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Abstract

A better understanding o f gas sorption in rubbers is desired since the rubbers are 

often used in high pressure environments under stress. A polymer solution is formed 

when gas is absorbed by a polymer and will result in changes in physical dimensions and 

possibly, mechanical properties. When pressure is released, permanent deformation or 

damage may occur in the polymer.

In this study, a desorption method was developed to measure C 0 2 sorption in 

silicone rubber and EPDM under uni-axial stretch. A thermodynamic model was 

developed to predict the gas sorption in rubber under uni-directional stretch, and 

combines the work of Flory-Huggins theory for mixing and Ogden’s model for rubber 

elasticity deformation.

Test results show that higher stretch ratios will lead to higher gas solubility in 

rubber. Furthermore, the effect is greater for rubber with higher shear modulus. Also, the 

stretch has no significant effect on gas partial molar volume and the Flory-Huggins 

parameter.
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1. Introduction

1.1 Introduction

Polymers have been used in a wide variety o f applications from automobile parts 

to structural elements. In many of these applications, the polymer is exposed to solvents 

at elevated pressures. Over a long period o f exposure, these solutes will dissolve into the 

polymer, forming a polymer solution that will result in changes in physical dimensions 

and possibly mechanical properties. When the pressure is released, permanent 

deformation or damage may occur. A polyurethane rubber sample that had been 

previously placed in a high pressure was severely damaged after being depressurized as 

shown in Fig. 1-1 [1].

Fig. 1-1 Surface cracks on an explosively decompressed polyurethane rubber specimen [1]

Sometimes, the polymers are used at higher pressures with arbitrary stresses, such as 

polymer linings with some residue stresses used for oil pipelines to prevent corrosion.
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When the pipeline is depressurized, the linings will be deformed and detached from the 

pipe wall due to the build-up pressure in the annulus, the swelling of linings caused by 

thermal effects and gas condensate absorption. Figure 1-2 shows a deformed medium 

density polyethylene lining used in an oil pipeline [2 ].

Rigid wall

Lining

(a) Longitudinal section (b) Cross section

Fig. 1-2 Schematic of the deformed polymer lining after being depressurized [2]

When solutions are mentioned, we often think o f liquid solutions, while solutions 

may exist in liquid, gas and solid phases. By definition, a solution is a homogeneous 

mixture of two or more substances. A rubbery polymer/gas solution is the main topic in 

this study, where the solvent is the polymer and the solute is the gas component.

1.2 Literature Review

Over the past several decades, many analytical and experimental investigations on 

gas sorption in polymers have been carried out. However, among those works, the 

polymers were mostly in a stress-free state.

Fleming and Koros [3] measured the carbon dioxide sorption isotherm in 

silicone rubber at 35°C. Their research showed that at low gas concentrations or low

2
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pressures, the sorption isotherm can be explained by a Henry’s law prediction as shown 

in Fig. 1-3:

C = KP  (1-1)

where C is the concentration o f the sorbed gas in units o f cm3 (STP)/ (cm 3 polymer),

K  is the Henry’s law constant in units o f cm3 (STP)/ (cm 3 polymer M P a ), and P i s  the 

gas pressure in MPa .

150

i—
<D
E
>> 100 o
Q.

co
Eo
Q.I—
'Sfro
CD

co
Eo
O

O Experimental data
 Henry's law
 Flory-Huggins theory

0 1 2 3 4 5 6 7
P (MPa)

Fig. 1-3 Silicone rubber/C0 2  sorption isotherm at 35°C measured by Fleming and Koros. 

Above a measurement of 3 MPa , apparent deviations from Henry’s law were observed, 

and the deviation was predicted by a Flory-Huggins equation as shown in Eqn. 1-2.

In pv o  y
= ln(l-<zl2) + ^ 2 +z<f>2 ( 1-2)

3

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



where P  is the penetrant pressure, P0 is the gas vapor pressure at the experimental 

temperature, <j)2 are the volume fraction o f polymer, and x  is the Flory-Huggins parameter. 

The Flory-Huggins prediction was also plotted in Fig. 1-3 for comparison with Henry’s 

law prediction and experimental data. The figure shows that the Flory-Huggins prediction 

was in good agreement with measured gas concentration for pressures up to 5.6MPa . 

Isotropic dilation of silicone rubber upon gas absorption was also observed by measuring 

the linear dilation in the vertical and horizontal dimensions. In addition, the partial molar 

volume of the carbon dioxide was found to be constant with a value of 46 cm3 / mol for 

carbon dioxide concentration up to 78 cm3 gas (STP)/ ( cm3 polymer).

Many other researchers [7-16] conducted investigations on various gas sorption 

isotherms in different rubbery and glassy polymers. For rubbery polymers, most o f the 

research was based on the Flory-Huggins theory and the polymers were in stress-free 

state, while the studies on glassy polymers are beyond the scope of this study. The 

purpose o f this literature review is intended to point out the major trend o f the research 

work on gas sorption in rubbery polymers, but not to cover all works published in the 

past.

Lipscomb [4] developed a macroscopic thermodynamic model o f gas sorption in 

polymer with an arbitrary small stress where the deformation is elastic. The polymer 

sample is taken from some reference pressure and arbitrary small stress state to the 

pressure o f the sorption experiment; then the sample is deformed to accommodate the 

dilation associated with the gas solute at constant temperature and pressure; finally, 

sorption equilibrium is reached. Lipscomb assumed small, homogeneous elastic 

deformation, reversible processes and isothermal conditions.

4
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The free energy was calculated as the sum of a term due to deformation of the 

solid polymer structure (to permit the inclusion of the gas solute) and a term due to 

mixing of the gas in the deformed polymer matrix. The approach in this study is similar 

to this work and the details are given in Chapter 2. The thermodynamics o f the 

deformation assumed that the polymer is an elastic solid, instead o f a cross-linked rubber. 

Mixing was described by the same relationship used in the Flory-Huggins theory.

The Gibbs free energy change associated with deformation was expressed as:

=V„ + PSij ]dsv + jvd P  + O is,/)  (1-3)
£ p

where V() is the original volume o f the polymer, <ry is the stress, s y ( i, j  = 1, 2, 3 ) are the 

strains, Cijpq is the isothermal elastic coefficient, P  is the pressure, and the subscript 0 

refers quantities to the undeformed state. The term P Sy is the hydrostatic pressure in the 

polymer and Sy is defined as

1 0  0  

0  1 0  

0  0  1

The Gibbs free energy change associated with mixing the deformed polymer and 

gas was calculated through a Flory-Huggins treatment:

MMix = kT[Nx ln (^ ) + N 2 ln(^2) + % N^2] (1-4)

where N x and N 2 are the numbers of sorbed gas and polymer molecules, respectively; (j>{ 

and (f)2 are the volume fractions o f gas solute and polymer, respectively; % is the Flory- 

Huggins parameter, k  is the Boltzmann’s constant and T  is the temperature in Kelvin.

The total change o f Gibbs free energy, AB , was given by the sum of the Gibbs
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free energy changes due to deformation and mixing. At equilibrium, equating the 

chemical potential o f the gas in the pure gas state and that in the polymer, the sorption 

isotherm becomes

d(A5)

dNi
= kT  In

V 1 / T , P , N -

yP
p\  Rs y

(1-5)

where p x and /q° are the chemical potentials o f the absorbed gas at pressure P  and 

reference pressure PRs respectively, and y  is the activity coefficient.

Flory [5, 6 ] constructed a model o f swelling o f a polymer network when saturated 

with a liquid solute. He investigated the equilibrium swelling o f a cubic polymer gel that 

was under a tensile force /  in the direction as shown in Fig. 1-4, when in contact with 

material that dissolves in the polymer. The initial state, with Helmholtz free energy, F0, 

is: (1) an un-deformed polymer network (free o f solute) made up o f N 2 chains, each with 

x segments o f solute molecule size, with volume V0 = L03 = xN 2vm, where vm is the 

volume occupied by a solute molecule and L0 is the un-swollen edge; and (2)

A, molecules o f solute with volume TV, vm . The final state is the network swollen with 

iVj molecules o f solute, with volume (assumed additive) given as 

v = {Nl + XN 2)vm 

and the dimensions are expressed as:

Lx -  L — XL0, Ly — Lz —
V_
L

( 1-6)
v-w

where X is the linear stretch ratio in X-direction (due to tensile force and swelling). The 

volume swelling ratio is defined as:
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where <j)2 is polymer volume fraction. Substituting Eqn. 1-7 in Eqn. 1-6 yields

where Xy and Xz are the linear stretch ratios in the Y and Z-directions respectively (due 

to tensile force and swelling).

/
k v

Solute

Swollen polymer

Fig. 1-4 Flory’s swelling model o f polymer gel under a tensile force (Hill, [5])

The model assumes that the Helmholtz free energy changes due to mixing and 

deformation are independent o f each other. The total Helmholtz free energy change is 

given as

AF = AFm + AFd (1-8)

where AFm and AFd are the Helmholtz free change due to mixing and deformation,

7

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



respectively. The AFm is obtained from the Flory-Huggins theory,

AFm = kT[Nx In <j)x + N 2 In <z>2 + ]

Assuming that the rubber is perfectly elastic and neglecting the PdV  work at atmospheric 

pressure. The deformation portion, AFd , is obtained from the definition of the Helmholtz 

free energy,

dFd = dU d - d ( T S d)

= fdL  + TdSd + ju2dN2 -  TdSd -  S ddT

= fdL  -  S ddT  + f i2dN2 (1-9)

where /  is the tensile force. The second term in Eqn. 1-9, S ddT  disappears because the 

temperature is kept constant, while ju2dN2 is zero too since N 2 is constant. Taking the 

partial derivatives with respect to T  and L  yields

d_
dT K 8 L ;

d_
dL

' E l )

This leads to

' a s /
v dL j T

'<L
dT

(1-10)

Neglecting the PdV  work at atmospheric pressure, the differential internal energy dU  is 

given by

dU  = TdS + fdL  + /u2dN2 (1-11)

The last term o f the Eqn. 1-11 disappears since A 2is constant. Taking partial derivatives 

with respect to L at constant temperature yields

(1-12)f d u 1 f5/l-  f  + T = - . f - T
I d L ) T UzJT
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Anthony, Caston, and Guth [32] showed by measurement that
f  dU ^

dL
is approximately

zero; thus, the elasticity o f rubber is purely an entropy effect. Substituting Eqn. 1-10 and

( d U '
dL

= 0 into Eqn. 1-12 yields

f  a o  A
f  = ~T

dS

v dL j (1-13)

Keeping temperature constant, Eqn. 1-13 becomes

fdL  = -T dSd (1-14)

Substituting Eqn. 1-14 and SddT  = 0 into Eqn. 1-9, the Helmholtz free energy change 

due to deformation is obtained as

(1-15)

Wall’s theory [5, 33] o f rubber elasticity, which is based on a Gaussian 

distribution o f the polymer chains, was employed to calculate AS d:

N ,k \

AFd = -T A Sd

ASd = -  z *  -  A / + 3]

For uni-directional stretch, define Xx = X that leads to X = Xz =
1

(1-16)

. S ubstitu ting^,

X and Xz into Eqn. 1-16 yields

A

N 2k

In f ;  1 1X x ----- - X 2
2 - + 3

-
x<t>7

f \
ln ^ 2 - X 2

2 + 3
V X(j>2 )

(1-17)

where N 2 is the number of chains o f rubber, k  is the Boltzmann’s constant, and X is
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stretch ratio.

