (Section 4 . 4 . l ( i ) ) . . The diffusion cell ( I ) separated the high 
« 

pressure from the low pressure side of the system. 

Water vapour was supplied to the high pressure side from a liquid 

reservoir to which a 1 litre buffer volume (F) was attached. The 

reservoir assembly was thermostatted by a water bath (W^) to i 0.1 °C and 

the vapour pressure measured with a pressure transducer (J) (0-10 p . s . i . , 

absolute, supplied by Bell & Howell Limited) as described in Section 

4 . 4 . l ( i ) . The connecting glass tubing was wound with heating tape (H) 

to prevent condensation of water vapour. 

The low pressure side had a volume of about 6 litres to reduce 

126 127 

the effect of the sorption on the glass walls or grease . The 

"downstream" pressure of water vapour permeating through the membrane 

was measured by a capacitance manometer Baratron (MKS Baratron Type 170, 

Electronic Unit 170M-6B, M.K.S Instruments Inc.) with a single-sided 

sensor head (Type 310BH-1). The head (S) consisted of a thin tension 

metal diaphragm which deflected under pressure. One side (R) of the 

diaphragm was pumped continuously to give an effectively zero reference 

pressure ( < 1 0 ^ mmHg) whilst the permeating vapour was admitted to the 

other side, the so called measuring side (X) of the head. The head 

assembly was maintained at 50°C. 

The glass diffusion cell shown in Figure 4.6 was designed so that 

little pressure was exerted on the portion of membrane sandwiched between 

the two glass flanges (K) and (L). "Silastic" adhesive was used to stick 

the membrane to the flanges. The membrane was supported on the "down-

stream" low pressure side by thin copper gauge (N) held in position by 
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Araldite adhesive. A piece of filter paper was placed between the 

gauze and the membrane (P) to prevent the membrane from being cut by 

the wire gauze. The cell was sealed and strengthened with Araldite 

adhesive (M) and joined to the permeation apparatus. The cell was 

immersed in mercury to ensure a gas-tight seal and was thermostatted 

+ o 
to within - 0.1 G in a water bath (W 2) . 

( i i ) Procedure 

The diffusion cell containing the membrane was outgassed at 

o 

50 C thoroughly and then brought to the required temperature. The sensoi 

head was maintained at 50°C and both sides of the sensor head were 

evacuated at the same time. The two sides of the sensor head were 

connected via tap (T^) and the Baratron was adjusted to zero. Tap (T^) 

was then closed from the remainder of the experiment whilst the reference 

side (R) of the sensor head was connected to the "hivac" line. 

Water vapour was admitted to the high pressure side via the 

underwater three-way tap (T) and the downstream side was isolated by 

closing the taps (T^) and (T^). The ingoing vapour pressure was read by 

the pressure transducer (J) . The pressure build up at the downstream 

side was followed as a function of time; the zero of the time scale was 

the point at which vapour was admitted to the diffusion cell. Approximate 

time-lag value was estimated after the permeation had reached steady 

state. When the "downstream" pressure approached ~ 0 . 5 % of .the ingoing 

pressure, tap (T^) was opened and the water vapour pumped off. After 

about 5-10 minutes tap (T^) was closed and the pressure recorded as 

before as a function of time until sufficient measurements had been 

recorded to establish accurately the steady state flux. 

After a run the bath temperature of the water reservoir was 

changed to give a new ingoing pressure and tap (T^) was opened to pump 

away water vapour in the downstream section. A period of three times the 

estimated time-lag was allowed to elapse to ensure the system was near 

to the steady state; tap (T^) was then closed. As before the downstream 

pressure was allowed to build up to «v'0.5% of the ingoing pressure, tap 

(T^) was opened for about 5-10 minutes and then closed and the downstream 

pressure recorded as a function of time. The process was repeated to 



64 

obtain the water permeation flux as a function of the ingoing relative 

pressure over the whole range. 

- 1 - 2 

The permeation rate JX cc(S.T.P) cm s cm was calculated 

from the equation: 

ja _ y 273,2 J _ _L_ _dlL_ u 
J i V 76 T A dt ( 4 ' 6 ) 

3 
where V (cm ) is the downstream volume, T (K) is the average room 

2 
temperature, A (cm ) is the membrane area calculated by measuring the 

dp 
inner diameter of the diffusion cell with vernier calipers, 

^ dt 

(cmHg s ) is the steady state gradient of the plot of downstream 

pressure versus time t (s) and Jl (cm) is the thickness of the membrane 

measured by a micrometer-screw gauge. 

Pressure readings in the downstream section could be read with 
+ 

an error of less than - 0.1% and allowing for possible calibration 

dp 

errors in the Baratron the error in the /dt measurements is probably 

better than - 1%. Errors in thickness and area are estimated as a 

few per cent. Steady state flux measurements had a reproducibility of 

better than i 2%; the error in these is probably less than ^ 5%. 
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FIG. 4-6 THE GLASS DIFFUSION 
CELL 
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CHAPTER 5 

SOAKING RESULTS AND DISCUSSION 

5.1 Immersion in Water 

Results for the kinetics of water sorption for the rubber samples 

PSWX, PSXL, PSXQ, PSXQWSA, PSXLWSA, PSXQi-3SA, PSXQfBl, PSXQ4-B2, PSXH, 

aged PSXH, PSXC1, PSXC2 and PSXC3 when soaked in pure liquid water are 

given in Figures 5.1 to 5.13. The general feature of the kinetics is a 

relatively fast initial water uptake followed by a slow stage which in 

many cases showed no signs of reaching an equilibrium state within a 

time scale of several months or more. A similar behaviour has been 

40 43 44 

observed with the natural rubber-water system ' ' and has been 

associated with relaxation or degradation of the polymer network. The 

effect is very pronounced with some of the polysulphides. These 

measurements also indicate that in general an increase in the temperature 

resulted in an increase in the rate of sorption and the amount sorbed. 

The water regains are in many instances much higher than would 

be anticipated on the basis of the chemical composition of the polysul-

phide chain; pure rubber gums or elastomers, with some exceptions such 
40 

as the polyethylene oxide, generally sorb little water . The high 

water regains observed with many of the above samples indicates the 

presence of water soluble impurities and, in fact, visible leaching out 

of curative agents was observed with some specimens. Highly swollen 

samples with regains >80% were found to be mechanically weak and in 

some instances disintegrated easily. 
i 

The plots of M^ (% weight regain) against t for the samples are 

shown in Figures 5.14 and 5.15 except for PSXC1 and PSXC2. The plots 

for PSXC1 and PSXC2 were not constructed because it was impossible to 

estimate MOOJ the equilibrium sorption of water in the absence of network 

relaxation. The initial slopes of the plots are quite linear but in 

most cases extrapolation back to the time axis yields a finite intercept, 

probably due to relatively large experimental errors in the weight 

measurement at the lower regains. 
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The average diffusion coefficient, D, calculated using the 

equation 

d - ° - r 1 9 * 2 ( 5 . D 

where A is thickness and t, is the half time of sorption, are given 

in 

Table 5.1 together with the estimated Moo • The evaluation of the 

diffusion coefficient requires Mqq and any error in this quantity will 

be reflected in D. However, the average diffusion coefficients although of relatively low accuracy at least give the order of magnitude 
- -10 2 -1 

of D which is seen to be 10 cm s and probably lie between 1 and 3 x 

i n - 1 0 2 - 1 
10 cm s 

Table 5.1 

The Diffusion Coefficient of Liquid Water in Polvsulphide 

Sample T °C Mo, 
- 10 2 -1 
DxlO cm s 

PSWX 30 18 1.5 

PSXL 30 6 3 

PSXQ 50 51 3 

PSXQWSA 30 30 3 

PSXLWSA 30 11 3 

PSXQf3SA 30 14 2 

PSXQfBl 30 6 3 

PSXQ+-B2 30 11 2 

PSXH 30 17 2 

Age PSXH 30 13 3 

PSXC3 30 6 1 

As some differences in behaviour were found between the various 

samples it is necessary to discuss some cases individually in what 

follows. 

( i ) Sample PSWX (Figure 5.1) 

o 
After a period of ~1.5 months at 30 C the water sorption was 
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** 20% arid was still increasing slowly with time. On raising the 

temperature the uptake increased and at 50°C was more than 100%; the 

sample had visibly swollen to approximately double its original size. 

These sorptions are surprisingly high and indicate the presence of water 

soluble impurities which is perhaps not unexpected as aqueous dispersion 

techniques were used in its preparation (Chapter 3). As the material 

is not crosslinked the only restraining pressure on the formation of 

pockets of solution is that arising from the effective network resulting 

from physical entanglements and as such is relatively weak. Swelling 

might be anticipated to continue almost indefinitely until the pockets 

of solution corresponds to virtually pure water. It is likely that the 

gum would disintegrate before this stage is reached. The larger 

sorptions at the higher temperatures suggest increased relaxation of the 

gum either by breakdown of physical entanglements or sulphide linkage 

interchange. The increased rate of sorption may also be attributed to 

this factor although a contribution will arise from the increase in the 

diffusion coefficient for the water molecule in the rubber phase. 

( ii ) Sample PSXL (Figure 5.2) 

At 30°C the regain after 1 month is sufficiently large 

to indicate the presence of water-soluble impurities. As gum PSWX was 

used in the preparation of the sample PSXL these results are not 

surprising. The crosslinking agent in this instance was lead peroxide 

and its by products in the vulcanization process are not soluble in water 

and are not expected to contribute to the water regain. The crosslinks 

in the PSXL are effective in reducing the overall water sorption but as 

with the gum a true equilibrium state was not attained and slow relaxation 

process appears to persist over long periods. The effect of temperature 

paralleled the behaviour observed with the gum but was much less 

dramatic suggesting pierhaps that the relaxation process in the gum was 

associated largely with physical entanglements rather than sulphide 

linkage interchange. 

(iii) Sample PSXQ (Figure 5.3) 

The high regains and high rates of sorption indicate behaviour 

more akin to the gum PSWX rather than that expected of a crosslinked 
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material. However, the material even before soaking in water was 

relatively weak suggesting a poorly formed network consistent with the 

high water sorptions. Difficulty was experienced in dispersing the 

crosslinking agent, p-quinone dioxime, efficiently throughout the gum 

during mixing and small aggregates were observed in holding the sample 

to the light. Furthermore, p-quinone dioxime is soluble in hot water 

(<2g/100g of water at 50°C) giving an added source of water soluble 

impurity favouring both a higher water regain and a more rapid rate of 

sorption.- A comparison with the network PSXL suggests that the lead 

peroxide formulation is more effective in crosslinking than is the 

p-quinone dioxime. 

o 
It has been observed that at higher temperatures, ^ 8 0 C or more, 

the water uptake of PSXL can increase considerably to values approaching 

128 

those observed with PSXQ . This suggests that either the PSXL samples 

in this instance were not efficiently crosslinked or that linkage inter-

change dominates the relaxation process at higher temperatures. 

(iv) Samples PSXQWSA, PSXLWSA and PSXQJ-3SA(Figures 5.4 to 5.6) 

In mixing the crosslinking agent and the polysulphide gum, stearic 

acid is often added to facilitate the process; the question arose as to 

whether the acid affected significantly the water uptake of the polymers. 

For this reason, samples PSXLWSA and PSXQWSA were prepared without 

stearic acid but were otherwise identical to PSXL and PSXQ, respectively, 

The water uptake of PSXQWSA like that of PSXQ is high while the water 

uptake of PSXLWSA is slightly higher than that of PSXL. The slightly 

higher water uptake of PSXLWSA probably due to the reduction of degree 

of crosslink caused by less effective mixing of lead peroxide and the 

polymer gum in the absence of stearic acid. 