Substituting Eqn. 1-17 into Eqn. 1-15 yields an expression for AFdin terms o f A . 

Finally, substituting AFrfand AFm into Eqn. 1-8, the total Helmholtz free energy change is

At equilibrium, equating the solute chemical potential in the pure phase and in the 

polymer phase yields

phase respectively. In Flory’s model o f gel swelling, the overall deformation due to both 

the external force and swelling were considered to calculate the Helmholtz free energy 

change.

1.3 Scope of This Study

The structure o f Flory’s model was adopted in this study, and the Helmholtz free 

energy was chosen to be the appropriate thermodynamic potential because the total 

volume of gas and rubber and the temperature are kept constant. The objective o f this 

study is to develop a thermodynamic model o f gas sorption in rubber under stretch; 

design a test method to measure gas sorption; measure rubber dilation upon gas sorption; 

compare experimental data with the model predictions.

Chapter 2 describes the thermodynamic model developed for gas sorption in

kT dN,
v '  T , A , N2

ln(l-(z)2 ) + ^ 2 + X </>2 = 0x  y/L 2  )
(1-17)

where //, {tj)2) and jux (o) are the chemical potentials o f the solute in polymer and in pure

1 0
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stretched rubbers. The Flory-Huggins theory and Ogden’s model o f rubber elasticity will 

be used to develop the model.

Chapter 3 describes the methodology that was developed to measure gas sorption 

isotherms in rubbery polymers under uni-axial tension. The rubbery polymers used in the 

tests are silicone rubber and ethylene propylene diene monomer (EPDM), and the solute 

is CO2 gas. The data process is also presented in this section.

Chapter 4 presents the test results and comparison with theoretical predictions. 

First, the coefficients o f the Ogden’s equation o f rubber stress-strain relationship are 

determined to fit the force-elongation curve. Second, the test method is verified by 

comparing the test result with literature value for the zero stretch case. Finally, the 

experimental data are compared with theory.

The conclusions and recommendations o f the future work are presented in the 

Chapter 5.
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2. Theory of Gas Sorption in Rubber with Deformation

2.1 Introduction

As mentioned in previous chapter, Flory set up a model to explain the swelling o f 

polymer gel when it is in contact with a solute and under a uni-directional tensile force.

In Flory’s model, the total Helmholtz free energy change was divided into two parts; one 

is the free energy change upon mixing obtained by a Flory-Huggins treatment, while the 

other part is the free energy change due to deformation, based on the W all’s theory o f 

rubber elasticity.

The structure o f Flory’s model was adopted. The Flory-Huggins theory, since it 

has been verified by many researchers [3, 7-17], was kept in this study. W all’s theory o f 

rubber elasticity, based on the assumption that rubber chains are randomly distributed, is 

valid only for “ideal rubber”. There is only one parameter, the number of chains per unit 

volume that can be used to fit the theory to the force-stretch curve. For the rubbery 

polymers used in this study, the W all’s theory gave a poor fit to the data. Thus, Ogden’s 

treatment, an empirical model, was adopted to calculate the Helmholtz free energy 

change due to deformation.

2.2 Flory-Huggins Theory

Gas sorption in rubbery polymer is characterized by sorption isotherms that are 

nearly linear in the low concentration range, followed by an upward curvature in the 

concentration-pressure curve at higher concentration range. Such a behavior is described 

by the Flory-Huggins theory:

In
pv o  y

= ln(l -  + X & 2 (2 - 1)

1 2
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where P  is the gas pressure, P0 is the gas vapor pressure at the temperature o f the 

experiment, <j)x and <j>2 are the volume fractions o f solute and polymer, respectively; x  *s 

the Flory-Huggins parameter.

The Flory-Huggins theory developed independently by Flory and Huggins in 

1942 is a direct generalization o f the Bragg-Williams approximation o f the lattice model 

of binary solutions [5]. The Bragg-Williams model is appropriate for solutions of 

molecules of equal size; each site in the lattice can be occupied by either an A molecule, 

represented by a circle, or a B molecule, denoted as a solid circle as shown in two 

dimensions in Fig. 2-1 (a). Since the polymer molecules are much larger than the solute 

molecules (a factor o f usually 103 or 104), the Bragg-Williams approximation needs to be 

modified in order to apply it to polymer/solute solutions.

Flory and Huggins treated the polymer molecules as chains o f segments, with 

each chain containing x  segments, and each segment being equal in size to a solute 

molecule. On this basis it is possible to place solute molecules and segments o f polymer 

chains in a lattice consisting o f identical cells. Each lattice cell is occupied by either a 

solute molecule or a chain segment, and each polymer molecule is placed in the lattice so 

that its chain segments occupy a continuous sequence of x  cells as shown in Fig. 2-1 (b).

By definition, the Helmholtz free energy, F  is given by 

F  = U - T S

and the differential Helmholtz free energy is

dF = dU - T d S - S d T  (2-2)

where U is the internal energy, T is the temperature and S is the entropy. Under 

isothermal conditions, the last term on the right hand side of Eqn. 2-2 disappears and the
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equation becomes

dF = d U -  TdS (2-3)

o• o• o• ooooo• oooo• o• ooo• o• o•ooooooooo• o• o• oo• oooo• oo• o•o• ooooo• o• o• oo• oo•ooo• ooo• o

Fig. 2-1 Schematic representation of lattice, (a) mixture of molecules o f equal size, (b) 
mixture of solute molecules with polymer molecules.

In order to obtain the change o f Helmholtz free energy, the change of internal 

energy and entropy must be determined. The entropy change o f mixing can be derived 

using statistical mechanical theories. The fundamental relation between the entropy 

S and the total number spatial configurations of the molecules, Q is given by 

Boltzmann’s equation [33].

S  = k ln(Q)

AS m = £[ln(Q12) -  ln(£2 , ) -  ln(Q2)] 

where k is Boltzmann’s constant, Q j , Q 2 and Q 12 are the total numbers of the spatial 

arrangements of the molecules in the pure solvent, the pure solute and the ideal mixture

1 4
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respectively, and the subscript m represents mixing. Since all molecules o f the pure 

substance are identical, there is only one distinguishable spatial configuration; thus, 

ln(Qj) = 0 and , AS m becomes

Since the Flory-Huggins theory is well known, the detailed information can be found in 

Flory’s book [6 ], and will not be presented here.

Assuming a mean-field approximation o f rubber chains, the entropy change o f 

mixing can be expressed as:

where N l and N 2 are the numbers of molecules o f the solvent and solute, and ^  and 

(f>2 are the volume fractions of solute and solvent, respectively.

The internal energy change due to the random mixing, which is the basis o f 

Bragg-Williams theory, must be calculated. Since the interaction drops quickly when the 

distance between the molecules increases, only the interaction between nearest molecules 

or chain segments is considered. Let u n be the interaction energy between nearest

neighbor solvent molecules, u 22 between nearest polymer chain segments (not chemically 

bonded), and u n between one solute molecule and one polymer chain segment. For every 

two solute-chain segment contacts formed on mixing, one solvent-solvent and one 

segment-segment contact of the pure component are lost. Thus, the internal energy 

change for the formation o f a single solvent-segment contact, Au u , is given by

(2-4)

(2-5)

JV, xN 2
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Aw12 — u x2 2  (Mn "*"̂ 2 2)

Define the internal energy change as 

A Um — P 12 Am12

where p l2 is the total number of solute-segment contacts in the solution. Neglecting the 

chain end effects, and assuming each lattice site has z  nearest sites, the total number o f 

lattice sites adjacent to the polymer molecules is (z -  2 )xN 2, o f which (z -  2)xN 1(/)l are 

occupied by solvent molecules. Thus, p n is obtained as 

Pm = ( z ~ 2  )xN 2</)x 

= (z -  2 )N x</)2 

Thus, AU m becomes

AU m = ( z - 2 ) N x02Aux2

( z  — 2)
The Flory-Huggins parameter, %, is defined as, % =   -A uX2. It is important to note

kT

that x  depends on temperature and polymer volume fraction. Thus, the internal energy o f 

mixing becomes

A U m = k T N ^ x  (2-6)

Substituting Eqns. 2-5 and 2-6 into Eqn 2-3, the Helmholtz free energy change due to 

mixing is obtained as:

AFm = k T N A z  + + N 2 ln ^ )  (2-7)

The change of gas chemical potential is obtained by taking partial derivative o f Eqn. 2-7 

with respect to N x,
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At equilibrium, equating the chemical potential o f the solute in the pure gas phase to that 

in the polymer solution yields the following equation,

kTln ~  = P\ -A i°  = ln ( l - ^ ) + ^ 2 + ^ 22
o

where / / /  and jux(> are the chemical potential o f the solute in its solution at pressure 

P  and pure solute state at vapor pressure at 20°C.

Although the Flory-Huggins theory gives quite a good prediction for gas sorption 

in rubbery material, it assumes no volume change upon mixing, which is unrealistic. Also 

the mathematical procedure used to calculate the total number o f possible conformations 

o f a polymer molecule in the lattice does not exclude self-intersections, which is clearly 

physically unrealistic. Furthermore, the theory is satisfactory only when polymer volume 

fraction is high.

2.3 Ogden’s Model for Rubber Elasticity

Traditional strain energy functions o f rubbery elasticity, such as W all’s theory [5, 

33], Mooney’s theory [27], and Rivlin’s formulation [28] do not give a very good 

prediction o f the force-stretch relationship at large deformations. Ogden [24] proposed an 

empirical approximation that yields good agreement with experimental data; thus, it was 

employed to describe the force-stretch relationship for the rubbery polymers used in this 

study.

Ogden assumed ideal rubber which is incompressible, homogeneous and isotropic 

in the undistorted state, perfectly elastic, and without any hysteresis effect. Based on 

these assumptions, the strain-energy function, W  is given as
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W' = i > , ( V ' + V r' + V ' - 3 ) / a . (2-8)
r=l

where X2, and Xi are stretch ratios in X, Y and Z-directions, and77,.and a r are 

constants to be determined.

The principle Cauchy stress (true stress based on actual area), cr(. is given by

dW<Tt =Xi — - P  ( i  = l, 2 ,3) 
oX,

(2-9)

where P  is an arbitrary hydrostatic pressure introduced because of the incompressibility 

constraint. Substituting Eqn. 2-8 in Eqn.2-9, the principle Cauchy stresses are

<Tl = ' Z ’l X ' - P  ( z’ = 1, 2 , 3) (2-10)
r =1

In terms of uni-axial extension, defining Xl -  A and cr, -  a , cr2 and <t3 are zero, the

incompressible property leads to

1

XiX2X3 = 1 and X2 =X} = X 2 

Substituting crj, cr2, <r3 and X1, X2, X3 into Eqn. 2-10 yields

(2- 11)

°  = Y J w A ar) - P  and 0 = ^
(  1 'N—ar

1lrx 2
r=l r=l V

- P

Elimination o f P  yields

-S7 ,
r=l

The nominal stress, o n based on the area o f original cross section, is obtained by

f

1 8
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while the principle Cauchy stress is based on the area o f the deformed cross section

f/  /  cr = — = J = — X = <J„X

A LlyLu L0yL0z(X~2) 2

Thus, the nom inal stress, crn can be expressed as:

ct- = T  =A r=1
(2-12)

where rjr has units o fN / m 2 and a r is dimensionless.

Usually, two terms in Eqn. 2-12 are good enough to describe the rubbery material 

behavior of uni-axial extension up to a stretch ratio o f 7 [24]. A two-term Ogden’s 

equation was adopted since the stretch ratio o f this study is less than 2. Figure.2-2 is the 

comparison o f Ogden’s model with rubber force-elongation data given by Treloar [23].

x 106

.N
E
O)0)£
CO

7

6

5

3

2

1 Treloar's data
Two-term Ogden's equation

0
1 2 3 4 5 6 7 8

Stretch ratio X

Fig. 2-2 The two-term Ogden’s equation compared with Treloar’s data in simple tension, 
with coefficients: tj1 =0.65 M Pa, rj2 =1.18x10 MPa , a x =1.3 and a 2 = 5 .0 .
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2.4 Theory of Gas Sorption in Rubber with Deformation

The Flory-Huggins equation is capable o f predicting gas sorption isotherms in 

rubbery polymers for stress-free states. However, if  the rubber sample is deformed before 

being saturated with gas, the total Helmholtz free energy change will be different from a 

simple Flory-Huggins treatment.

Assuming that deformation and mixing are independent o f each other, the total 

Helmholtz free energy change will be the sum of the free energy change due to mixing 

and deformation.

where AFd and AFm are changes o f Helmholtz free energy o f deformation and mixing 

respectively.

The Helmholtz free energy change due to mixing, AFm can be obtained from Eqn. 

2-7, while AFd will be deduced from Ogden’s model on rubber elasticity. By definition, 

the Helmholtz free energy change due to deformation is given by

And the energy change of deformation is 

dU = TdS -  PdV + V0odA + ju2dN2

Where V0 and V are the original volume and deformed volume, respectively. Substituting 

dU  into Eqn.2-14, yields

dFd = -P d V  + V0crdA -  SdT  + ju2dN2

where V() is the volume o f the undeformed sample, f i2 is the rubber chemical potential, 

and N 2 is the number o f rubber chains. With temperature constant, the third term on the

AF = AF, + AF (2-13)

dFd = d U - d ( T S ) (2-14)

2 0
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right hand side disappears. The number o f rubber molecules is constant; thus, the last 

term on the right hand side is zero. The only contribution to the free energy is the work 

done on the rubber and PdV  work due to dilation

dFd = V0<rdA -  PdV  (2-15)

The change of Helmholtz free energy due to external work and dilation is obtained by

AFd = V0 jcrdA -  jP dV  (2-16)

Since the rubber volume is quite small compared with the volume o f the pressure vessel, 

and the amount o f gas dissolved into the rubber is also small, the pressure during the gas 

absorption process can be treated as constant. And the work done from the dilation o f 

rubbery sample is

fP dV  = PAV  (2-17)

Before continuing calculating the Helmholtz free energy due to deformation, the 

relation between the stretch and gas concentration must be derived. This is necessary 

since the polymer will undergo dilation as gas is absorbed and this will affect the stretch 

ratio, A . Stretch is defined as the ratio o f the deformed length to the original length and 

dilation will alter the original length o f the sample. This relates to the procedure used in 

the experiment where: 1) the rubber is stretched to a certain length; 2 ) the sample length 

is kept constant and is placed in a pressure vessel; 3) gas is introduced to a desired 

pressure level and equilibrium is established between the sample and gas.

The dimensions o f the rubber sample at different stages in the process are shown 

in Fig. 2-3. Lox, L0y and L0z are the undeformed dimensions o f the rubber sample in X, Y,

and Z-directions; Llx, LXy and LXz are the dimensions after deformation; L2x, Lly and

21
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L 2z are the final dimensions after equilibration with the gas. For the condition during the 

tests, L]x is equal to Llx , but that does not mean the stretch ratio is constant. The change 

in stretch ratio manifests itself as a change in force from / 0 to f f  as shown in Fig. 2-3.

Ideal rubber is an incompressible material with a Poison’s ratio of 0.5 (Poison’s 

ratio of silicone rubber and EPDM was measured to be 0.48; the detailed information is 

represented in Appendix. A). Thus, the volume of the sample after deformation is the 

same as the original volume:

/o

t

L iy
A Z

fo

f f

1

X

L2Y' L2Z

f f

(a) (b) (c)

Fig. 2-3 Schematic o f a rubber sample at different stages, (a) original sample, (b) 
deformed sample, (c) saturated sample with deformation. /„  is the initial force, and f f  is 
the force after dilation.

The volume after saturating with gas is given by

2 2
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The volume dilation ratio o f the rubber sample is defined as:

_  ^2_ _ _j_ _ ^2x^2y^2z
V1 L\xLlyLu

L\yLXl

-̂‘2ŷ -‘2z
(2-18)

where Llx and Llx are equal to each other, and (f)2 is volume fraction o f rubber. 

Substituting Eqn. 2-18 into Eqn. 2-17 yields

J i W  = PVX
<i>.

- 1 PVr
\r 2 y

' - U '
V̂ 2

(2-19)

For gas absorption in rubber, it has been shown [3,7-10] that the dilation is 

isotropic, i.e. the linear dilation is the same in all dimensions. Although the length in X- 

direction is kept constant, the stretch ratio changes. The linear dilation ratio is defined as

P  =
Ljy L2z

A  y  lz

Substituting /? in Eqn. 2-18 leads to

f i  =

¥ 2

Since the dilation is isotropic, in X-direction the dilation ratio is also —j= . Thus, instead

o f using L0x, L()x' was employed as the original length in X-direction to calculate the 

stretch ratio after dilation, where L0x' = f3LQx. Thus, the stretch ratio, A' in the final state in 

Fig. 2-3 is

X = Lxx Ax
L qx ' L 0xx f l

—  A-yJ<fr2 (2-20)
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where A = —̂ i s  the stretch ratio before exposing the rubber sample to gas. After dilation,
Ln''Ox

the stress can be obtained by substituting A' into Eqn. 2-12:

^-1

r =1

r=1

(2-21)

The Helmholtz free energy change due to external force can be obtained by 

substituting Eqn. 2-21 into Eqn. 2-16,

AFd = JvoodA’ - jP dV

h „ i > ,
r =1

d(A</>/2)-P V 0
. 0:\ r 2  y

= v 0£ « ,
r =l

— ( x t Y r -  * — ( x Y /r Y  - — ( Y A r - - — ( Y /r ) 1a ,  a r a r

-PV, 'L-.' (2 -22 )

Differentiating AFd with respect to A, yields

KdNXJ
r dFd d<t>2 '

d(/>2 dNx
' / N 2,T,Llx ,Vl

n

2N 0 fr. ) r/i -  { w / 2 y  -  w a  ) r/i + ^ / 2y + P K
N n

(2-23)

where N 0 is the total number of the cells o f the lattice, and JV0 = N X+ xN 2, and the

subscript Vt represents the total volume o f the pressure vessel.

2 4
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The Helmholtz free energy change due to mixing is given by Eqn. 2-7 and 

differentiating with respect to N x yields

r dAF„ A
8N

1

kT ln(l -  ) + (1 -  —)<t>2 +
x

(2-24)

Normally, 1 ------« 1  because x  is in the range o f 10 and 10 , or even higher, and Eqn.
JC

(2-24) becomes

8NX
= kT^n(l-<f>2) + </>2 +%</>22\

The total Helmholtz free energy was obtained by substituting Eqn. 2-7 and Eqn.

2-22 in to Eqn. 2-13. Differentiating the total Helmholtz free energy change with respect 

to N x yields the change of chemical potential o f gas in the polymer,

Mi ~ Mi =
r 8A r 8AF. A

+
f dLF /

8NX
N 2,T ,L u ,V, V 1 J  N 1,T ,L lx ,V,

= f f [ l n ( l - ^ 2) + ̂  + x t f ] + J j L . Y j n \ W i A Y A + k K )”'
2 A 0 r=\

+PV0^ -  
N n

(2-25)

At equilibrium, the chemical potential o f the gas in the polymer must be equal to 

the chemical potential o f the gas in the pure gas phase, i.e.

P' 8 A F /k T A
8NX

Mi ~Mi 
kT

= ln- (2-26)

where jux and /ux° are the chemical potential o f the gas at pressure P  and vapor pressure,

P0 is gas vapor pressure at temperature o f the experiments. Substituting Eqn. 2-25 in Eqn.

2 5
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2-26 yields

k T ln-£- = * r [ ln ( l-^ 2) + ̂ 2+ x (/>2 ]

r/l - { $ A )  r/l + { ^ ,A ) rV ^
+ —— S]rf,AT t—t "

2 iv0 t r
+ PVn $2

N n

The quantity, N 0 is the total number o f molecules and can be expressed as,

-^o ~

(2-27)

(2-28)

where N l is the number of gas molecules dissolved in rubber. This quantity can be 

obtained from the gas concentration in rubber as

AT, =  ^ cm>J c m l x  6 , 0 2 2 x 1 0 ”

22410
cm
mole

# molecules 
mole

Substituting N x in Eqn. 2-28 yields

C/22410 1a23
N n = ------------- x 6 .0 2 2 x 1 0

The volume fraction o f gas in the polymer, ^  is expressed as,

A = N x + x N 2

CVg / 22410 

CVg / 22410 + 1

where V„ is the gas partial molar volume in rubber and is defined as,

V„ =
r d V ^

dNx

(2-29)

( cm3 / m ol), and can be obtained from rubber dilation measurements.