To check the effectiveness of stearic acid in the mixing process 

a sample, PSXQf3SA, was prepared in the same way as for the other 

p-quinone dioxime-cured samples except that the amount of stearic acid 

was doubled. The presence of a higher concentration of stearic acid 

reduces the viscosity of the polysulphide gum and improves the mixing 

of the p-quinone dioxime and the gum. 

The water uptake of PSXQf3SA is decidely less than those of PSXQ 



75 

and PSXQWSA suggesting that the higher concentration of stearic acid 

has facilitated dispersion of the p-quinone dioxime to give a higher 

efficiency of crosslinking. Even so the water uptake of PSXQK3SA is 

still high relative to that for the lead peroxide cured network PSXL 

suggesting the presence of residual p-quinone dioxime which is more 

soluble in water than are the products of the lead peroxide cure. 

(v) Samples PSXQfBl and PSXQ4-B2 (Figures 5.7 and 5.8) 

As polysulphide rubbers have rather poor mechanical properties 

a reinforcing filler such as carbon black is often added to improve the 

strength of the material. Two samples, PSXQfBl and PSXQHB2, containing 

60 and 20 parts of black per hundred parts of polymer, respectively, were 

prepared using p-quinone dioxime; the results are shown in Figures 5.7 

o 

and 5.8. Taking first the results at 30 C there is a slight improvement 

in the water uptake on comparison with PSXQ4-3SA but a decided improvement 

on comparing with PSXQ. Thus both stearic acid and carbon black improve 

the resistance of the network to water uptake. At the higher tempera-

tures the presence of carbon black leads to a marked improvement over 

PSXQ and a smaller but significant improvement when compared with PSXQf3SA. 

The reinforcing effect of the black appears to reduce the relaxation or 

degradation processes which become more dominant at the higher temperatures. 

(vi) Samples PSXH and Aged PSXH (Figures 5.9 and 5.10) 

Peroxide based crosslinking agents are quite commonly used for 

curing elastomers to obtain "clean" products as the excess peroxides 

and the products of the vulcanization are volatile and can be driven off 

by heating. Sample PSXH was cured with cumene hydroperoxide to give a 
m' 

rather "clean" sample. The sheet was white in colour compared with the 

dark brown of the other samples due to the presence of 5 parts of ZnO per 

100 parts of polymer; zinc oxide is an activator for the crosslinking 

reaction. 

Although the water uptake at 30°C is comparable with the 

PSXQ4-3SA it sorbs considerably more than the latter at higher temperatures; 

cracks in the sample were also observed over long periods indicating 

degradation of the specimen. The water solubility of ZnO is low, 3 
0.00016 g/100 cm , and would not affect significantly the water uptake. 
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The crosslinking reaction for polysulphide and cumene hydro-

peroxide is not fully understood. The by products of the reaction are 

water, cumene and isopropoxy-benzene. As mentioned in Section 3.5 

a tertiary alcohol is a mild acid at elevated temperatures and the 

isopropoxy-benzene alcohol, boiling point 176•8°C may be responsible for 

the degradation and hence the high water uptake of the polymer at the 

more elevated temperatures. 

To ensure that the PSXH was completely free of crosslinking 

agent and by products it was decided to heat a sample in a vacuum oven 

o 

at 200 C but the sample degraded and charred at temperature above 

o 120 C. Another sample was therefore outgassed in the vacuum oven for 

more than 2 hours at room temperature. The temperature was then raised 

o 

slowly to 80 C and maintained there for <^48 hours. The water uptake of 

this sample (Figure 5.10) at the higher temperatures is reduced relative 

to that of the unaged PSXH; furthermore no cracks were' observed on the 

surface of the sample after soaking. The improvement in water resistance 

on ageing may be due to an increased degree of crosslinking or more 

efficient removal of the tertiary alcohol from the matrix. As there was 

little sign of degradation in the aged sample at the end of the 

measurements it is likely that the second factor is the more important. 

(vii) Samples PSXC1 and PSXC2 (Figures 5.11 and 5.12) 

Both PSXC1 and PSXC2 were commercial samples, prepared using 

different amounts of the accelerator. The curing system was a mixture 

of highly water-soluble metal dichromates and chromates but information 

on the amounts of the dichromates, fillers and other possible additives 

was not available. PSXC1 also contains 2 parts of antioxidant, Flectol 

B, and was prepared and stored for at least three years before use. 

PSXC2 which has the lower accelerator content was tested within 4 months 

of preparation. 

Compared with the lead peroxide cure, PSXL, the water uptake is 

high, probably due to residual dichromates which are highly soluble in 

water. Some leaching out of curatives was observed through discoloration 

of the ambient water. 

With PSXC2 the behaviour was quite different to that discussed 
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previously. As seen in Figure 5.12 the initial sorption is rapid largely 

because the sheet is much thinner by a factor of ^ 5 . The main feature 

of the regain curve is the loss in weight at longer times levelling off 

to an almost constant value with some slight increase as the temperature 

was raised. It was also observed that impurities were being leached out 

of the sample as the ambient water became yellowish in colour. Leaching 

out of water soluble components will lead to a direct loss in weight of 

the sample; however, a more significant loss of weight will occur if the 

concentration of impurity in the external solution becomes sufficiently 

high and that in the rubber sufficiently low to induce a reverse flow of 

water out of the rubber. 

In the case of sample PSXCl the leaching out process and 

accompanying discoloration of the water were much less pronounced as the 

polymer was less highly swollen over comparable time scales. In this 

instance relaxation processes are allowed to operate .over much larger 

time scales and so reduce the pressure exerted by the network on the 

internal pockets of solution. In this case, although some leaching out 

of water soluble components has occurred the osmotic driving force for 

water is unchanged in direction due to relaxation of the pressure exerted 

by the network. 

(viii) Sample PSXC3 (Figure 5.13) 

In order to study further the effect of the water solubility of 

curative on the water uptake a sample was prepared with zinc chrornate 

129 

which is decomposed by hot water but otherwise is insoluble. The 

vulcanization reactions are ionic in character as described in Section 3.5 

and it was necessary to add water to the cure, 4 parts per 100 parts of 

polymer, as shown in Table 4 .1 . Without the water no cure was affected 

confirming that moisture is essential for the oxidation of the mercaptan 

groups by chromates. 
o 

At 30 C the water regain of the elastomer was comparable with that 

of the lead peroxide cure, PSXL, and considerably less than obtained with 

the commercial systems PSXCl and PSXC2. The reduction in water regain 

obtained with the zinc chromate cure can be attributed directly to its 

low water solubility at this temperature. However, on raising the 
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temperature the water uptake increases quite rapidly which may be 

attributed to decomposition of the chromate giving rise to water soluble 

products. At these high temperatures some faint yellow discoloration 

o 

of the solution occurred which was absent at 30 C suggesting some leaching 

out of decomposition products was occurring. 

5.2 Immersion in 0M15 Hydraulic Fluid 

As indicated in Section 4 .1 .5 0M15 is a mineral oil; the 

resistances of samples PSWX, PSXL, PSXQ, PSXQH32, PSXC1 and PSXC2 to the 

oil are shown in Figure 5.16 to 5.18. It is clear that the polysulphide 

elastomers have a high resistance to this oil indicated by the relatively 

low degrees of swelling, less than 4%. 

The rate of sorption of the oil was rapid and with the exception 

of PSXL and PSWX appeared to reach a steady value. On the whole the data 

confirm the good resistance of polysulphide elastomers to oils of this 

class. 

5.3 Immersion in Skydrol 500B Hydraulic Fluid 

Skydrol 500B hydraulic fluid is well known as a good swelling agent 

41 

for elastomers and the volume swelling of polysulphide by this fluid 

is given in Table 3.4 as 24%. 

Samples PSWX, PSXL, PSXQ, PSXQ4-B2, PSXC1 and PSXC2 were soaked 

in this fluid and the results are given in Figures 5.19 to 5.21. Degrees 

of swelling greater than 50% by weight were observed and with the 

exception of PSWX the uptake increased with increasing temperature. 

These results show that polysulphides have a much lower resistance to 

Skydrol 500B compared with 0M15 hydraulic fluid. In many instances the 

Sydrol 500B uptake by polysulphide is as high as for water. However, the 

kinetics of sorption are quite different; with water a slow prolonged 

increase in weight with time was a characteristic feature whereas with 

Skydrol sorption is comparatively rapid and approaches an equilibrium 

value or begins to decrease slightly at longer times. The sorption of 

Skydrol 500B indicates that the polysulphides have a strong affinity for 

this fluid and is effectively plasticized by it. 

( i ) Sample PSWX 

The sorption curve in Figure 5.19 indicates an initial rapid 
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sorption in the region of 100% by weight followed by a long term weight 

loss and is attributed to dissolution of the polymer which is not cross-

linked. Vigorous agitation of the fluid for long periods of time caused 

the gum to dissolve completely. 

( i i ) Sample PSXL 

The effect of crosslinking is apparent leading to a reduced 

initial sorption of the fluid, ^ 6 0 % as compared to ~100% for the gum 

PSWX. Over longer periods of time there was a tendency for the uptake 

to increase particularly at the higher temperatures suggesting that 

relaxation and/or degradation processes were becoming effective. Thomas 

128 

and Day reported that a lead peroxide cured rubber on prolonged 

immersion in Skydrol 500B at room temperature showed signs of disintegrating; 

no such signs were observed in the present investigation suggesting, 

perhaps, that the network in this case was better formed. 

( i i i ) Sample PSXQ 

The initial uptake is some 20% below that of the uncrosslinked 

gum but higher than that for PSXL by about the same amount. The higher 

uptake relative to PSXL is consistent with the latter being more 

effectively crosslinked. However, p-quinone dioxime is soluble in 

Skydrol fluid and in fact during soaking the fluid changed from a blue 

to a muddy brown colour; it is possible that the presence of residual 

p-quinone dioxime will enhance the sorption of the fluid in the same 

way as water soluble impurities enhance the water sorption. There is a 

small decrease in weight at longer times associated with the leaching out 

of soluble material. 

(iv) Sample PSXQfB2 

The addition of carbon black as shown in Figure 5.21 improves the 

resistance to swelling. This is largely but not entirely accounted for 

by the reduction in volume of the polymer in the filled sample. As 

carbon black is a reinforcing filler the network is effectively more 

highly crosslinked and so able to resist swelling more strongly. There 

is a small decrease in the uptake at longer times due to leaching out of 

p-quinone dioxime into the fluid. 
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(v) Samples PSXG1 and PSXG2 

The behaviour of these networks is similar to those of PSXL and 

PSXQ in that the initial sorption relative to the gum is reduced. Some 

of the accelerator components used in curing PSXC1 and PSXC2 are soluble 

in Skydrol 500B and some weight loss at longer times is evident with 

sample PSXC1, in particular. The latter has the higher initial uptake 

of the two samples suggesting that it is the less efficiently crosslinked 

of the two. 

5.4 Immersion in Tributyl Orthophosphate 

The major component of Skydrol 500B hydraulic fluid is dibutyl 

phenyl phosphate and is believed to be responsible for the high uptake 

of Skydrol 500B by the polymer. As dibutyl phenyl phosphate was not 

readily available a model chemical, tributyl orthophosphate (TBP) was 

used for the soaking experiment. The chemical structure and the molecular 

size of TBP are similar to that of dibutyl phenyl phosphate. 

'The soaking results are given in Figures 5.22 to 5.24 for PSWX, 

PSXL, PSXQ, PSXQfBl, PSXQHB2, PSXC1 and PSXC2. Comparison of the results 

in TBP and in Skydrol 500B shows that the uptake of TBP is generally 

20-50% lower than the uptake of Skydrol 500B. It is possible that the 

higher uptake in Skydrol 500B may be due to the presence of some 

components other than the phosphate. The uptakes of tributoxy ethyl 

phosphate and tricresyl phosphate by the polysulphide elastomer given in 

Table 3.4 are 4% and 7% respectively. Therefore the high uptakes of TBP 

and Skydrol 500B are probably due to the hydrocarbon segments of the 

solvents instead of the phosphate group. 