Substituting Eqn. 2-29 in Eqn. 2-28 yields

2 6
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N n v 22410 /
V„

x 6.022x10 23 (2-30)

Substituting N 0 in Eqn. 2-27, the sorption isotherm is set up with two independent

variables P  and 2 ,  which is the final model o f gas sorption in rubber under stretch.
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3. Measurement of Gas Absorption in Rubber with Deformation

3.1 Introduction

Over the past several decades, many techniques have been developed to measure 

the gas sorption isotherm in polymers, among which the most common methods are the 

barometric method and gravimetric method. The most popular barometric method relies 

on measurement o f the pressure decay as gas is absorbed by the polymer [3, 7, 19-21].

The experiment is conducted by isolating a polymer sample and a high-pressure gas in a 

closed vessel. As the polymer absorbs the gas, the pressure drop in the vessel is 

monitored as a function o f time. An equation o f state for the gas is used to convert the 

pressure into the mass uptake in the polymer. Although it gives acceptable results, the 

dilation of the sample needs to be considered to obtain accurate measurement o f the 

solute concentration.

For the gravimetric method, a microbalance or a quartz spring is employed in the 

test. Using a microbalance is a direct method to measure the gas sorption in polymers [8 - 

14], which is based on measurement o f the weight gained by a polymer sample when 

exposed to a gas. Some researchers used a sensitive quartz spring [16]; the method is 

based on the extension of a calibrated spring due to gas sorption. The increase in weight 

of the polymer sample, attached to the spring, is monitored with a cathetometer to 

accurately measure displacement. The disadvantages o f the gravimetric methods are that 

there are uncertainties due to the buoyancy correction. At relatively high pressures, the 

polymer sample dilates due to sorption o f gas, which generates an additional buoyancy 

force that needs to be taken into account.

The gravimetric method was adopted in this study since it gives a direct
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measurement o f weight gain. Instead o f measuring weight gain o f the sample, the weight 

loss is measured after the polymer sample has equilibrated with the gas. The sample is 

removed from the pressure vessel and placed on a micro-balance to measure weight loss. 

This technique was used because the polymer sample must be stretched using a rigid 

metal frame. The total weight o f the frame and sample would be too large to use with a 

quartz spring which has a small load range.

3.2 Rubbery Polymer Samples

The polymer samples used in the tests were silicone rubber and ethylene 

propylene diene monomer (EPDM). The samples were manufactured as rubber bands in 

order that these samples could be stretched uniformly to a desired level, from stretch ratio 

of l(no stretch) to 1.9.

The silicone rubber is a commercial product supplied by Aero Rubber Company 

Inc, Bridgeview, Illinois, USA, as a rubber band. The dimensions are approximately 

124.8 mm in length (perimeter), 3.9 mm in width and 0.3 mm in thickness. The sample 

weight is approximately 0 .2  gram ; and the density is measured to be 1 .2 2  ± 0.08 g  I cm" 

(weight divided by volume). The degree o f crystallinity was determined to be zero using 

a differential scanning calorimetry (DSC) (see Appendix B for details). The zero degree 

o f crystallinity allowed us to adopt Ogden’s model for rubber elasticity, since the model 

assumes the rubber is homogeneous and isotropic in undeformed state.

The EPDM is a commercial product supplied by AERO RUBBER COMPANY 

INC, as a rubber band. The dimensions are approximately 143.6 mm in length 

(perimeter), 6 .6  mm in width and 1.0 mm in thickness. The weight is approximately 

0.9 gram , and the density is 1.08 ± 0.02 g  / cm3. EPDM is known to have nearly zero
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degree o f crystallinity [35, 36].

The carbon dioxide used in this study was obtained from Praxair Canada Inc. The 

carbon dioxide has a purity at least 99.99%. The gas was used as-received without any 

treatment.

3.3 Test Methodology

The samples were first placed in a pressure vessel with dimensions (outer 

diameter: 60mm, inner diameter: 40mm, and length: 290mm) that allows the rubber 

samples be stretched up to stretch ratio o f 1.9 and exposed to carbon dioxide gas at 

pressures up to 1.72 MPa . The pressure was measured with a Validyne DP 15-20 

pressure transducer with a voltage resolution o f 0 .1  mv, which provides a resolution of 

138 Pa for pressure measurement. Since there was no active temperature control, the 

temperature during the test was kept at a room temperature o f approximately 20°C with a 

temperature variation of±  0.5°C during the test period. The samples were allowed to 

equilibrate with CO2 for approximately 1 hour (the time needed to reach equilibrium will 

be discussed later on). After equilibrium had been reached, the pressure vessel was 

decompressed; the samples were quickly removed from the vessel and placed on an 

analytical balance (Denver Instrument M-120) with a weight resolution of 0.1 m g . The 

weight change o f the sample was recorded as a function o f time. The microbalance is 

sensitive to temperature changes and in order to keep the surrounding temperature o f the 

microbalance constant, the microbalance was placed inside an environmental chamber 

and set to a temperature o f 20°C with a variation range o f ± 0 .1°C.

Initially, there was a delay of approximately 20 seconds in recording weight 

change while the sample was removed from the pressure vessel and placed on the
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analytical balance. There is a 13% to 19% loss o f mass in CO2 gas from the sample for 

the tested pressure range during this initial delay time and this must be accounted for in 

some way in order to measure the value o f solubility accurately.

In order to make this correction, diffusion theory [22] was employed to predict the 

desorption process based on a diffusion model in an infinitely thin sheet with an initial 

concentration C0 , as shown in Fig.3-1. Since the dimensions o f the silicone rubber and

EPDM are 125 x 4 x 0.3mm and 144 x 6 .6  x 1mm respectively, the thickness is rather small 

compared to the length and width; thus the edge surfaces are negligible compared with 

the plane surface. Thus, it is reasonable to treat the rubber sample as a plane sheet, which 

means the diffusing substance diffusing out through the edges is negligible. Therefore, it 

is assumed that all the diffusion occurs through the plane surfaces.

The theory assumes that the diffusion coefficient D  is independent of 

concentration for dilute solutions, and the material is isotropic. With an initial uniform 

concentration C0 throughout the plane sheet, and the surfaces kept at a constant 

concentration Cx, the solution to the diffusion equation is,

£ z £ i L  =  1 _ 1  j r  c o s P "  + » ) ”  ( „  =  1 2  3 . . . . )  ( 3 - ! )
C ,-C „ * S 2 n  + l 21

whereC is gas concentration in the sam ple,!) is diffusion coefficient in unit ofm 2 • sec-1, 

t is time in second, x is the coordinate in X-direction as shown in Fig.3-1, and I is the 

half thickness o f the plane sheet.

The desorption tests were carried out at atmospheric pressure in the current study. 

Assuming that desorption is dominated by diffusion and not by convection at the surface, 

and neglecting CO2 concentration in atmosphere (CO2 concentration in air is 0.036%),

3 1
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c.=o

Fig. 3-1 Infinitely thin sheet with an initial uniform concentration. The coordinate origin 
is located at the geometric center o f the plane sheet.

C,can be reasonably assumed to be zero. Substituting Ct = 0 into Eqn. 3-1 yields

c = cos o + i ) ^  (3 -2)
n  ^ 2 « + l 21

The total mass of gas remaining in the rubber band at time t is obtained by integrating 

Eqn 3-2 over the volume of the sample.

m, = A \Cdx = j -----’ 1 (3_3)
J n 1 S l ( 2 n  + 1)2 J

where A  is area o f one side o f the plane sheet o f the sample.

A least square method was used to fit Eqn. 3-3 to the measured mass decay curve 

in order to determine D  andC 0 . Since Eqn. 3-3 is in series form, the number o f terms

needed to describe the desorption phenomenon must be determined. A five-term equation 

was used first, and then compared with the fit for a four-term equation. If both of the 

results are comparable, a three-term equation was used; otherwise a six-term equation

3 2
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was used. For the five-term equation, mt was expressed as

mt = h C  [e-k>Dt + i e-9̂ '  + ^ - e-25k*D‘ + — e-m >2Dt + - L e-81* ^ ]  
' 0 9 25 49 81

where kx = Al and k2 = — . Define the square o f the error as 
n  21

E 2 = f j \ m i - k ]C0[e-k̂  + ± e ~ 9k>2D,‘ + ^ - e ~ 25k̂  + i - e -49̂ '  + - L e - * ^ ] } .  (3-4)
1=1

_ -2 5 k ,D t,-

25 + 49 81

where mi is the measured mass o f gas remaining in the sample at a certain time ti , which 

is obtained by subtracting the mass o f the sample from the reading o f the balance since 

the reading includes both the mass o f the sample and sorbed gas, and N  is the number of 

data points. Taking partial derivative o f Eqn. 3-4 with respect to D  and C0 respectively 

yields two equations with two unknowns D  and C0 . In order to find D  and C0 that 

give minimum square error, the two equations must be solved:

dE:
dC„

= 0  and
dE2
dD

=  0

The first equation yields C0 to be

! > , •
c  = 1 = 1

- k 22Dt, , 1 - 9  k22Dt, , 1 -2 5 k 22Dt, , 1 -4 9 k 22Dt, , 1 -81 k22Dt,e H— e  e -----e -I-----e
25 49 81

i=i

1

25
-25 k22D t  , 1 -49 k22Dti , 1 -81 k22Dt,e 2 ‘ -l e 2 ‘ H e 2 '

49 81

(3-5)

and the second equation leads to

dE
dD = Y m<t>

- k 22Dtt , -9  k 22Dt, , -2 5 k 22Dt, , -49 k22Dt, . - 8 U ,2Dl,e 2 1 +e  2 1 +e  2 1 +e +e 2 1
r /=1uo

i=i
kd D t, , 1 - 9  k de 2 ‘ + —e 9 k2 Dt, + 1 -2 5 k 22DL , 1-e 2 '+■

25 49
-49 k2LDt, , 1 -81*2e ‘ H e

81
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[e~k M  + e-9kM  + e-15k' D,‘ + e~A9kM + e”49*2̂ '  ] = 0 (3-6)

In order to simplify Eqns. 3-5 and 3-6, At and Bt are defined as

A  =  e ~ k 2 D t i + L e ~ 9 k 2 D t i +J_g-25*22»< +J_g-4̂ 22̂,- + J_g-BU2 2 D t l  

9 25 49 81

and

£  = e ~k2l D 'i + e ~9k22Dt, + e -25  k 22D tt + e -A 9k21D,i +  ^ X k ^ D t ,

Substituting A. and B. in Eqn 3-5 yields 

Y u mA
C0 = ^ - n------  (3-7)

k Y j a ?
1=1

Substituting Eqn. 3-7 in Eqn. 3-6 yields

Z  ( ™ ,4 > E M A )

 = °  <3' 8)
*. Z w 2)“

i=l

where the only unknown is D . The method o f bisection [29] was used to solve for 

D  with a lower limit 1 x 10“5 cm2 sec” 1 and a higher limit 1 x 10”9 cm2 sec”1 for both 

silicone rubber and EPDM. Finally, C0 is obtained by substituting D  in Eqn. 3-5.