The initial sorption of TBP was generally very quick and reached 

a "quasi-equilibrium" rapidly with the exception of the more efficiently 

crosslinked network PSXL and PSXQ+B2. All samples except PSXL showed 

maximum uptake in the early stages of sorption, followed by a weight loss 

which was accompanied by a colour change in the initially colourless TBP, 

indicative of some leaching out of soluble material. On raising the 

temperature there was a further reduction in weight. The TBP as supplied 

contained small amounts of acid (H^PO^) which may catalyse degradation of 

the network to yield soluble component with a subsequent weight loss. 
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( i ) Sample PSWX 

The initial maximum uptake is less than experienced with some of 

the crosslinked samples. At the end of the measurements this sample 

was reduced to about one half of its initial amount and had disintegrated 

into small pieces. A comparison with Skydrol 500B would suggest that 

although the initial swelling is higher with Skydrol, dissolution would 

appear to be more rapid with the TBP. 

( i i ) Sample PSXL 

The behaviour here is again consistent with that of a well cross-

linked sample with little change observed after the rapid initial 

swelling. As with the other crosslinked samples the degree of swelling 

in TBP is less than in Skydrol 500B. The more rapid dissolution of the 

gum PSWX in TBP compared to Skydrol 500B would indicate that the former 

degrades the network more efficiently perhaps because of the presence 

of residual acid (H PO, ) . 

3 4 

( i ii ) Samples PSXQ. PSXQfBl and PSXQ4-B2 

The initial maximum uptake and weight loss decrease with increasing 

the carbon black content in the samples. PSXQfBl which contained the 

highest amount of carbon black showed no sign of losing weight. The 

addition of carbon black improves the resistance of the polymer to 

swelling and degradation. 

(iv) Sample PSXCl and PSXC2 

The results here are again consistent with PSXC2 being the 

stronger of the network with the lower initial swelling. Both samples 

suffered degradation on prolonged soaking especially at the higher 

temperatures and there was evidence that soluble material was being 

extracted. 

5.5 Summary of Soaking Results 

( i ) Water 

The results are consistent with the presence of water soluble 

impurities which act as centres for the formation of pockets of solution 

which grow and expand against the retractive pressure exerted by the 

network. The immobilization of large quantities of water in this fashion 

results in a low average diffusion coefficient, which is seen to be 
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1-3 x 10 cm s , resulting in a slow initial sorption which approaches 

equilibrium values over extended time scales. In these systems D will 

decrease markedly with concentration and so the later stages of 

sorption will be controlled by the lower values of D. Also with these 

extended time scales for equilibation, network relaxation and degra-

dation processes become important and lead to an additional increase 

in the water regain. The higher the temperature the faster will be 

these processes and consequently the higher the water uptake as observed 

with most samples. High temperatures also favour the growth of the 

pockets through an increase in the diffusion coefficient for monomeric 

or unassociated water in the rubber matrix; this is the only form of 

water which contributes to the transport. 

The effects of crosslinking on the swelling behaviour are consist-

ent with the picture that crosslinks restrict the growth of the water 

pockets and in addition reduce relaxation effects. 

( ii ) 0M15 Hydraulic Fluid 

The low degree of swelling in 0M15 fluid with saturation uptakes 

of 4% weight or less confirms that the polysulphide elastomers have a 

high resistance to this fluid. 

( i i i ) Skydrol 500B Hydraulic Fluid 

Polysulphides have a much lower resistance to Skydrol 500B 

compared with 0M15 hydraulic fluid. The polymer has a strong affinity 

for the Skydrol and is effectively plasticized by it. Therefore the 

diffusion coefficient increases with increasing concentration in this 

system. The sorption of Skydrol is rapid compared with the water 

sorption and approaches an equilibrium value. The slight weight loss on 

prolonged soaking is attributed to the leaching out of some soluble 

components from the polymer samples. 

The effects of crosslinking on swelling are similar to those of 

water with more highly crosslinked network resisting the swelling more 

strongly. 

(iv) Tributyl Orthophosphate (TBP) 

The uptake of TBP is less than the uptake of Skydrol 500B but 
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remains quite high. The higher uptake in Skydrol 50CB may be due to the 

presence of some components in the Skydrol other than the phosphate. 

It is probably the hydrocarbon components or segments of TBP and Skydrol 

500B causing the high uptakes. As in the case of Skydrol 500B, TBP 

also plasticizes the polymer. 

The initial sorption of TBP was generally very rapid and reached 

a "quasi-equilibrium" followed by a weight loss. The dissolution of 

polymer is more rapid in TBP than in Skydrol. The higher rate of 

dissolution may be due to higher rate of degradation which is catalysed 

by the presence of small amounts of acid in TBP as supplied. 

The effects of crosslinking on swelling and degradation are 

similar to that of Skydrol 500B with better crosslinked network exhibits 

better resistance to TBP. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

EQUILIBRIUM WATER SORPTION 

6.1 Results 

6.1.1 Sorption Isotherm 

Equilibrium sorption isotherms for water vapour in PSWX, PSXL, 

PSXH, PSXQ, PSXQfBl, PSXQfB2, PSXCl, PSXC2 and PSXC3 are shown in Figures 

6.1 to 6.9. The isotherms were measured at 30°C, 40°C, 45°C and 50°C 

for all samples except PSXQfBl and PSXQfB2 for which the isotherms 

0 0 o 

were measured at 30 C, 40 C and 50 C only. Although the samples were 

all prepared using the same type of polysulphide, some differences in 

behaviour are observed between samples. In general, isotherms were 

either type II or I I I in the BET Classification; type III isotherms 

were observed with samples PSWX and PSXL, all other samples gave type I I 

isotherms. For all samples, the regain at a given relative pressure 

increased with increasing temperature with the exception of the commercial 

rubbers PSXCl and PSXC2 for which the isotherms were independent of 

temperature. 

6.1.2 Sorptive Capacity 

The sorptive capacities of the different samples are compared at 

a relative pressure of 0.8 and in the limit of zero concentration. The 

lim C 

limiting solubility coefficient, S = ^ ^ ( /p), was obtained from the 

initial slopes; as the isotherms are not accurately defined in the 

region of low pressures the values of S given in Table 6.1 are to be c=o 
regarded as estimates only. 

The solubility S reflects the interactions of monomeric 
c=o 

(unassociated) water with the rubber gum or filler surfaces, whereas the 

sorption at *Vp = 0.8, given in Table 6.1, will be influenced more o 
strongly by the presence of water soluble impurities leading to the 

formation of pockets of solution. 

Although a strict comparison is difficult the following order 

o 
represents a decreasing affinity for water at 30 C; 
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PSXC2 > PSXCl > PSXH > PSXQ > PSXQfB2 > PSXQfBl > PSXC3 > PSWX ~ PSXL 

The order of pseudo equilibrium water regain, M® at 30°C for saturation 

soaking in liquid water is 

PSXCl PSXC2 > PSXQ > PSXQWSA > PSWX ~ PSXH > PSXQf3SA ~ Aged PSXH > 

PSXQ4-B2 ~ PSXLWSA > PSXQt-Bl — PSXC3 ~ PSXL. 

There are some differences between the two orders. With the case of 

liquid water the effect of efficiency of crosslinking will be more 

prominent in restricting swelling. 

6.1.3 Heats of sorption and Heats and Entropies of Dilution 

From plots of In S vs values of ( A H ) were calculated; 
c=o s c=o _ 

typical plots are shown in Figure 6.10 and values of ( a r e 

recorded in Table 6.1. 

The heat of dilution AH. was obtained from plots of In (^/p ) 
^ A o 

against /T at fixed concentration; typical plots are shown in Figure 

6.11. Values of A H at several concentrations are given in" Table 6.2. A 

For samples PSXCl and PSXC2 the isotherms were virtually coincident and 

hence AH^ was zero over the whole range of concentration. Values of 

A S ,_ the entropy of dilution, are also given in Table 6.2 and were 
p 

obtained from plots of In /p versus In T as in Figure 6.12. 
o 

6 .1 .4 Clustering Analysis ^ 

G 1 11 
Clustering functions, ^ / v an(* ^ + — y ) were calculated 

1 1 ax 

from the equations (2.1) and (2 .2 ) . Typical plots of vs a^ and 

In vs In a. are given in Figures 6.13 and 6.14 and values of the 

clustering functions at different activities and temperatures are given Q 
in Table £.3. Values of > - 1 denote clustering and values < - 1 

1 0 G 1 11 
segregation of the penetrant. (1 + —~ ) denotes mean cluster size. 

0 G 1 
1 11 

(1 + —~ ) < 1 indicate water-polymer interations are dominant. 

1 



Table 6.1 

Limiting Solubility S , Concentration C at P /p = 0 . 8 and Heat of Sorption ( AH ) for water in Polysulphide 
c=o o s c=o 

S cc(S.T.P)cm c=o 
•3 -1 (cmHg) v -3 

C cc(S.T.P)cra at P /p 
o 

= 0 .8 (AH ) 
s c=o 

Sample / Sample / 

30°C 40°C 45°C 50°C 30°C 40°C 45°C 50°C kJ mol ^ 

PSWX 2.70 1.74 1.42 1.16 9.1 9.8 10.3 11.0 -33.5 

PSXL 2.82 1.83 1.44 1.20 8.7 9.9 10.5 11.2 -33.5 

PSXH 6.03 3.48 2.67 2.07 15.1 16.1 16.7 16.9 -43.5 

PSXQ 6.11 3.51 2.70 2.10 14.1 15.0 15.4 16.1 -42.3 

PSXQfBl 5.03 3.07 - 2.00 11.7 13.0 - 14.0 -38.0 

PSXQfB2 5.18 3.20 - 2.02 12.5 13.7 - 14.9 -38.5 

PSXC1 70.86 40.76 31.37 24.38 26.6 26.6 26.6 26.6 -42.8 

PSXC2 37.63 21.65 16.66 12.95 33.4 33.4 33.4 33.4 -43.5 

PSXC3 24.30 13.98 10.76 8.36 9.3 10.2 10.7 11.4 -43.5 

Note: 1% wt. regain of water is approx. equivalent to 16.8 cc(S.T.P)cm 



Table 6.1 

Heat of D i l u t i o n AH and Entropy of Di lut ion AS 
A A 

Sample 

C 

cc(S.T. P)cm"3 kJ mol 1 

AS 
A 

J mol"1 K" 1 

2 8.8 40 

PSWX 6 7.1 30 

10 5.5 22 

2 8.8 42 

PSXL 6 7.1 28 

10 6.3 22 

2 6.2 29 

PSXH 9 3.1 14 

15 0.9 14 

3 3.3 24 

PSXQ 9 4 . 0 17 

18 1.7 6 

2 11.9 51 

PSXQfBl 8 6.2 25 

16 2.5 9 

2 9.3 45 

PSXQ+B2 9 4 .2 18 

19 1.6 6 

3 11.9 50 

PSXC3 7 8.1 29 

11 5.9 20 
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Table 6.3 

Clustering Functions at 30°C and 50°C 

Sample P / 
Po 

o 
30 C 

o 
50 C 

Sample P / 
Po G11 

/ V 1 

0 G 

1 * V °ll/v1 

0 G 

1 

PSWX 0.1 -1 1.0 -1 1.0 

0.2 -1 1.0 -1 1.0 

0.6 75 1.4 55 1.3 

0.8 121 1.7 82 1.7 

PSXL 0.1 -1 1.0 -1 1.0 

0.3 26 1.0 -1 1.0 

0.6 44 1.2 48 1.3 

0.8 76 1.6 103 1.7 

PSXH 0.1 -197 0.8 -59 0.9 

0.3 -1 1.0 -1 1.0 

0.5 50 1.3 40 1.2 

0.8 56 1.7 54 1.8 

PSXQ 0.2 -105 0.7 -83 0.9 

0.35 26 1.0 49 1.2 

0.8 88 2.1 69 1.9 

0.95 591 3.9 105 3.1 

PSXQfBl 0.05 -583 0.7 -259 0.8 

0.2 -1 1.0 -45 0.9 

0.25 39 1.0 -1 1.0 

0.6 106 1.4 79 1.5 

0.95 106 2.9 79 2.2 

PSXQ+-B2 0.05 -329 0.7 -304 0.8 

0.15 -1 1.0 -74 0.9 

0.25 63 1.1 -1 1.0 

0.95 614 3.5 107 2.6 
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Table 6.3 (continued) 