Figure 3-2 shows a typical CO2 gas desorption process in silicone rubber. By 

examining Fig. 3-2, many plateaus were found where mt was constant with time.

However, the mass o f gas remaining in the rubber band should decrease continuously 

until there is no gas left in the rubber sample. Therefore, it is believed that the plateaus 

are due to the limit o f resolution of the analytical balance (±  O.lmg). To avoid errors 

caused by the resolution limit, the least square fit only used the first data point on each
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plateau. The selected data are shown in Fig. 3-3. A desorption curve based on a five-term 

diffusion model is also shown in Fig. 3-3 for comparison. From Fig. 3-3 it can be seen 

that the CC>2-rubber desorption phenomenon is described accurately by the diffusion 

model.

7

6

E

O) o'w '
L_
CD

-O

E 4
c
O)

x 10'

c
CD
E
E
to
CDO)
O 
(0 1 0)
CD

10 10 10 
Time (second)

10

Fig-3 -2 A typical CO2 gas desorption curve in silicone rubber at 2 0 0 C , after 
equilibrating with CO2 atl .72 MPa and under a stretch ratio o f 1.9.

A two-, three- and four-term Eqn. 3-3 could be solved using the same method as 

presented previously. Comparing the results of the two-term, three-term, four-term and 

five-term equations (as shown in Table 3-1), it was found a four-term equation was good 

enough to describe the C 0 2 -rubber desorption phenomenon, and hereafter, a four-term 

equation was employed.
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Fig. 3-3 A typical C 0 2 -silicone rubber desorption curve compared with selected 
experimental data at 20°C, after equilibrating with CO2 at 1.12 MPa and under a stretch 
ratio o f 1.9.

Table. 3-1 D and C0 obtained from two-term, three-term, four-term and five-term Eqn.
3-3

2 -term 3-term 4-term 5-term

Co cm3 gas(STP)/cm3 rubber 26.19 26.07 26.00 26.00

D cm2sec‘* 1.48E-7 1.47E-7 1.47E-7 1.47E-7

Reexamining Fig.3-3, it was found that the desorption process for the silicone 

rubber and pressure o f 1.72 MPa was completed within an hour, (the test shown in Fig.

3-3 was finished at around 2600 seconds or less than 44 minutes). So an hour should be 

sufficient to complete a sorption test. In order to determine the time needed for gas

3 6
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sorption in rubber band to reach equilibrium, tests with 5 hours and 1 hour saturation 

times were carried out for silicone rubber and EPDM at stretch from l to 1.9. The tests 

results are shown in Table.3-2. It was found that 1 hour is long enough for sorption of 

carbon dioxide in the rubber samples to reach equilibrium for pressures up to 1.72MPa. 

Thus for all the tests, the samples were allowed to equilibrate with CO2 for 1 hour.

Table. 3-2 CO2 concentrations in rubbers (silicone rubber and EPDM) o f 5 hours and 1 
lour saturation at pressure of 1.72 MPa in unit o f [cm3 gas (STP)/cm3 rubber]________

1 hour 5 hour

Silicone rubber Stretch=l 25.44 25.50

Stretch=1.9 25.88 25.88

EPDM Stretch=l 11.80 11.80

Stretch=1.9 11.85 11.85

3.4 Gas Sorption Measurement in Rubber with Uni-directional Stretch

Since uni-directional extension is easy to generate, and the purpose o f this study is 

to verify the effect o f stretch on gas sorption in rubber, it is not necessary to cover all 

kinds o f deformation; only uni-directional extension was considered in this study.

To measure the gas sorption in rubber with uni-directional stretch, the rubber 

sample needs to be stretched to a desired level and held in place to reach equilibrium with 

the gas. The schematic o f the device used to hold the rubber sample is shown in Fig. 3-4 

(the dimensions of the frame is given in Appendix. C). The frame was made up o f an 

aluminum bracket. In the middle o f the main post, there are four strain gages arranged in 

a full bridge. Two bearings were attached to each end of the frame and the rubber sample 

was stretched over the two bearings. The distance between the two bearings is adjustable 

so that the stretch ratio o f the rubber band can be varied from 1 to 1.9.
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Data logger Rubber band
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Pressure vessel

Fig.3-4 Schematic o f test equipment used for gas sorption in rubber under stretch

The test procedure involved the following steps: stretch the rubber band to a 

desired level, hold it on the two bearings and rotate those two bearings in order to make 

sure the tension is uniform throughout the sample. The frame was placed in the pressure 

vessel and gas was introduced into the pressure vessel to a given pressure. The sample 

was then allowed to equilibrate with gas for one hour.

The output o f the strain gauge bridge was sent to a computer through a data

logger as a function of time. For a given stretch, the stress decreases as a function o f time 

and this is known as stress relaxation. The first one-hour stress relaxation data o f silicone 

rubber and EPDM are plotted in Fig. 3-5 and Fig. 3-7, respectively. During the initial 

phase o f the equilibration (<  1 0 0  seconds), there was a transient increase of stress in the 

rubber sample above the stress corresponding to the sample in air. This was caused by the 

initial temperature transient that occurred when CO2 gas was rapidly introduced into the 

pressure vessel. However, after the transient period, lower stresses at 1.72 MPa were

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



observed than for the sample in air. The decrease in stress below the values 

corresponding to air is a direct result o f the reduction in stretch ratio in the X-direction 

(direction of the applied load). Although the length in the X-direction L]x is fixed, the 

reference length L()x changes due to dilation from the absorption CO2 gas. This decrease

in X causes a decrease in stress (refer to the discussion associated with Fig. 2-3).

Towards the end of the equilibration period (approximately 1 hour), the dilation 

effect on stress stopped but there remained a steady decrease in stress due to relaxation of 

the rubber sample. From the measurement, the residual relaxation rates are approximately 

the same for the rubber sample in air and in CO2 as shown in Fig. 3-5 and Fig. 3-7 for 

silicone rubber and EPDM respectively. The difference o f the stress relaxation between at 

atmospheric pressure and at 1.72 MPa tends to converge to a constant value, as shown in 

Fig. 3-6 and Fig. 3-8 for silicone rubber and EPDM respectively. Overall, the total 

decrease in stress over a 1 hour period, due to dilation and relaxation is only about 1 0 %. 

Stress relaxation is not included in the model for predicting the effect o f stretch on 

solubility because stress relaxation is a non-equilibrium effect. The model is based on the 

thermodynamic equilibrium between pure gas and rubber at constant stress.
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3.5 Dilation Measurement

A microscope combined with a digital camera (Nikon D70) was used to measure 

the dilation of the rubber sample with uni-axial deformation under high pressure. The 

pressure vessel used in the test is of the same size and shape as used in the CO2 sorption 

tests but was modified with two windows as shown in Fig. 3-9, so that the rubber sample 

inside the vessel could be viewed through a microscope.

Fig. 3-9 Photographs of pressure chamber used for measuring the rubber dilation: (a) 
front view, (b) side view.

A schematic of the device holding the rubber band is shown in Fig.3-10. A 

reference ruler was attached to the frame so the width of the rubber could be measured 

directly. To measure the dilation of the rubber sample when exposed to CO2 at elevated 

pressure, the rubber band was stretched and held at constant length. A picture was taken 

after putting the frame and rubber sample into the pressure vessel. The vessel was 

pressurized with CO2 at a given pressure and the sample was allowed to equilibrate for 1 

hour. After equilibration, a photograph was taken showing the width of the sample. The 

pressure was increased in steps o f about 0.4 MPa up to 1.72 MPa and photographs were 

taken at each pressure.

(a) (b)

4 2
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Rubber band

Rod

Ruler

Bearing

Fig.3-10 Schematic of the frame that holds the rubber band for dilation measurement

3.136mm

Fig. 3-11 A typical picture o f rubber dilation measurement

Photoshop® was used to edit the picture and measure the width dilation o f the 

rubber band upon absorbing CO2 gas. Opening the picture with Photoshop®, an image
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like Fig. 3-11 appears. Placing the cursor at both edges o f the rubber band, the 

coordinates in units o f pixels of the points will be shown at the top right of the screen. 

With the coordinates at hand, the width o f the rubber sample can be obtained directly. 

Typically, the image of the rubber band width o f 3mm corresponded to 1100 pixels and 

the accuracy o f the measurement was 0.3%. Since for each sample, there are 5 photos 

taken at different pressure levels, it is important to measure the same position every time 

in case the width o f the sample is not uniform. The only linear dilation measurement was 

for the width of the rubber sample. It was assumed that the linear dilation in the other two 

directions were the same based on isotropic dilation.
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4. Results and Discussion

4.1 Introduction

The theory o f gas sorption in rubber with uni-axial deformation was folly 

expanded in Section. 2, but it is not convincing without experimental support. In this 

section, the parameters o f Ogden’s equation o f rubber elasticity will be determined in 

order to calculate the Helmholtz free energy change due to deformation. The gas sorption 

test results will also be presented. In order to fit the Flory-Huggins theory with 

experimental results, the partial molar volume, vapor pressure o f CO2 and the Flory- 

Huggins parameter must be obtained, and the procedure will be discussed. The 

thermodynamic model developed in Section.2 will be compared with experimental data.

4.2 Coefficients in Ogden’s Equation

Ogden’s equation has been proven to give a good prediction of the stress-stretch 

relationship for rubbers [23, 24], Since for a two-term equation there are four coefficients, 

the key point is how to determine the coefficients. A two-term Ogden’s equation is given 

as

<*. (4 - 1)

where a n is the nominal stress based on the area o f  the undeformed cross-section o f the 

rubber sample, t]i and , i = 1,2, are coefficients to be determined, and X is stretch ratio. 

According to Ogden, the first term dominates the series in the low stretch range,

1 < X < 1.8 . Thus, only the first term o f Eqn. 4-1 was considered for the low stretch ratios. 

A single-term equation is given as

(4-2)

4 5
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Examining the rubber stress-stretch data shown in Fig.4-1, the initial part o f  the 

stress-stretch curve (up to stretch o f 1.18) is in an approximately linear relationship. The 

slope o f the initial part was found to be 5.75 MPa and the intercept on the stress axis was 

-5.12 MPa.

x 10

o Experiment

1.5 2
Stretch ratio X

Fig. 4-1 The silicone rubber stress-stretch curve at 20°C

Thus, the stress-stretch relationship for the initial part is approximately given as

<7n = 575/1 -  572 * 575(/t -1 ) (4-3)

If^j was determined to be 575 N/cm2, { l  - l )  must be equal to(/t" 1_1 -  A a'n 'A )for the 

low stretch range. For the low stretches, a number o f a x values were obtained by equating 

Eqns. 4-2 and 4-3 to be Eqn 4-4 that was solved fo r a , , at different values o f 1  in the low 

stretch range and the results are given in Table 4-1,

4 6
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A-i = r i_1 - r "i/2_1

Table. 4-1 The calculated value o f in the small stretch range.

(4-4)

Stretch ratio 1 .0 1 1.030 1.058 1.086 1.128 1.183 Average value

a { 0 .6 8 0.69 0.72 0.74 0.78 0.83 0.74

The single term Ogden’s equation with coefficients, rj} = 5.15MPa and a x = 0.74 is 

plotted in Fig.4-2 and compared with experimental data.

x 106
3.5

2.5

CM
E
z
(/)(/)
fi
in

0.5 o Experimental data 
—  One-term Ogden's equation

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
Stretch ratio X

Fig.4 -2 One term Ogden’s equation with rjx -  5.15MPa and a , = 0.74 compared with 
experimental data for silicone rubber.

Examining Fig. 4-2, slight differences between the equation and experimental data above 

stretch ratio 1.5 were found. In order to minimize the error to get a better fit, a least

4 7
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squares fit was used to find a better value o f 77,. The square of the error is defined as

M

where y t is the measured nominal stress at a certain stretch, X < 2 .0 , since good fit up

to stretch ratio o f about 2.0 was achieved as shown in Fig. 4-2, and cr\ is the single term 

Ogden’s equation prediction. Fora, = 0.74, the value of 77, that yields the least square 

error can be obtained by solving the following equation:

f d(E2)^
-  0 (4-5)

5 J ai

Solving Eqn. 4-5, 77, was calculated to be 5.62MPa fo ra , = 0.74. The value o f a , was 

obtained from Eqn. 4-4, which depends on the linear part o f the force-stretch curve and is 

independent o f //,; thus the change of r\x does not affect the value o f a , . Finally, 77, and 

a , were determined to be 5.62 MPa and 0.74 respectively. Plotting the one-term Ogden’s 

equation with 77, = 5.62MPa and a , = 0.74 in Fig. 4-3, a good agreement was found with 

experimental data for stretch ratios up to 1 .8 .

Having obtained a good fit to the experimental data up to stretch of about 1.8 with 

a single-term equation, the second term needs to be introduced in order to achieve a good 

fit to the full range o f the data. By employing a single -term  equation, the curve fits the 

data well up to stretch ratio of 1 .8 , it is only necessary to consider the stretch ratios 

greater than 1 .8 .

For a 2 sufficiently greater than zero and X > 1.8 , the dominant term in

Vi r x ai~x - x * 2̂  
\

-1 V -1is 772 2" 2 . Neglecting the contribution o f772 A /2  , and moving the
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Fig. 4-3 Single term Ogden’s equation prediction with 77, = 5.62MPa and a  = 0.74, 
compared with silicone stretch-elongation data

first term on the right hand side of the Eqn. 4-1 to the left hand side, the equation 

becomes

- I x = 72 1 rj2X*- (4-6)

Taking the natural logarithm on both side o f Eqn. 4-6 yields

In - 7 i r *-1 -x 72  1 ln 772 + (a 2 - l ) ln A

For stretches above 1.8 , t)2 and a 2 were obtained by plotting

In ° » - * 7 1 -  A '
-<V-1 ̂

versus In A as shown in Fig.4-4. The slope is
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approximately a 2 - 1 , and the intercept is \nrj2.

i
CN

di
~U.i

i

j J

iI
C

,0.3 ,0.410 10
Stretch ratio X

Fig. 4-4 ln[crn -  77, (Aa' 1 -  A ^  ')] versus In A for silicone rubber

Examining Fig. 4-4, the values o f rf2 and <2 2 were found to be 7.85 x \0  5MPa and 11.12

respectively.

The four coefficients o f the two-term Ogden’s equation for silicone rubber were 

determined to be:

7 , = 5.62 MPa tj2 = 7.85 x 10 ~sMPa

a l = 0.74 a 2 =11.12

The two-term Ogden’s equation compared with silicone rubber stress-stretch data is 

given in Fig. 4-5. The fit is now very good up to a stretch ratio of 2.4.

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



x 106
4.5

3.5

CM

2.5z
CO
CO

CO

O Experimental data 
 Two-term Ogden's equation

0.5

2.2 2.4 2.6
Stretch ratio X

Fig. 4-5 Two-term Ogden’s equation compared with silicone rubber stress-stretch data.

Following the same procedure, the four coefficients o f the two-term Ogden’s 

equation for EPDM are:

Tjx = l.QlMPa tj2 = 2 .0 0  x \0~4 MPa

a x = 0.73 a 2 =11.57

A two-term Ogden’s equation with the above coefficients was plotted and compared with 

EPDM stress-stretch data. The Ogden’s model is in good agreement with experimental 

data as shown in Fig. 4-6.

In using Ogden’s equation for describing the stress-stretch relationship, a question 

arises regarding the physical interpretation o f the parameter, tj] , a ], /u2 and a 2.
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Fig. 4-6 Two-term Ogden’s equation compared with EPDM stress-stretch data.

In the low stretch range, the rubber stress-stretch relationship is nearly linear, and a 

single-term Ogden’s equation is capable of describing such a relationship. Thus, a single

term Ogden’s equation was used for simplifying the derivation to describe the stress- 

stretch relationship according to Eqn. 2-10.

(4-7)

Expanding Eqn. 4-7 in Taylor’s series about X equal to 1 yields

(4-8)

5 2
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Since the strain, e  = A - 1 ,  is in the small deformation range, neglecting higher order 

terms, Eqn.4-8 becomes

a i =Tjx - P  + rjxa xs i (4-9)

For a uni-directional stretch, cr1 = a , cr2 = cr3 = 0 and s x = s ,  s 2 = s 3 = ~ ~ s  f°r small

deformation where it is assumed that Poisson’s ratio is 0.5. Substituting cTj, < 7 2 , s x and 

s 2 into Eqn. 4-9 yields 

a  = rjx - P  + rjxa xs

and

0 = T]x- P  + T]xa x( ~ e )

Eliminating P leads to

cj = ^T]xa xs  (4-10)

For small stretch ratios, the stress-strain relationship is approximately linearly elastic, and 

can be explained by Hook’s law,

a  = Es  (4-11)

where E  is Young’s modulus. Equating Eqn. 4-10 and Eqn. 4-9 shows the relationship 

between Young’s modulus and Ogden’s parameters

E  = ^ j] xa x (4-12)

The shear modulus, G is related to E  and Poisson’s ratio, v

G = - E  -  (4-13)
2(1 + v)

For an ideal rubber, with a Poisson’s ratio of 0.5, Eqn. 4-13 becomes

5 3
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Thus, the product o f the Ogden’s parameters ju[a ] is related to the shear modulus o f 

rubber

2 G = rtxa x (4-14)

Since a x was shown to be close to 0.75 for both silicone rubber and EPDM, rjx is 

approximately three times the shear modulus o f rubber. Although rubbers are not linearly 

elastic, the relationship in Eqn. 4-12 does provide some basis that higher values o f 7 , a , 

leads to higher rubber shear modulus.

4.3 Validation of Desorption Technique for Rubber in Stress-Free State

Most of the literature data o f gas sorption in rubber are for the stress-free state. In 

order to check the reliability of the current test methodology, the CO2 solubility in rubber 

in the stress-free state must be measured for comparison. Preliminary results are 

presented for the solubility of CO2 in silicone rubber in Fig. 4-7 at a temperature o f 20°C. 

The data obtained for CO2 in silicone rubber were compared with data from [3,7]. 

Unfortunately, these data are not exactly comparable because they were taken at 35°C, 

while the tests were conducted at 20°C; however, they do provide some basis for 

comparing the desorption technique with the barometric technique used by Pope et al. 

and Fleming and Koros.

For pressures below 1.4 M P a , the data obtained in this study lie between the two 

sets o f data obtained from the literature, while for pressures above 1.4 M P a , the current 

data is above the two literature values. It is believed that the data from Pope et al. [7] are
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Fig. 4-7 Sorption isotherm of carbon dioxide in silicone rubber at 20°C and comparison 
with literature data

more accurate than those of the initial tests done by Fleming and Koros [3]. The present 

measurements yield solubilities that are larger than those o f Pope, et al. [7] and larger 

than Fleming and Koros at 1.12 MPa . This is consistent with the effect of temperature on 

solubility of gas in polymers; equilibrium solubility generally decreases with an increase 

in temperature. Although the data at 0.52 MPa is lower than Pope’s data, the weight loss 

associated with these low solubilities are small and have a large error due to the 

resolution o f the analytical balance. Thus, the data of the desorption technique are in the 

right range for solubility of CO2 in silicone rubber, and the results show that the method 

used in this study is valid.

Examining Fig.4-7, a linear relation between gas pressure and gas concentration

5 5
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was found for the concentrations up to about 18.4cm3 C 0 2 (STP )/cm 3rubber, and can

be explained by the Henry’s law. The Henry’s law constant for that concentration range 

is 13.06 cm3 (STP) / (cm 3 rubber MPa), which is in good agreement with the value o f 

13.71 cm3 (STP) / (cm 3 rubber MPa) given by Fleming and Koros. At higher pressures 

and gas concentrations, the data deviates slightly from Henry’s law, which could be 

explained by a Flory-Huggins theory as shown in Eqn. 4-15.

where P  is the gas pressure, P0 is the vapor pressure at 20°C, % is the Flory-Huggins 

parameter, and (j)2 is the polymer volume fraction and given by

where <j){ is the volume fraction o f CO2, and Vg is the partial molar volume o f CO2

In order to find % in the Flory-Huggins theory, the partial molar volume and the 

vapor pressure o f CO2 must be determined. The partial molar volume o f CO2 can be 

obtained from the dilation measurement. It is assumed that the partial molar volume o f 

stress-free rubber is the same as deformed rubber, and this will be discussed later. For a 

rubber band, it is hard to measure the width in stress-free state because of curling effect; 

thus, only the stretched rubber band dilation was measured. The dilation measurements 

are presented in Table 4-2 and Table 4-3 for silicone rubber and EPDM respectively.