o 
30 C 50°C 

Sample Sample 

Gll/vx 

0 G 

1 + 1 1 1 

V1 

G u/v x 

0 G 
1 + " 7 1 1 

1 

PSXC1 0.1 -103 0.4 -103 0.4 

0.3 -61 0.5 -61 0.5 

0.55 -1 0.9 -1 0 .9 

0.8 48 1.9 48 1.9 

i 
0.95 136 7.9 136 7.9 

PSXC2 0.1 -113 0.5 -113 0 .5 

° - 5 
-1 1.1 -1 1.1 

0 .8 60 2.3 60 2.3 

0.95 107 10.4 107 10.4 

PSXC3 0.1 -398 0.5 -212 0 .6 

0.3 -68 0.8 -64 0.8 

0.5 -1 1.0 -1 1.0 

0.7 15 1.2 35 1.2 

0.9 69 1.5 65 1.5 
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FIG. 6-1 PSWX SORPTION ISOTHERMS 



115 

FIG. 6-6 PSXQ+B2 SORPTION ISOTHERMS 
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FIG. 6-6 PSXQ+B2 SORPTION ISOTHERMS 
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FIG. 6-6 PSXQ+B2 SORPTION ISOTHERMS 
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FIG. 6-6 PSXQ+B2 SORPTION ISOTHERMS 
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FIG. 6-6 PSXQ+B2 SORPTION ISOTHERMS 
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FIG. 6-6 PSXQ+B2 SORPTION ISOTHERMS 
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FIG. 6-10 PLOTS OF lnSc=0 VS V-
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6.2 Diacussion 

6.2.1 Uncured Polysulphide 

( i ) Sample PSWX 

The sorption isotherms give no evidence for localized Langmuir-

type sorption in the region of low relative pressure. This behaviour 

is not unexpected as Thiokol ST presents no strongly polar groups to 

act as specific sites for the sorption of water. Compared with silicone 

rubber and natural rubber the level of sorption is higher; at 30°C, 

-3 -1 38 
S is 0.12 and 0.24 cc(S.T.P) cm (cmHg) for silicone rubber and 
c=o . 

49 
natural rubber respectively. The lower S for the polysulphide gum 

c-o 

probably reflects the differences in chemical structure with ,the poly-

39 

urethane elastomers which have oxypropylene and oxybutylene glycol 

soft segments conferring to a somewhat weaker affinity for water. 

P / 
At the higher activities such as /p = 0 . 9 the water regain at 

o ° 
30 C is ~ 0 . 7 % by weight of dry polymer. Although not very large this 

is significantly higher than for silicone and natrual rubbers with 

38 49 

corresponding regains of ~ 0 . 0 3 and ~ 0.2% wt respectively 9 . The 

magnitude of the difference in water regain between the polysulphide and 

these other rubbers is not significantly dependent on the activity in the 

range 0 to 0 .9 . However, the soaking experiments for the polysulphide 

indicated a large regain of ~ 20% wt or more so that the equilibrium water 

content of the gum must increase rapidly in the activity range 0.9 to 

1.0. The most likely explanation is that the polysulphide gum contains 

water soluble impurities which form saturated solutions with activities 

probably close to unity; the impurities therefore are only slightly water 

soluble. 

36 

As shown earlier for NaCl in silicone rubber the presence of 

a water soluble impurity may have little effect on the water regain for 

activities below that at which a saturated solution of the impurity is 

formed. Of course, if the filler or impurity presents a large surface 

area for sorption then an increased sorption may also be observed at 

the lower relative pressures. The heat of dilution is positive over 

the whole of the concentration range and shows a tendency to decrease 

with increasing concentration. These results indicate that the sorbed 
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water is less strongly bound than water in the liquid state confirming 

the absence of strong specific interactions. The decrease of AH and A 
AS. with concentration is consistent with a tendency for the water to 

A 

cluster as the concentration increases. Further support comes from 

Table 6.3 where it is seen that both the clustering tendency and the 

mean cluster size increase with concentration. Whether clustering 

initiates at sites on the polymer chains or at impurity centres it is 

not possible to decide. 

Because of the much smaller regains experienced with sorption 

from the vapour phase (^/p ^ 0 .9) it was found that both sorption and 

desorption kinetics were much faster compared with the soaking experiments; 

in general, the effective D in the soaking experiments was several orders 

of magnitude smaller than in the vapour phase measurements. This behaviour 

is consistent with extensive clustering of the water in the region 

P /pQ > 0 . 9 leading to a diffusion coefficient which decreases rapidly 

with C as discussed later (Chapter 7). There was no evidence of 

relaxation effects with the vapour phase experiments and tests showed 

the equilibrium regain to be unchanged over a period of 12 hours. It 

may be that over extended time scales small relaxation effects will 

become apparent. However, if the impurities are not soluble in the 

range of *Vp ^ 0.9, then the network will not be subjected to any 

significant strain by the relatively small amounts of water sorbed and 

relaxation effects will be neglible. Once the activity is sufficiently 

large for the impurities to dissolve then pockets of solution develop 

and strain the network which will tend to be relieved by long time 

relaxation processes. 

( i i ) Comparison with Liquid Polvsulphide 

In order to investigate the effect of both the molecular weight 

and the mercaptan group on the water sorption two liquid polysulphides, 

LP-31 and LP-3 with molecular weights of 8000 and 1000 respectively and 

with different concentrations of the mercaptan group, were studied. The 

sorption isotherms are given in Figure 6.15, as drawn the isotherms 

intersect the pressure axis at some finite pressure corresponding to the 

"equilibrium" vapour pressure of the liquid. Apart from the region of 
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low activity the isotherms for the two liquids are virtually identical 

and even here the difference may be an indication that LP-31 had not 

attained its equilibrium vapour pressure at the start of the measure-

ments rather than any real difference in sorption behaviour. 

As indicated the vapour pressure of the liquid polysulphides 

presented some problems in the measurement of the isotherms. Because 

of sulphide linkage interchange the liquid polymer will have a distri-

bution of molecular weights, the low end of which will be 

volatile^' If the volatile component is continuously 

removed as when pumped under vacuum the molecular weight distribution 

will readjust to generate more low molecular weight component with a 

lowering in the average molecular weight. The sulphide linkage inter-

102,131 

change is accelerated by the mercaptan group . As indicated 

earlier (Section 4 .1 .3 ) some difficulty was encountered in establishing 

an equilibrium vapour pressure for these liquids. Values of 0.21 and 

0.08 cmHg were recorded at 30°C for LP-3 and LP-31 respectively. LP-3 

has higher mercaptan content as given in Table 4.3 and the sulphide 

linkage interchange may be faster for LP-3 than for LP-31. By comparison 

the gum with a molecular weight of 80000 had no measurable vapour pressure. 

Presumably, the very low mercaptan content ( ~ 0.1%) present in the gum 

the interchange process would be slow, in addition loss of any volatile 

component from the viscous gum would be relatively slow; both of these 

factors would lead to a reduction in volatile component relative to the 

liquids. 

The sorption isotherms of the liquids and the gum PSWX are almost 

identical and can be virtually superimposed by shifting along the 

pressure axis. Thus although the physical state of the polymers in these 

samples is quite different as well as their molecular weights and 

mercaptan contents, nevertheless the affinity for water remains almost 

unchanged over the activity range, P /p ^ 0.9. 
o 

6.2.2- Lead Peroxide Cured Polysulphide (PSXL) 

Although this sample contains small amounts of stearic acid, zinc 

oxide and lead oxide and is crosslinked, the isotherms are similar to those 

for the gum PSWX in the region, P /p ^ 0 . 9 . Heats and entropies of 
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dilution are also similar for the two systems and one concludes that the 

presence of the impurities just mentioned does not affect significantly 

the water regain of PSXL. 

Above *Vp ~ 0.9 the regain rises from ~1 % wt to a value of o 
~ 6% wt in contact with liquid water at 30 C again indicating the 

presence of water soluble impurities which form saturated solutions 

with activities close to unity. The same type of impurity responsible 

for the high water regain of the gum PSWX at saturation is probably 

responsible; the stearic acid and oxide impurities of the PSXL sample 

may contribute to some extent but here again the water solubilities 

are very low. Although crosslinking has little effect on the isotherm 

for P /p < 0.9, it has as indicated earlier (Section 5 .1(ii) ) a marked o 
effect on the equilibrium degree of swelling which is much reduced for 

the crosslinked sample. 

6.2.3 Hydroperoxide Cured Polysulphide (PSXH) 

A small but definite Langmuir component to the sorption is 

evident at low relative pressures. The heat of sorption (Table 6.1) and 

the clustering functions (Table 6.3) also indicate relatively strong 

interaction of the water with the sample in this region. This sample 

contains wt of ZnO and this would appear to be the more likely 

source of specific site sorption at the lower activities. 

The isotherm behaviour at higher activities parallels that of 

samples PSWX and PSXL except that the level of sorption is significantly 

higher; the divergence between the isotherms for PSXH and PSWX increases 

steadily with increasing activity of the water. Presumably the ZnO 

surface provides for additions sorption of water as multilayers, other-

wise the increasing divergence just discussed is difficult to explain. 

Although the crosslinking agent, cumene hydroperoxide and its by product 

isopropoxy benzene are polar, they are both liquids and volatile and 

should be removed in the outgassing procedures employed. The heat of 

dilution approaches zero more rapidly as /p^ increases compared with 

PSWX and PSXL consistent with the sorbed water being more liquid like in 

the PSXH. The mean cluster size does not differ greatly between the 

samples, however, as the clustering analysis averages the behaviour of 
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the water in the polymer it seems likely that the extent of clustering 

is more marked in the PSXH but has been masked somewhat by the 

localized sorption component. As with the other samples the regain 

rises rapidly as P /p > 0.9 and approaches a value of ~17% wt at 

o 
30 C. 

6.2.4 p-Quinone Dioxime Cured Polysulphide (PSXQ) 

The behaviour of this sample closely resembles that of PSXH 

with the isotherm showing a small but definite Langmuir-type curvature 

at lower activities. The most likely impurity, apart from those present 

in the gum material, is the curing agent p-quinone dioxime and its by 

product p-phenylene diamine. There is a large increase in the water 

regain from ~ 1.2% to ^ 51% wt in the range of P /p from 0.9 to 1 .0 o 
associated as before with the dissolution of water soluble material. 

p-Phenylene diamine is soluble in water and p-quinone dioxime is soluble 

129 
in hot water but not very soluble in cold water. 

The formulation for the preparation of the PSXQ membrane 

contained 1.5 parts of dioxime to 100 parts of polysulphide gum but 

generally only about 2.5% of the dioxime is consumed in the curing 

reaction whilst the excess will remain dispersed in the network. Excess 

dioxime is usually required for good cures as this agent is difficult 

to disperse uniformly throughout the gum and because of its low water 

solubility it is not easily extracted either by water or organic liquids. 