According to other researchers, [3], the dilation ratios o f thickness and width are 

exactly the same, which implies that rubber undergoes isotropic swelling. Thus, the

(4-15)

= 1 - ^  = 1 -
C V J  22410 _ 11 (4-16)

1 + CVg / 22410 l + CVg / 22410

(cm 3 / mol),
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Table. 4-2 Width dilation measurement o f silicone rubber at 20°C.
Pressure (M P a ) stretch ratio= 1.52 stretch ratio= 1.94

0 1.0000 1.0000

0.52 1.0069 1.0075

1.03 1.0138 1.0143

1.38 1.0180 1.0183

1.72 1.0258 1.0260

Table. 4-3 Width dilation measurement o f EPDM at 20°C.
Pressure (M P a ) stretch ratio=l .47 stretch ratio= 1.8 8

0 1.0000 1.0000

0.52 1.0035 1.0036

1.03 1.0071 1.0070

1.38 1.0090 1.0094

1.72 1.0120 1.0120

thickness and width dilation ratios were treated as the same without further measurement.

For the stretched rubber sample, the length in the X-direction is fixed as described 

in Chapter 2, and the volume dilation ratio was taken as the square o f the width dilation 

ratio. Figure 4-8 shows silicone rubber volume dilation percentage obtained from the 

volume dilation ratios for the stretch ratios of 1.52 and 1.94.

With the sorption and dilation data, it is straightforward to determine the partial 

specific volumes of the silicone rubber and CO2, and then obtain the partial molar volume. 

The partial specific volume is defined as the increase o f volume upon addition o f a unit 

mass o f a gas (cm 2 / g gas ), while the partial molar volume is defined as the increase o f

volume upon addition o f a mole o f molecules o f a gas (cm 21 mol gas). Plotting the specific 

volume of the gas-laden rubber against the mass fraction of CO2 (defined as the mass o f
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Fig. 4-8 Volume dilation percentages o f silicone rubber saturated with CO2 under stretch 
ratios o f 1.52 and 1.94

CO2 percentage in gas-laden rubber) as shown in Fig.4-9, the gas partial specific volume 

o f the gas-laden polymer can be determined from the slope o f the curve, where the 

specific volume is defined as volume per unit mass o f the gas-laden rubber. Figure. 4-9 

shows that the specific volume of gas-laden silicone rubber versus CO2 mass fraction is 

approximately a straight line in the range o f the CO2 mass fraction studied; thus the 

partial specific volume of CO2 in this range can be treated as a constant value, and 

determined from the intercept of the straight line at wcc>2 equal to 1, where wco is the

CO2 mass fraction.

The calculated partial specific volumes o f CO2 in silicone rubber and EPDM at
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20°C are given in Table 4-4 and Table 4-5 respectively. The data shows that the partial 

specific volume for stretch o f 1.52 and 1.94 is approximately the same. Thus, the 

assumption made before that the partial specific volume o f CO2 in rubber in a stress-free 

state is the same as that for stressed rubber is valid. Furthermore, the conclusion can be 

made that the partial specific volume is independent o f the stress-stretch state in the range 

of the current study. An average value o f CO2 partial specific volume is used hereafter.

0.832

55 0.828

S 0.826

> 0.822

to 0.82
Experimental data at a= 1.52 
Experimental data at A,= 1.94

0.02 0.03
Mass fraction of CCL

0.04 0.05

Fig. 4-9 Specific volume o f the gas-laden silicone rubber sample vs. CO2 mass fraction at 
20°C

Table. 4-4 CO2 partial specific volume in silicone rubber under stretch
Stretch ratio Partial specific volume (cm3/g)

1.52 1.023

1.94 1.025

Average value 1.024

5 9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table. 4-5 CO2 partial specific volume in EPDM under stretch
Stretch ratio

->
Partial specific volume (cm /g)

1.47 1.043

1.88 1.041

Average value 1.042

The partial molar volume of CO2 in silicone rubber, Vg is determined to be 45.06

cm3 / mol by converting the partial specific volume given in Table 4-4 and 4-5 to a molar 

volume (i.e. multiplying by molecular weight o f C 0 2). For EPDM, the partial molar 

volume is 45.85 cm3 / m o l. Fleming and Koros [3] have measured the partial molar 

volume of C 0 2 in silicone rubber at 35°C, and their value was 46.2 cm31 m o l . Hirose et 

al. [34] have measured the partial molar volume o f C 0 2 in low-density polyethylene over 

a temperature range of 25 to 55°C and observed no strong temperature dependence for the 

partial molar volume on the sorbed C 0 2. The average molar volume that Hirose et al. 

measured for the polyethylene/C02 system in the temperature range 25-55°C was 44.5 

cm3 / m o l . Both Fleming & Koros and Hirose’s measurement are in good agreement with 

the current partial molar volume of C 0 2 in silicone rubber and EPDM. Rubbery polymers 

are equilibrium solids, and the interactions o f gases with rubbery polymers and low 

molecular weight liquids have been shown to be very similar [30]. The infinite dilution 

partial molar volumes for C 0 2 in various low molecular weight liquids measured by 

Horuiti [31] and Reid et al. [25] were shown to be insensitive to the type o f medium and 

decrease only slightly as interactions between the medium and C 0 2 increase. The average 

value o f the partial molar volume for the C 0 2 at infinite dilutions at 25°C is 

approximately 46 cm3 / mol is also close to the current data. As for the carbon dioxide
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partial molar volume in EPDM, no literature value was found. According to the works o f 

Horuiti and Reid et al., the partial molar volume in silicone rubber and in EPDM should 

be close to each other, which is in good agreement with this study.

Another parameter required for Eqn. 4-15 is the CO2 vapor pressure at 20°C. The 

Frost-Kalkwarf-Thodos vapor pressure equation [25] was employed to evaluate the CO2 

vapor pressure:

f  \  (  p  ^
vpr _  1

v T 2V J r V
— -1  
T\ Jr

27+ C \n T  + —  
r 64

(4-17)

P  j
where Pvpr = , Pvp  is the vapor pressure at 20°C, Pc is critical pressure, Tr = — , Tc is

Be Tc

the critical temperature. The coefficients B  and C are defined as:

In P + 2.67 In Tb + —  
br 64

1 -1
P T  2

B = -----------------------------    L (4-18)
1 -  —  -0.78161n7;r

hr

T
where Tbr = — , Tbis the boiling temperature at ambient pressure o f the tests, which is 

Tr

atmospheric pressure. The constant C is defined as,

C = 0.78165 + 2.67 (4-19)

ForC02, Pc =138M Pa ,TC =304.2 K ,  Tb =194.7 A-at atmospheric pressure.

Substituting Eqn. 4-18 and 4-19 into Eqn. 4-17, the vapor pressure was calculated to be 

5.51 MPa at 20°C.

Instead of measuring it, the Flory-Huggins parameter was obtained by solving the 

Flory-Huggins equation with gas sorption measurement for zero stretch. For each 

measured sorption value, a value of % was obtained and given in Table. 4-6. And an

6 1
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average value, 1.04, was taken as the Flory-Huggins parameter for silicone rubber/CCh 

sorption isotherm; 1.71 was the calculated Flory-Huggins interaction parameter for the 

EPDM/CO2 system at 20°C.

Table. 4-6 Calculated values of Flory-Huggins parameter, %
Pressure ( MPa ) 0.52 1.03 1.38 1.72 Average value

Silicone rubber/C02 1.03 1.05 1.09 0.99 1.04

EPDM/CO2 1.69 1.76 1.72 1.69 1.71

The Flory-Huggins predictions for equilibrium gas solubilities using the average 

value o f x  and measurements are shown in Figs. 4-10 and 4-11 for silicone rubber and 

EPDM, respectively. Henry’s law constant was determined by using the measured gas 

concentration at 0.52,1.04, and 1.38 MPa was also plotted for comparison. Figure 4-10 

and 4-11 show that at low gas concentrations, Henry’s law predictions are in good 

agreement with experiment, while above that range, evident deviation from Henry’s law 

was found, and a Flory-Huggins theory gives good agreement for the full pressure range. 

The work done by Fleming and Koros [3] has proven for silicone rubber/CCh system, the 

Flory-Huggins theory gave good predictions for pressures up to 5 .6MPa .
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Fig. 4-10 Flory-Huggins equation and Henry’s law compared with experimental data in 
silicone rubber/CCh for stress free-state at 20°C.
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Fig. 4-11 Flory-Huggins equation and Henry’s law comparison with experimental data in 
EPDM/CO2 for stress free-state at 20°C.
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4.4 C 0 2 Sorption in Rubber under Uni-axial Stretch

The sorption data o f C 0 2 in silicone rubber and EPDM under different stretch 

ratios at 20°C are summarized in Table 4-7 and Table 4-8, respectively. For each pressure 

level and stretch ratio, at least 3 tests were conducted to check the repeatability and 

estimate the standard deviations for the measurement.

Table. 4-7 Concentration of CO2 in silicone rubber [cm3 CO2 (STP)/cm3rubber] at 20°C .
0.52MPa 1.03MPa 1.38MPa 1.72MPa

A=1 25.44
5.91 13.44 18.35 25.44
5.79 13.44 18.60 25.32

Average
5.97 13.19 18.35 25.51
5.89 13.35 18.44 25.43

Standard Deviation 0.10 0.14 0.14 0.08
A = 1.5 6.35 13.87 18.72 25.69

6.29 13.75 18.72 25.82

Average 6.03 13.87 18.85 25.63
6.22 13.83 18.77 25.63

Standard Deviation 0.16 0.072 0.072 0.10
k= \.9 6.91 25.88

6.97 13.94 18.97 26.00
6.91 14.06 19.16 25.88

Average
6.84 14.25 18.91 25.94
6.91 14.08 19.02 25.93

Standard Deviation 0.05 0.16 0.13 0.06

Table. 4-8 Concentration of CO2 in EP DM [cm3 C 0 2 (STP)/cm3 rubber 1 at 20°C.
0.52MPa 1.03MPa 1.38MPa 1.72MPa

A=l 6.31
3.29 6.26 8.78 11.63
3.35 6.26 8.89 11.85

Average
3.24 6.15 8.73 11.80
3.29 6.24 8.80 11.74

Standard Deviation 0.05 0.07 0.08 0.10r“HII 3.40 6.70 8.84 11.85
3.35 6.81 8.95 11.85
3.35 6.81 8.89 11.63average 3.47 6.76 8.89 11.78

Standard Deviation 0.03 0.06 0.05 0.13
A =1.9 3.40 7.08 9.27

3.51 6.97 9.33 11.80
3.56 6.91 9.16 11.80

Average
3.40 6.97 9.16 11.74
3.47 6.98 9.23 11.80

Standard Deviation 0.08 0.07 0.08 0.03
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In order to show the effect o f stretch on Henry’s law constant, only the data below

1.38 MPa were plotted in Fig. 4-12 and Fig. 4-13 for silicone rubber/C02 and EPDM/CO2

respectively, because at higher pressure or concentration, a slight deviation was found

from the Henry’s law prediction, which will be discussed later. The figures show that

Henry’s law predictions are still valid in the low concentration range for CO2 sorption in

silicone rubber and EPDM under unidirectional stretch, but the Henry’s law constants are

affected by stretch. Higher stretch ratios result in higher Henry’s law constant and this is

shown in Table 4-9. Although the difference o f the Henry’s law constants is rather small,

the effect o f the stretch on CO2 solubility in rubber is identifiable.

Table. 4-9 Henry’s law constant o f CO2 in silicone rubber and EPDM under different 
stretch ratios at 20°C [cm3 gas (STP)/ (cm3 polymer M Pa)]

X = \ >1 = 1.5 A = 1.9

Silicone rubber 13.06 13.41 13.70

EPDM 6.27 6.48 6.72

The thermodynamic model o f gas sorption in rubber under uni-axial stretch 

developed in Section 2 needs to be introduced to describe the full CO2 sorption isotherm:

47’l n | -  = tr [ ln ( l- (il2)+«l2+ r t 2]

V
2  N 0 ^ t

where (j>2, N 0 and P0 are given by

 !_______
2 1 + CVg / 22410

Ar C /22410 1a23
N n = ------------- x 6.022x10

{ 1 4 / 2 ^  )r _ (^ Y i )r ^ + ( 0 / 2  f + PV0j± -  (4-20)
^ 0
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Fig. 4-12 CO2 sorption isotherm in silicone rubber under different stretch ratios at 20°C. 
Lines through the data are linear least square fit.
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Fig. 4-13 CO2 sorption isotherm in EPDM under different stretch ratios at 20°C. Lines 
through the data are linear least square fit
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P0 =5.51 MPa

The partial molar volumes o f CO2 in silicone rubber and EPDM are 45.06 cm3 / mol and 

45.85 cm3 / mol respectively. The four coefficients o f Ogden’s equation o f silicone 

rubber stress-strain were determined to be:

Tjx =5.62MPa r/2 = 7 .8 5 x l0 “5 MPa

= 0.74 a 2 =11.12

while for EPDM, the coefficients are

tjx = l.QXMPa r i2 = 2.00x 10 ~4MPa

a 1 = 0.73 a 2 =11.57

Since the Flory-Huggins parameter, x  is defined as:

*  kT  12

it is a function o f temperature and solute -solvent segment interaction energy, and does 

not depend on stretch ratio. Thus, the Flory-Huggins parameter obtained from the zero- 

stretched rubber/C02 should be able to be applied to Eqn. 4-19 to predict gas sorption in 

rubber under uni-axial stretch. In order to verify this, the Flory-Huggins parameter,

X  was calculated for each stretch ratio, and is presented in Table. 4-10. Examining Table 

4-10, it was found that for the current stretch range, the stretch has no significant effect 

on the Flory-Huggins parameter and the Flory-Huggins parameter determined from the 

zero stretch rubber was used hereafter.

The test results are compared with the theory of gas sorption in rubber with uni

directional stretch in Fig. 4-14 and Fig. 4-15 for silicone rubber/C02 and EPDM/CO2 

respectively. The model prediction using Eqn. 4-20 show that for a stretch o f 1.9 and a
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Table. 4-10 The calculated Flory-Huggins Parameters for silicone rubber/CC>2 and 
EPDM/C02______________________________________________________________

A = 1 A = 1.5 A = 1.9 Average

Silicone rubber/C02 1.04 1.05 1.04 1.04

EPDM/CO2 1.71 1.69 1.67 1.69

CO2 pressure o f 1.72 MPa , the increase in C 0 2 gas solubility in silicone rubber is 

approximately 3.5%; the measured increase is 2%. The measured and predicted changes 

are relatively small but the trends in the measured data are predicted by the model.

A comparison o f the predicted changes in C 0 2 solubility with stretch for silicone 

rubber and EPDM show that the changes in solubility for silicone rubber should be larger 

than for EPDM. The product rjla 1 (related to the rubber shear modulus) is 4.16 MPa for 

silicone rubber compared with 1.47 MPa for EPDM, which indicts that the shear 

modulus of silicone rubber should be higher than that of EPDM. Rubber with larger shear 

modulus should have a greater increase in gas solubility due to stretch than rubber with 

smaller shear modulus. The increase o f C 0 2 solubility in silicone rubber and EPDM at 

the maximum stretch is 3.5% and 1% compared with zero stretch at \.12MPa  . This is 

shown in the experimental data where the change in C 0 2 solubility at the maximum 

stretch and highest pressure for silicone rubber is 2% compared with 0.5% for EPDM.

Error in the measurements may contribute to the deviations between theoretical 

predictions and experimental data, since the stretch effect on gas solubility is fairly small. 

The variation o f the room temperature may be another reason since no active temperature 

control facilities were employed.
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5. Conclusion and Recommendations for Further Research

5.1 Conclusions

The principle conclusions o f this work are:

(1) The desorption method is capable o f measuring the gas sorption in rubber 

under stretch. The measured CO2 solubilities in zero-stretched silicone rubber were in 

good agreement with literature values.

(2) For zero stretch, the CO2 sorption isotherm in rubber can be described 

satisfactorily by Henry’s law for pressures up to 1.38 MPa . Above that pressure, slight 

deviations from Henry’s law were observed, and a Flory-Huggins model can be used to 

explain the deviations.

(3) The partial molar volume o f CO2 in stressed silicone rubber is approximately 

the same as the values reported in silicone rubber in a stress-free state [1], which means 

that the stretch has no significant effect on partial molar volume.

(4) The stretch has no significant effect on the Flory-Huggins parameter and 

supports the assumption that the Helmholtz free energies change due to mixing and 

deformation are independent o f each other is valid.

(5) Introducing the Ogden’s model for rubber elasticity, a thermodynamic model 

was developed based on Flory-Huggins theory. The model provided a reasonable 

agreement with experimental data for the pressure range studied. When a stressed rubber 

sample was involved, identifiable but insignificant effect o f stretch on gas solubility was 

observed: higher stretch ratio leads to higher solubility and higher Henry’s law constant 

at the same gas pressure. Based on this model, the stretch has more significant effect on 

gas sorption for rubbers with higher shear modulus.
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5.2 Recommendation for Future Study

(1) Future tests should be done on rubbers with higher shear modulus than used in 

the current study in order to get more significant effect o f stretch on gas solubility in 

rubber.

(2) In this study, only uni-direction extension was considered. Since the Ogden’s 

model is able to describe many kinds o f deformations, such as simple tension, equi- 

biaxial, pure shear, and simple shear; it is straightforward to develop the thermodynamic 

model of gas sorption in rubbery material with arbitrary strains. Multiple deformations 

are suggested for further study in order to generalize the model.

(2) The gas solubility is affected by temperature. In order to eliminate possible 

source o f error, effective temperature control is strongly recommended in future work.

(3) The weight o f sample used in this study is so small that the weigh gain o f the 

sample cannot be measured accurately at low pressure. The weights are around 0.2 gram 

and 0.9 gram for silicone rubber and EPDM respectively; and the mass o f sorbed CO2 gas 

in silicone rubber and EPDM under 0.52MPa is about 2.0 mg and 5.5 mg. A bigger 

(heavier) sample will minimize the error o f the weight measurement and is suggested for 

the future study.

(4) The initial delay when the sample was removed from the pressure vessel and 

placed on the analytical balance may affect the accuracy o f the measurement. When 

taking out the rubber sample from the pressure vessel, the stress was removed suddenly.

If such a change o f stress state in rubber affects the rate at which gas diffuses out of the 

sample, this will result in an additional error. In order to minimize the error, this effect 

should be considered.
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Appendix A

Poisson’s Ratio Measurement

Poisson’s ratio is defined as the increment o f the decrease in width divided by the

increment o f the length upon stretching for small deformation. Rubbers are usually

thought to be incompressible materials, and the Poisson’s ratio for an ideal rubber is 0.5.

The measured Poisson’s ratios at various stretch ratios for the rubbers used in this study

are plotted in Figs. A -l and Fig. A-2. Note that Poisson’s ratio is the value a tX « 1, and

values measured at higher stretch ratios deviate from this limit and are not representative

of the Poisson’s ratio.

0.6

0.5

q
S 0.4
y>

.« 0.3o
CL

0.2

0.1

0 '
1 1.2 1.4 1.6 1.8 2 2.2 2.4

Stretch Ratio

Fig. A -l Poisson’s ratio measurement of silicone rubber
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Fig. A-2 Poisson’s ratio measurements of EPDM

Examining Figs. A-l and A-2, it was found that the Poisson’s ratio o f silicone 

rubber and EPDM are close to 0.5 at small stretch, and slowly decrease as stretch 

increases. Thus it is reasonable to treat the silicone rubber and EPDM as incompressible 

materials.
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Appendix B 

DSC Measurement of Silicone Rubber

In order to measure the degree o f crystallinity of silicone rubber, a DSC test was 

carried out with a heating rate 5°C/min. The results are presented in Fig. B-l for silicone 

rubber.
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Fig. B -l Silicone rubber DSC measurement data

Examining Fig. B -l, there is a small peak at about 50°C, which was thought to be 

the point that crystals formed. Usually, rubber is produced by reducing the temperature 

quickly. With rapid cooling, crystals do not have a chance to form. Thus, when the rubber 

is heated past the crystalline temperature, Tc , crystals are formed, which is shown in Fig. 

B -l. Thus, the degree of crystallinity o f silicone rubber was determined to be zero.
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Appendix C 

Dimensions of the Frame

The dimensions of the frame used to hold the rubber band are given in Fig. C -l. 

In the middle of the main post, there are four strain gauges arranged in a full bridge (two 

strain gauges on each side). Only the main post and the two arms are shown in the figure.

3mm

8mm

■mm

Strain gauge

Fig. C -l Dimensions o f the frame that holds strain gages used in gas sorption 
measurement.
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