As indicated earlier (Section 5 .1 ( i i i ) ) there was some indication that this 

sample was not as effectively crosslinked as the PSXL. 

To examine in more detail the effect of p-quinone dioxime the 

water sorption isotherm for this compound was measured; the dioxime 

used for curing pruposes is supplied in the form of a very fine powder 

o 

and the sorption isotherms at 30 and 50 C are shown in Figure 6.16. The 

sorption is largely a surface phenomenon as shown by dissolving the 

powder in hot water and reprecipitating as comparatively large crystals; 

the sorption is now reduced considerably. There is pronounced hysteresis 

in the water isotherm of the dioxime which persists to quite low 

relative pressures; interparticle capillary condensation may be partly 

responsible although some degree of irreversible binding of the water to 
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the dioxime also seems likely. 

Assuming additivity of sorption for the gum and powder it is 

not possible to account for the considerable differnces in water regain 

between PSXQ and the parent gum PSWX in the range P /p , 0 to 1 and o 
it would appear that some additional component to the sorption is 

required. If p-phenylene diamine which is present in a much smaller 

extent is dispersed in molecular form within the polymer matrix and 

each molecule assumed to take up 4 water molecules then the diamine will 
-3 

sorb 0.4 cc(S.T.P) of water per cm of the polymer. If the diamine 

also provides sites to initiate clustering then the contribution of the 

water sorption of diamine to the total water regain will be even more. 

PSXQ also contained 0.5% of ZnO which may account for some of the 

differences in water regain. 

6.2.5 Carbon Black Filled Polysulphide (PSXQHB1 and PSXQt-B2) 

These isotherms also show evidence of Langmuir sorption at low 

activities but it is not pronounced. The thermodynamic and clustering 

functions indicate the general pattern of behaviour consistent with 

increased clustering of the water as the activity of the latter increases. 

The behaviour of these samples is not markedly different from that of 

sample PSXQ, also cured used p-quinone dioxime. To facilitate com-

parison of the black loaded samples with PSXQ the following Table 6.4 

is provided, 
Table 6.4 

The Ratios of Polymer Content. S and C and Carbon Black Content of 
c = 0 

PSXQ : PSXQ+B2 t PSXQ+B1 

PSXQ PSXQfB2 PSXQ+B1 

Ratio of Polymer Content (by volume) 1 0.87 0.69 

Ratio of p-Quinone Dioxime (by weight) 1 0.82 0.62 

Ratio of Stearic Acid (by weight) 1 2.46 1.86 

7o of Carbon Black Content (by volume) 0 8.9 20 

Ratio of S at 30°C 
c=o 

1 0.85 0.82 

Ratio of C at P /p = 0.4 at 30°C 
0 

1 0.93 0.75 

Ratio of C at P /p = 0.9 at 30°C 
o 

1 0.87 0.81 
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The data reveal a comparatively small reduction in water regain for the 

black filled samples consistent with a reduction in the amount of 

polysulphide and p-quinone dioxime in the samples. However, the 

reduction in water content is proportionately less than expected from 

the reduction in the amounts of these two components and is probably 

compensated for to some extent by sorption of water by the carbon black. 

The filled samples also contain relatively more stearic acid than the 

PSXQ but this would not seem to play an important role in the sorption. 

As indicated earlier (Section 5.1(v)) the presence of black 

improves the strength of the network and this is reflected in a 

p 
significant reduction in the water regain relative to PSXQ when /p - 1. o 

6.2.6 Chromate Cured Polysulphide 

( i ) Samples PSXC1 and PSXC2 

These materials have an affinity for water much higher than any 

of the other networks in the range of P /p from 0 to 0.9. The 
o 

Langmuir curvature is very pronounced and the heat of dilution is zero 

over the whole range of activity indicating that the water is as tightly 

bound as in the liquid state. The clustering functions reflect the 

initial localized component to the sorption with quite large mean 

cluster sizes at higher activities suggesting dissolution of water 

soluble impurities in this instance chromates or dichromates. 

The two samples differ only in the amounts of accelerator they 

contain and sample PSXC1 also contains 2 parts per hundred of anti-

oxidant, Flectol B, and had been stored for over 3 years. The com-

positions of the samples were not made available but as well as the 

curing agent, a mixture of water soluble chromates and dichromates they 

may also contain some carbon black and/or calcium carbonate. A by 

product of the curing reaction is chromium oxide ^r^O^s which although 

not soluble in water, forms hydrated complexes • ^ 2 ^ ^ ^ 

be partly responsible for the pronouned Langmuir knee. 

The increase in water regain from around 2.5% wt at P /p = 0 . 9 
p 

to ^45% wt at /p^ = 1 is very marked and can be attributed to the 

presence of water soluble chromates and dichromates. 
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( i i ) Sample PSXC3 

The curing agent in this instance, zinc chromate, is insoluble 

in water as is the product of the curing reaction chromium oxide. As 

seen from Figure 6.9 although the Langmuir component to the sorption 

still persists the overall regain at all activities is much reduced. 

The reduction in regain is more marked at the higher activities 

indicating a reduction in water soluble impurities and a consequent 

reduction in the mean cluster size. The heats and entropies of dilution 

indicate that the water in PSXG3 is not so tightly bound as in PSXCl 

and PSXC2. 

The water uptake of PSXC3 is comparable with that of the gum 

PSWX and the PSXL cure but for the pronounced Langmuir component at the 

lower activities; clearly the use of water insoluble curing agents 

reduces the water regain. PSXH has a higher overall affinity for water 

than either PSXL or PSXC3 suggesting that the curatives or by products 

of the curing reaction have a higher affinity for water. The high 

Langmuir component for PSXC3 may be attributed to chromium oxide. 
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SORPTION ISOTHERMS 
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FIG. 6-16 p-QUINONE DIOXIME (P-QD) 
SORPTION DESORPTION ISOTHERMS 
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CHAPTER 7 

RESULT AND DISCUSSION 

PERMEATION AND DIFFUSION 

7.1 Results 

7.1.1 Steady State Permeation 

The variation of the steady-state flux J with the relative 

P / 

pressure /p^ at the ingoing or upstream face of the membrane is shown 

in Figures 7.1 to 7.9; for samples PSWX, PSXL, PSXH, PSXQ, PSXQfBl, 

PSXQfB2, PSXCl, PSXC2 and PSXC3. Measurements were made at temperatures 

of 30, 40, 45 and 50°C for all samples except PSXQfBl and PSXQfB2. In 

all cases the plots are non-linear and concave to the pressure axis. 

The permeability P, defined as 

P = — (7.1) 
P 

is a function of concentration and is shown in Figures 7.10 to 7.18. 

To obtain the diffusion coefficient as a function of concentration 

plots of JX against concentration were constructed,and typical curves 

are shown in Figures 7.19 to 7.27. These curves were fitted using 4 or 

5 term polynomials by least squares procedures to better than ^ 3%. The 

coefficients A^ in the expression 

= 2 A i C l ( 7 ' 2 ) 

i=l 

are given in Table 7.1. For samples PSXH, PSXQ, PSXCl, PSXC2 which show 

Langmuir component to the sorption at lower activities enlarged plots 

of versus C were constructed for the region of lower relative 

pressure and typical plots are shown in Figures 7.28 and separate poly-

nomial fittings applied to the regains of low and high relative pressures 

respectively. 

The differential coefficient D given by equation (1.16) was 

obtained by differentiation of equation (7.2) with respect to C, 
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rt dJ ^ i-1 
D = * ~ = £ 1 A i c ( 7 - 3 ) 

For both the curve fitting (equation (7.2)) and the evaluation of D, 

the college computer (CDC computer 6400) was used. Plots of D as a 

function of concentration are given in Figures 7.29 to 7.37. Values 

of the permeability and diffusion in the limit of zero concentration 

p i o 
and permeability at /p = 0 . 8 at 30 C are given in Table 7.2. 

o 

Plots of In Pc = 0 vs V t and In D vs ^"/T at several concentra-

tions were constructed and typical plots are shown in Figures 7.38 and 

7.39. The plots were found to be linear; the corresponding temperature 

coefficient of the permeability E- and the activation energy for 

diffusion E^ were then obtained according to equations (1.44) and (1.42) 

Values of E-' and E^ are given in Table 7.3 and Table 7.4 respectively. 

7.1.2 Transient State Diffusion 

With the exception of the carbon black filled samples conjugate 

sorption and desorption kinetic curves were obtained. Due to some 

difficulty experienced in reducing the gas phase pressure to zero 

quickly enough to satisfy the boundary conditions of the desportion 

experiment the desorption kinetic data were discarded* From the initial 

M 
slope I of the ( /M^, ^ v< 

according to the relation 

M h 
slope I of the ( ^ versus t average coefficient D^ was obtained 

» = - T T " ( 7 - 4 ) 
s 16 

D as a function of concentration are shown in Figures 7.40 to 7.46. 
s 

A few measurements of the time-lag for permeation L were also 

made for samples PSXL and PSXQ and are shown in Figures 7.47 and 7.48, 

respectively, as 

n2 

\ - i r ( 7- 5 ) 



Table 7.1 

The Coefficients A. of Equation (7.2) 

Samples 
o 

T C 
6 

Ax x 10 A 2 X 1 0 6 A 3 X 
6 

10 x o 6 A s x 
6 

10 

PSWX 30 0.6691 0.3459 X 10-2 
-0.2823 X x o " 2 -0.1303 X x o " 3 

40 1.200 -0.3107 X x o " 2 -0.1683 X x o " 4 -0.8933 X i o " 4 

45 1.709 -0.6862 X l o " 1 0.9064 X 10-2 
-0.4707 X x o " 3 

50 2.181 -0.6515 X 1 0 " 1 0.6768 X ID' 2 
-0.3296 X x o " 3 

PSXL 30 0.5398 0.7855 X ID ' 3 
-0.1046 X t o ' 2 0.1823 X x o " 4 

40 0.9402 0.5945 X x o " 2 -0.1038 X i o " 2 -0.1477 X ID'4 

45 1.280 -0.100 X l o " 1 -0.1507 X ID' 2 
-0.1398 X x o " 3 

50 1.588 0.2520 X 1 0 " 1 -0.3866 X lO"2 
0.7859 X x o " 4 

PSXH 30 0.1180 0.6188 X x o " 1 0.3084 X lO"2 
-0.2632 X x o - 2 0 . 2233 x 10" 

•3 

(For low Relative 40 0.3536 0.2205 -0.7781 X i c f 1 0.1347 X x o " 1 - 0 . 8963 x 10" 
3 

Pressure) 
45 0.4770 0.2477 -0.6135 X X o " 1 0.6710 X x o - 2 - 0 . 2513 x 10" 

3 

50 0.8780 0.1556 -0.3061 X x o " 1 0.2055 X x o " 2 0 . 1233 x 10~ 
•4 

PSXH 30 0,3417 -0.2924 X i o " 2 0.6327 X ID' 4 
-0.5186 X x o " 5 

(For High Relative 40 0.6520 -0.2390 X i o " 2 0.4148 X l O " 4 -0.5559 X x o " 5 

Pressure) 
45 0.7871 0.2694 X l o " 1 -0.2303 X i o " 2 0.4143 X x o " 4 

50 1.212 -0.8275.x 1 0 ~ 2 0.1853 X l O " 4 -0.7175 X x o " 5 



Table 7.1 (continued) 

Sample 
o 

T C 
6 

x 10 A 2 x 
6 

10 x 
3 

1 0 6 A. x 
4 

6 
10 A 5 X 1 0 6 

PSXQ 30 0,2579 0.2199 X 1 0 " 1 0.3329 X icf1 -0.8488 X io" 2 

(For low Relative 40 0.3896 0.1901 0.8301 X 1 0 " 2 -0.9601 X 
-2 

10 

Pressure) 
45 0.4930 0.2426 0.8913 X io" 2 

-0.1121 X 10"1 

50 0.6414 0.2816 0.5241 X icf1 
-0.2465 X 1 0 " 1 

PSXQ 30 0.466 -0.8329 X ID"2 
0.1981 X i<f3 

-0.1409 X 10-4 

(For High Relative 40 0.8240 -0.7824 X 10"2 
-0.3246 X ID ' 3 

0.3483 X 10-6 

Pressure) 45 1.047 -0.2097 X lo"1 
0,9141 X lo~3 

-0.3306 X 10"4 

50 1.367 -0.1196 X lo-1 
-0.1223 X 10-2 

0.4067 X 10"4 

PSXQfBl 30 0.2659 0.2541 X ID"2 
-0.1012 X 10-2 

0.3161 X ID ' 4 

40 0.4530 0.2374 X lo" 1 
-0.3442 X K f 2 

0.9994 X io"4 

50 0.9859 -0.2674 X 10"1 
0.5887 X 10"3 

-0.6561 X io" 5 

PSXQfB2 30 -0.4101 x 10"1 0.1134 -0.1264 X 10"1 
0.5833 X ID ' 3 

-0.1004 x 10" 
•4 

40 0.4553 0.1090 -0.1678 X 10-1 
0.9277 X io"3 

-0.1786 x lo" 
•4 

50 0.9185 0.1513 -0.2463 X 10" 1 
0.1382 X lo"2 

-0.2646 x 10" 
•4 



Table 7.1 (continued) 

Samples T °C A^ x 106 
A 2 X 106 

A 3 x 106 
• A 4 .X 

6 
10 10* 

PSXC1 30 -0.678 X K f 2 
1.554 X icf1 

-0.3806 X icf2 
0.5069 X icf3 

-0.2037 X icf 4 

(For low Relative 40 0.3116 X lo" 1 
0.1644 X icf2 

0.6804 X icf3 
0.3472 X icf3 

-0.1788 X i<f4 

Pressure) 
45 -0.5408 X lo"1 

0.6267 X to"1 -0.1480 X lo ' 1 0.1840 X icf2 
-0.7231 X 10"4 

50 0.2590 X lo" 1 
0.2841 X icf1 

0.8354 X icf2 
0.1439 X icf2 

-0.6359 X lo" 4 

PSXC1 30 0.2490 X ID ' 1 
0.9237 X H f 2 

-0.3015 X i<f3 
0.1817 X icf 5 

0.1935 X icf7 

(For High Relative 40 -0.2938 0.7233 X icf1 
-0.3478 X icf2 

0.6885 X l<f4 
-0.496 X icf6 

Pressure) 
45 -0.4253 0.1044 -0.5076 X icf2 

0.1015 X icf3 
-0.7336 X icf 6 

50 -0.6677 0.1580 -0.7938 X to' 2 
0.1673 X 10"3 

-0.1298 X icf 5 

PSXC2 30 0.6836 X 10"1 -0.3550 X 10"1 
0.1015 X ID ' 1 

0.9310 X io" 3 
0.2865 X icf4 

(For low Relative 40 0.1195 -0.6454 X 10"1 
0.1916 X icf1 

-0.1715 X icf2 0.501 X icf4 

Pressure) 
45 0.1564 -0.7929 X icf 1 

0.2341 X icf1 
-0.2050 X icf2 

0.5883 X icf4 

50 0.1778 -0.7950 X 10"1 
0.2499 X icf1 

-0.2070 X icf2 
0.5224 X icf 4 

PSXC2 30 0.4689 X 10"1 
0.6375 X 

-2 
10 -0.2611 X io-3 

0.3919 X icf 5 -0.2112 X icf7 

(For High Relative 40 0.1073 X ID" 1 0.2818 X 10"1 
-0.1341 X to"2 

0.2513 X 10"* -0.1702 X lo" 6 

Pressure) 
45 0.6641 X icf2 

0.3730 X 10"1 
-0.1644 X icf2 

0.2821 X io" 4 
-0.1733 X 

-6 
10 

50 -0.1606 0.8383 X 10"1 
-0.4272 X io~ 2 

0.8858 X icf4 
-0.6665 X icf 6 



Table 7.1 (continued) 

Sample T °C A^ x 106 A x 106 

2 
A 3 X 106 

A 4 X 
106 A x 

5 
106 

PSXC3 30 0.4061 
-2 

-0.3578 x 10 0.5930 
-2 

x 10 0.6975 x 10"3 
0.2181 

-4 
x 10 

40 1.024 -0.1295 0.3043 x 10 _ 1 
-0.2484 x 10*2 

0.6527 x 10~4 

45 0.4768 0.2029 -0.1304 x 10"1 
-0.4668 

-4 
x 10 0.1596 x 10"4 

50 -0.3926 x 10"1 0.6669 -0.9683 x 10"1 
0.6418 x 10~2 

-0.1614 
-3 

x 10 J 
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Table 7.2 

Permeabilities of Water Vapour at 

P /p 3 0 and P /p = 0.8 and D at 30°C 
o lo c~o 

Sample 

PxlO6 cc(S.T.P)cm 
-1 -2, u -1 

s cm (cmHg.) D x 107 

c=o 
Sample 

P /p = o 
o 

P /p = 0.8 
o 

2 -1 
cm s 

PSWX 1.76 2.01 6.2 

PSXL 1.38 1.65 5.3 

PSXH 1.35 1.74 1.9 

PSXQ 1.62 1.80 2.1 

PSXQ+Bl 0.82 0.95 1.5 

PSXQfB2 1.13 1.41 1.9 

PSXCl 0.83 1.03 0.4 

PSXC2 0.84 1.08 0.35 

PSXC3 1.16 1.72 1.7 

Table 7.3 

Temperature Coefficients of Permeability, at 0=0 

B ? 

kJ mol 1 

Sample 
B ? 

kJ mol 1 

PSWX 12 

PSXL 11 

PSXH 17 

PSXQ 5 

PSXQ+B2 12 

PSXQ+B1 16 

PSXCl 12 

PSXC2 11 

PSXC3 17 



Table 7.4 

Activation Energy of Diffusion, E 

Sample 

C 

-3 
cc(S.T.P) cm 

E D 
kJ mol"1 

PSWX 0 40 

2 44 

4 46 

6 50 

8 55 

PSXL 0 44 

4 47 

8 52 

12 61 

PSXH 0 51 

4 52 

8 52 

12 53 

16 61 

PSXQ 0 42 

3 47 

5 42 

7 43 

9 ; 43 

11 45 

13 53 

PSXQfBl 0 44 

4 52 

6 54 

8 55 

10 57 



Table 7.1 (continued) 

C E 
D 

Sample 
"3 

cc(S.T.P) cm kJ mol 1 

PSXQfB2 0 51 

3 48 

4 . 5 47 

6 48 

9 49 

12 52 

15 60 

18 76 

PSXCl 8 59 

11 59 

15 55 

19 55 

23 54 

27 56 

34 75 

PSXC2 5 66 

10 65 

15 63 

20 58 

30 ' 56 

40 59 

50 71 

PSXC3 3 63 

5 54 

7 55 

9 58 

11 63 
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FIG. 7-5 PSXQ + B1 STEADY STATE FLUX 
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FIG. 7-5 PSXQ + B1 STEADY STATE FLUX 
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FIG. 7-5 PSXQ + B1 STEADY STATE FLUX 
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J M O 6 

- 1 cc( STP) cm s cm 

FIG. 7-5 PSXQ + B1 STEADY STATE FLUX 
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FIG. 7-5 PSXQ + B1 STEADY STATE FLUX 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-15 PSXQ+B2 PERMEABILITIES 
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FIG. 7-23 PSXQ+BI PLOT Jl VS C 
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FIG. 7-23 PSXQ+BI PLOT Jl VS C 
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FIG. 7-23 PSXQ+BI PLOT Jl VS C 
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FIG. 7- 2U PSXQ+B2 PLOT J ( VS C 



FIG. 7-25 PSXC1 PLOT Jl VS C 
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FIG. 7-23 PSXQ+BI PLOT Jl VS C 
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FIG. 7-28 PSXQ PLOT Jl VS C AT 
LOW CONCENTRATIONS 
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FIG. 7-33 P S X Q + B 1 DIFFERENTIAL D 
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FIG. 7-33 PSXQ+B1 DIFFERENTIAL D 
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FIG. 7-33 PSXQ+B1 DIFFERENTIAL D 
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FIG. 7-33 PSXQ+B1 DIFFERENTIAL D 
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FIG. 7-33 PSXQ+B1 DIFFERENTIAL D 
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FIG. 7-36 PSXC2 DIFFERENTIAL D oo 
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FIG. 7-33 PSXQ+B1 DIFFERENTIAL D 
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FIG. 7-38 PSXC1 AND PSXQ+B1 

PLOT In P vs — c=o T 
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FIG. 7-39 PSWX PLOT In D vs 4 
T 
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FIG. 7-40 D OF PSWX s 
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FIG. 7-46 D s OF PSXC3 
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FIG. 7-46 D s OF PSXC3 
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FIG. 7-46 D s OF PSXC3 
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FIG. 7-46 Ds OF PSXC3 
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7.2 Discussion 

7.2.1 Steady State Permeation 

For all samples there exists a definite, if not pronounced, 

P / 
curvature in the plots of J* versus /p . This is reflected in the con-

o 

centration dependence of the permeability which increases with concentra-

tion but not very strongly. As indicated in the previous section the 

sorption isotherm analyses suggest significant clustering of the water in 

these systems particularly at the higher activities and according to the 

immobilization model (Section 2.3) P will be independent of concentration 

unless some degree of plasticization is present or species of clustered 

water such as dimer, trimer etc. contribute significantly to the transport. 

With salt-loaded silicone and natural rubbers P was constant over the 

whole range of activity with little evidence of contributions to the flux 

36,49 

from clustered species . It is therefore more probable that plastici-

zation is responsible for the concentration dependence of P through an 

increase in D^, the diffusion coefficient for monomeric water species, 

with concentration. The flux curves for the polysulphides are similar to 39 

those reported for water transport in some polyurethane elastomers with 

polyether and polyester soft segments chemically similar to the ether 

linkages of the polysulphides. 

The other main feature of the permeation results is that the 

variation of J or P between samples is not very large compared with the 

much larger changes in the sorption isotherms. For example, the samples 

PSXC1 and PSXC2 which sorb by far the greatest amount of water have the 

lowest permeability. This behaviour is consistent with the view that the 

bulk of this water is sorbed in isolated pockets of solution and as such 

does not contribute significantly to the transport. The order of 

decreasing P for the membranes studied is as follows 
c=o 

PSWX > PSXH - PSXQ ~ PSXL ~ PSXC3 > PSXQt-B2 > PSXQ+B1 ~ PSXC1 ~ PSXC2 

although the overall spread in P is comparatively small. Thus the effect-

iveness of these elastomers as water barriers does not differ greatly 

among the various types of cure although the water regains may differ 

considerably. 

Not surprisingly the gum PSWX has the highest permeability as 

it is free from additives and is uncrosslinked. The presence of non 
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porous fillers would reduce P and this factor is largely responsible 

for the reduction in permeability of samples PSXQfB2 and PSXQfBl relative 

to PSXQ. 

Table 7.5 

Average Ratios of P and Volume Fraction of Polymer for 
c=o 

PSXQ : PSXQ+B2 : PSXQfBl 

PSXQ PSXQfB2 PSXQfBl 

Average Ratio of P 
c=o 

Ratio ofc volume fraction 

of polymer 

1 0.77 . 0.51 

1 0.87 0.69 

The presence of black reduces the cross-section available to diffusion 

and increases the path length with a consequent reduction in the flux 

or permeability. The crosslinked samples PSXH, PSXQ and PSXL have 

similar permeabilities lower than that of the gum. Apart from PSXH 

which contains ~ 4.4% wt of ZnO these networks contain only small 

volume fractions of impurity. It is likely that crosslinking has 

reduced the mobility of the rubber phase causing the permeability to 

be slightly reduced; the crosslinked samples have somewhat smaller glass 

transition temperatures T , as shown in Table 7.6 supporting this view. 
S 

Table 7.6 

Glass Transition Temperatures of the Polysulphide Samples 

Sample T °C 
g 

PSWX -54 

PSXL -54 

PSXH -53.5 

PSXQ -53 

PSXQfB2 -52.5 

PSXCl -52.5 

PSXC2 -52.5 
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The relatively low permeabilities of the commercial samples 

PSXC1 and PSXC2 may be accounted for, at least in part, by a more 

efficiently crosslinked network; the glass transition temperatures are 

slightly lower for these samples in accord with this explanation. The 

exact composition of these materials as indicated previously was not 

revealed and they may also have contained some carbon black but this 

did not appear to present in any large quantity. The sample PSXC3 cured 

using the insoluble zinc chromate has a permeability significantly 

greater than those of the water-soluble chromates cures although the 

water sorption is much less for the zinc chromate cure. This again is 

evidence that the additional water sorbed by PSXC1 and PSXC2 does not# 

contribute to the transport; the higher P for PSXC3 is probably an 

indication that this cure is less efficient as a crosslinking agent. 

A comparison of the temperature coefficients of the permeability 

E— in Table 7.3 shows that within the experimental error they are 

roughly comparable with the exception of sample PSXQ for which E~ is 

somewhat low. For this sample, two different sheets were used at 30 

o o 
and 40 C and at 45 and 50 C respectively and errors in thickness 

measurements are probably reflected in a slightly spurious value for E— , 

On the whole although there are significant differences in P 

for the various samples, these are relatively small compared with the 

much larger differences between water regains. There is little 

evidence that the permeability, like the water regain, increases rapidly 

as the relative pressure approaches unity and it is anticipated that 

P at unit activity will not be greatly different from that at around 

0.9. If the amount of water sorbed in this region is substantial then 

the pockets of solution are equivalent to a highly permeable filler 

which will lead to an increase of P over and above that due to 

plasticization. The general picture that emerges is one in which the 

bulk of the water sorbed in the region of higher activities, especially 
p 

/p close to unity, does not contribute significantly to the transport, 
o 

Some degree of plasticization is evident and is reflected in the 

curvature of the flux versus activity plots. 
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7.2.2 Steady State Diffusion 

From the plots of JJt versus C^, the concentration in the ingoing 

face of the membrane, the diffusion coefficient D was obtained as a 

function of concentration as discussed in Section 7.1.1. With those samples 

showing pronounced Langmuir curvature at the lower activities difficulty 

was experienced in fitting the curves of JJI vs C^ with a single poly-

nomial expression; more accurate representations were obtained by 

curve fitting the regions of lower and higher relative pressures with 

separate polynomial expressions. At the higher concentrations the 

curves of Jl vs C are convex to the concentration axis so that 
o 

according to equation (7.3) the diffusion coefficient decreases with 

concentration. At the lower concentrations, for samples PSXQ, PSXH, 

PSXQt-Bl, PSXQ+B2, PSXCl, PSXC2 and PSXC3, the curves have a point of 

inflexion and become concave to the C axis so that in this region D 

increases with C and goes through a maximum. 

The D-C behaviour of the systems may be summarized as follows. 

For samples PSWX and PSXL the decrease in D with C is smooth with a 

slight flattening of the curve at the lower concentrations. The con-

centration dependence of D although quite definite is comparatively 

weak. This behaviour is not unlike that observed with the polyurethane 

39 

elastomers and again may be attributed to the competing effects of 

plasticization and clustering resulting in a D which does not vary 

markedly with concentration. As the activity approaches unity and the 

clustering process becomes dominant it is anticipated that D will 

decrease rapidly with C accfording to 

B C 

D = (2.7) 

With all of the other samples a maximum was observed in the 

curves of D versus C in the region of lower concentrations. This was 

most pronounced with the commercial samples PSXCl and PSXC2 which showed 

strong Langmuir components to the sorption as shown in Figures 6.7 

and 6.8. A localized sorption model such as the Langmuir will give 

rise to a concentration dependence in D similar in form to that observed 

at the lower concentrations as discussed in Section (2.3) . At the higher 



199 

concentrations clustering is the dominant process for immobilization 

causing the effective D to decrease with C. The combination of these 

factors in one system leads to an effective D which goes through a 

maximum as C increases. At the same time plasticization will be present 

at higher concentrations tending to oppose the effect of clustering on 

the diffusion coefficient in this region. 

In general the concentration dependence of D in these systems 

is complex and will contain components arising from specific site or 

localized sorption at the lower activities and from clustering and 

plasticization at higher activities with clustering become dominant at 

activities close to unity. For a detailed analysis of such system, 

knowledge of the fraction of penetrant dissolved in the gum, immobilized 

at specific sites and forming clusters or pockets of solution is 

required. 

The activation energy for diffusion, E^, increases steadily with 

concentration for samples PSWX and PSXL. With the other samples 

particularly the chromate cured samples E^ first decreases and then 

increases with C. The increase in E with C is typical of system in 

38 

which the water is immobilized through clustering (Section 2.3) whilst 

the decrease in E^ with C is consistent with immobilization by localized 

sorption or plasticization. The effect of the immobilization process, 

localized sorption or clustering, on E resides in the temperature 

dependence of the term 1 in equation (2 .7) . Thus it follows that ac 

2 a l n ( 3 C l / 3 C ) 

eD " \ + « T ( 7 ' 6 ) 

where E is the activation energy for diffusion of the mobile species. For 

1 

both localized sorption and clustering the fraction of water 

which is free, C^/G, increases as the temperature is increased. For 

clustering, the fraction of free water is a maximum (C^/C * 1) as C 

tends to zero so that the last term in equation (7.6) increases in 134 

importance as C increases ; consequently E^ will increase with con-

centration. For specific site sorption on the other hand, the fraction 

of free water is a minimum for C — * 0 and increases with C as the 
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sites become filled, in this case, therefore, the last term in equation 

(7.6) becomes less important as C increases and E^ will decrease with 

concentration. The concentration dependence of the activation energy 

in systems with partial immobilization of penetrant has been discussed 

J - 1 U 36,38,39 
in more detail elsewhere 

Qualitatively similar behaviour in the concentration dependence 

of D and E has been observed for water transport in silica-filled 

36 
polydimethylsiloxane elastomers 

The differences in shape of the curves of D versus C and the 

difficulty in extrapolating to zero C with any high degree of accuracy 

renders a comparison of the various samples difficult. Nevertheless, some 

general features are apparent such as the relatively low D values 

c=o 

obtained for those samples exhibiting maxima in the D-C dependence. The 

o order of decreasing D a t 30 C is given approximately by 

PSWX > PSXL > PSXQ > PSXQfB2 ~ PSXH > PSXC3 > PSXQfBl > PSXC1 ~ PSXC2 

This feature is particularly striking for the PSXC1 and PSXC2 samples 

where D values are more than one order of magniture lower than for 
c=o 

the gum PSWX or sample PSXL. These low D values are consistent with 
c=o 

the observation that removal of the last traces of water from these 

systems on desorption was comparatively slow. This behaviour is again 

consistent with a strong localized component to the sorption. Thus in 

the limit of zero concentration one may write for equation (2 .7) . 

3C S 
D - < V = ( V " T 1 - ( 7 

c=o 1 «C c=o 1 c=o S c=o 

BC 
1 ac 

where S„ s and S = are Henry's law solubilities for 
1 aP c = ° 3P 

the mobile species and for the combination sorption respectively. If 

there is a large component arising from localized sorption then 

S » S and so D will be much less than (D ) , the coefficient 
c=o 1 c-o 1 c=o 

for mobile diffusing species. Of course, these differences in D
c = o

 a*e 

not reflected in a correspondingly large spread in P values as the low 

D are accompanied by high solubility coefficients S 
c=o c=o 

39 
It is also clear from equation (7.7) that 
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(E ) => (E^ ) + ( A H ) - AH ( 7 . 8 ) 
D c=o D^ c=o 1 c=o c=o 

where AH^ i s the heat of s o r p t i o n for dissolved mobile species and 

AH i s the o v e r a l l heat of s o r p t i o n . As s p e c i f i c s i t e sorption i s 

more exothermic than d i s s o l u t i o n then AH w i l l be more n e g a t i v e 
_ c=o 

than ( A H ) so tha t (E ) > (E ) . On the whole the data of 
1 c=o D c=o D^ c=o 

Table 7 . 4 supports t h i s observat ion with the (E ) values for samples D c-*o 
PSXCl, PSXC2 and PSXC3 s i g n i f i c a n t l y l a r g e r than for PSWX. 

A comparison of the r e l a t i v e l y pure samples PSWX and PSXL with 
3 9 , 5 0 , 5 1 

the polyurethane elastomers shows a c l o s e s i m i l a r i t y in t h e i r 

water t r a n s p o r t p r o p e r t i e s al though the l a t t e r have somewhat l a r g e r 

water r e g a i n s and p e r m e a b i l i t i e s . This correspondence i s perhaps not 

too s u r p r i s i n g as the f l e x i b l e s o f t segments of the polyurethanes a r e of 

a s i m i l a r chemical s t r u c t u r e t o the e t h e r u n i t s of the polysulphide 

chain. 

7 . 2 . 3 Transient S t a t e Diffusion 

Generally speaking the t r a n s i e n t s t a t e di f fus ion c o e f f i c i e n t , 
h D , obtained from the i n i t i a l t slope of sorpt ion curve as descr ibed 

s 

in Sect ion 7 . 1 . 2 r e f l e c t s the behaviour of the steady s t a t e d i f f e r e n t i a l 

D. The a c c u r a c y of the t r a n s i e n t s t a t e measurements i s not as high as 

for the steady s t a t e p a r t i c u l a r l y in the region of lower c o n c e n t r a t i o n s 

where the s c a t t e r in values i s g r e a t e r . 

The weighted-mean average d i f f u s i o n c o e f f i c i e n t , a t 30°C 

c a l c u l a t e d using equation ( 1 . 3 6 ) from the steady s t a t e r e s u l t s a r e shown 

by the broken l i n e s in F i g u r e s 7 . 4 2 t o 7 . 4 6 . For those samples with 

D-C curves e x h i b i t maxima the values of p in equation ( 1 . 3 6 ) a r e taken 

as 1 . 6 7 for the region where D i n c r e a s e s with C and as 1 . 8 5 for the 

region where D decreases with C. For samples PSWX and PSXL for which 

(D ) can be determined with reasonable a c c u r a c y , the reduced 
s c=o £ 

d i f fus ion c o e f f i c i e n t D = s - / , = " \ were c a l c u l a t e d and are shown in 
s / ( D ; 

s c=o 
F igure 7 . 4 9 . The agreement between the t r a n s i e n t s t a t e and 

steady s t a t e i s perhaps as good as can be expected considering for these 
' % 

measurements thin sheets were employed and the l i n e a r t region of the 
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kinetic curve was as short as 2 min. 

7.2.4 Time-Lag Diffusion 

For a number of polymers, for which D decreases with C, the time 

lag for diffusion (Section 1 .4 .2 ( i ) ) has been reported as constant and 

independent of C even though a steady-state analysis indicates other-

29 

wise . It has been suggested that clustering is perhaps absent in 

the early stages of permeation, that is the development of clusters 

requires a time comparable to or longer than the diffusion times of 

water in the system. However, sorption (desorption) kinetic analyses 17 132 

yield D-C dependences confirming the steady-state values * 

Certainly if diffusion is Fickian then the same D-C dependence should be 

obtained irrespective of the type of analysis. 

Time-lag measurements (and indeed steady-state measurements) 

with water require great care because of the effects of absorption of 

water on the walls of the downstream section of the apparatus and 

measuring gauges. Attempts have been made to minimize these effects but 
126 

it is doubtful if they are completely successful . Furthermore, it 

has been shown that when D decreases with C the corresponding increase 

in the time-lag with C is relatively weak again making an analysis of 
132 133 

time-lag data more difficult . Petropoulos has shown that an 

apparently constant time-lag may result from relaxation effects giving 

rise to opposing time dependences in the solubility coefficient and the 

diffusion coefficient which in turn leads to a P which decreases with 

time so as to give an apparently constant time lag. Although mathe-

matically sound the physical picture and processes proposed leading to 

this behaviour are not convincing, a further examination of this problem 

is required. 

Time-lag measurements were made for two samples PSXL and PSXQ as 

a function of concentration and are shown in Figures 7.50 and 7.51, 

respectively. The comparison with the time-lag calculated using the 

steady-state D-C curve** and Frisch1 s equation (1.25) are also shown in 

Figures 7.50 and 7.51. The experimental points and the time-lag com-

puted from Frisch's equation and steady state D indicate that time-lag is 

constant for sample PSXL and passes through a minimum for PSXQ and reflects 
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the maximum in the D-C curve for sample PSXQ. The lack of quantitative 

agreement between the experimental data and computed time-lag may be 

due to sorption of water vapour on the walls of the glass apparatus. 

- 2 
The sorption on the walls was checked by admitting about 6 x 10 cmHg 

of water vapour into the downstream section of the permeation apparatus 

- 2 

and pressure was reduced to about 5 x 10 cmHg in two and a half hours. 

Sorption of water in gauge head is not considered to be so serious for 

the present system as this sensor used is of single-sided construction 

and not so susceptible to water sorption. 
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CHAPTER 8 

CONCLUSIONS 

The transport and solubility of water in a number of elastomers 

based on the polysulphide HS -£- SCH 'CH 0 C ^ O CH CH S SH, has been 

studied over a range of temperatures and relative vapour pressures. The 

samples differ in the curing agents used to effect network formation. 

8.1 Water Sorption from the Liquid Phase 

For most specimens on prolonged soaking in water it was found 

that a pseudo equilibrium state (not always well defined) was approached 

corresponding to a predominantly diffusion controlled process. At 

longer times the water regain continued to increase at a slow rate 

indicating the presence of additional slow processes. The behaviour of 

the samples is accounted for by attributing the high water regains to 

the presence of water soluble additives which dissolve to form pockets 

of solution. An equilibrium state exists when the pressure exerted 

by the network on these pockets of solution is balanced by the osmotic 

pressure of the solution in the pockets. As the polysulphide S-S 

linkage is relatively weak and prone to interchange it is anticipated 

that slow relaxation processes will occur to relieve the stress 

developing in the network. The order of decreasing pseudo-equilibrium 

water regain in the samples at 30°C was as follows 

PSXCl ~ PSXC2 > PSXQ > PSXQWSA > PSWX ~ PSXH > PSXQf3SA ~ Aged PSXH> 

PSXQfB2 ~ PSXLWSA > PSXQfBl - PSXC3 ~ PSXL 

and the order of decreasing regain on prolonged soaking was as follows 

PSXCl > PSXQWSA > PSWX ~ PSXH > PSXQ > Aged PSXH > PSXC3 ~ PSXQf3SA > 

PSXQfB2 ~ PSXLWSA > PSXC2 > PSXL ~ PSXQfBl 

This general picture was supported by the following observations: 

(a) In the initial diffusion-controlled stages of the 

soaking experiment the lowest average diffusion coefficients were 

encountered with the PSXCl and 2 type systems with the higher pseudo 

equilibrium water regains. This behaviour is consistent with the concept 
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that the bulk of the water is in pockets or clusters and not contributing 

to transport. The larger the fraction of the total water in this form 

the lower is the average diffusion coefficient. 

(b) The relaxation-controlled slow process was strongest for 

the least effectively crosslinked samples, particularly the gum which 

after long periods of soaking tended to disintegrate. The presence of 

effective crosslinks reduces markedly the rate of the slow process. 

The slow process speeds up markedly on raising the temperature consistent 

with acceleration of the bond interchange process although oxidative 

degradation may also be present to some extent. 

Therefore, the long term behaviour of the polysulphide networks 

in liquid water is largely determined by the effectiveness of the cure, 

the amount of water soluble residue remaining in the elastomer and the 

temperature of the system. Carbon black was found to be a useful 

reinforcing filler in that the water uptake was lower for these samples 

and the network remained tough after prolonged soaking. Stearic acid 

proved to be an effective dispersion agent for p-quinone dioxime and 

lead peroxide cures and led to a more effectively crosslinked network 

with greater water resistance. 

8.2 Water Sorption from the Vapour Phase 

The water regains from the vapour phase up to relative pressures 

of ~ 0.95 are much less than observed for the soaking experiments, ~ 2% 

or less compared with ~ 10 to 45% for soaking. As the amount of water 

sorbed in the vapour phase experiments is relatively small the network 

is not stressed to any great extent and relaxation effects appear to 

be absent or else occuring at very slow rates. The water regain of the 

system is also not much affected by the degree of crosslinking as can 

be seen by comparing the gum PSWX with PSXL. 

These results suggest that the water soluble impurities giving 

rise to the larger water regains of the soaking experiments are only 

slightly soluble forming saturated solutions with vapour pressures close 

to unity. 

Apart from the gum PSWX and PSXL there was evidence of a 
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localized, specific-site component to the sorption at the lower water 

activities. This "knee" to the isotherm was most pronounced for the 

chromate cured elastomers and is attributed to sorption of water on the 

surfaces of additives, or residues and by products of the curing 

agents. The chromate cures contain Cr^O^ as a residue from the cross-

linking reaction which with water forms hydrates Cr^O^ . xH^O and the 

latter may be responsible for the relatively high sorptions by these 

cures at low water activities.. 

The effect of the degree of subdivision of p-quinone dioxime 

on its water uptake was studied and confirmed that the sorption was 

largely a surface effect; there was also a strong hysteresis in the 

sorption isotherm which persisted to low pressures. The water regain 

of the p-quinone dioxime cured PSXQ was much higher than anticipated 

from its p-quinone dioxime content and assuming additivity of sorptions; 

neither was hystersis detected in the PSXQ isotherm. The much higher 

water regain of PSXQ relative to the gum PSWX may be due to sorption on 

the residual p-phenylene diamine or the degree of subdivision of the 

p-quinone dioxime is greatly increased during milling in of the curing 

agents into the gum. 

p 
The order of decreasing water regain at /p^ = 0.8 was as 

follows 

PSXC2 > PSXCl > PSXH > PSXQ > PSXQ+-B2 > PSXQfBl > PSXC3 > PSWX ~ PSXL 

The high water regains of the chromate cured samples PSXCl and PSXC2 are 

attributed to the presence of water soluble chromates and dichromates 

whereas those cures containing insoluble or sparingly soluble residues 

have the lower regains. A clustering and thermodynamic analysis of the 

isotherms supports the view that as the water regain is increased an 

increasing fraction is sorbed in the form of clusters of water or pockets 

of solution. 

Sorption isotherms for liquid polysulphides differed little from 

those for the high molecular weight gum PSWX indicating that molecular 

weight and mercaptan group content did not influence water sorption to 

any significant degree. 
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The presence of carbon black reduced the water regain largely 

through the reduction in the volume fraction of polymer in the black-

filled samples. 

8.3 Water Permeation and Diffusion 

The permeability P for all samples increases with concentration. 

The increase although not strong suggests a definite degree of 

plasticization of the matrix by the water. The permeability decreases 

in the order 

PSWX > PSXH ~ PSXQ PSXL ~ PSXC3 > PSXQ4-B2 > PSXQ+B1 ~ PSXC1 ^ PSXC2 

although the spread in values is not large. 

The diffusion coefficient is found to be concentration dependent. 

For samples PSWX and PSXL, D decreases and E^ increases continuously with 

increasing concentration; for all other samples, D increases and E^ 

decreases with C at low concentrations and D decreases and E^ increases 

with C at high concentrations. This behaviour is consistent with 

partial immobilization of the sorbed water with transport occurring through 

the mobile fraction dissolved in the polymer matrix. The immobilized 

fraction is present as a localized sorbed component at lower concentra-

tions and as a clustered component at higher concentrations. The results 

indicate that the bulk of the water sorbed at the higher activities is 

relatively immobilized in clusters or pockets of solution and contributes 

little to the permeability of the elastomer which is governed largely 

by the dissolved component of the sorbed water. The permeabilities of 

the PSXC samples confirm this view; although these networks exhibit the 

P • — 
largest water regains up to /p^ ^ 0.9 but have the lowest P values. 

Extrapolation of the D-C results to zero concentration although 

not highly accurate was used to obtain estimates of order of 

decreasing D was approximately as follows 
c=o 

PSWX > PSXL > PSXQ > PSXQ+B2 ~ PSXH > PSXC3 > PSXQt-Bl > PSXC1 ^ PSXC2 

D for PSWX is the highest as it is uncrosslinked and contains the 
c=o 

smallest fraction of immobilized water, if any, at low concentrations. 

The chromate cured samples exhibit the lowest values as they have a 
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large localized component to the sorption in the region of low concen-

trations; the formation of Cr(III) oxide hydrate complexes may be an 

important factor. 

The presence of carbon black reduces P largely through a 

reduction in the volume fraction of the rubber phase. 

Transient state diffusion coefficients measured from sorption 

kinetics confirm the steady-state concentration dependences at least 

semi quantitatively. 

A few time-lag measurements were made and in general the con-

centration dependence of this quantity within the experimental error 

is consistent with the D-C steady state analysis. 

8.4 Soaking in Skydrol 500B and 0M15 Fluids 

0M15 fluid was found to be a poor swelling agent for the elastomers 

with saturation uptakes of 4% wt or less. 

Skydrol 500B caused marked swelling with regains in the range 

60 to 100% wt. Swelling with a model chemical tributyl orthophosphate 

was less marked with values in the range 20 to 50% wt. and suggested that 

the high degrees of swelling by Skydrol 500B is probably due to the 

hydrocarbon segments or components of the fluid. 

The equilibration times for soaking in both of these fluids is 

very short compared with soaking in water indicating the different 

nature of the processes in the two cases. With the fluids, diffusion 

is accompanied by plasticization of the elastomer and D will be an 

increasing function of C; with water diffusion is accompanied by the 

formation of pockets of solution and D decreases rapidly with C given 

much longer equilibration times. 

8.5 Seal properties of Polysulphide Elastomers 

The results of this investigation indicate that polysulphide 

elastomers sorb appreciable quantities of water when in contact with the 

liquid and depending on the cure the network may be considerably weakened 

on prolonged soaking. The effectiveness of the seal as a barrier to 

water is not so drastically affected as the bulk of the water regain 

does not contribute to the transport. Thus the swollen elastomer may 
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still act as a reasonable barrier to water provided extensive 

relaxation or degradation of the network has not occurred. 

In contact with water vapour up to humidities of around 95% 

thewater regains are much less ( <~2% wt) and the effectiveness of 

membrane as a water barrier in this region of water activity does not 

depend markedly on the type of curing system used although significant 

differences are observed. 
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