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SYNOPSIS

This work describes a method developed to study the permeation of fluids through rubber
membrane in a semiautomatic manner, in such a way that information regarding the com-
plete process is obtained. Using this technique, several permeation parameters were assessed
with fluoroelastomer and hydrogenated nitrile rubber membranes. A phenomenological
model for the permeation process is proposed that includes two concomitant physical phe-
nomena: the swelling of the membrane and the permeation itself. Simple mathematical
relationships are derived from the experimental data, with the permeation rate as the key

parameter.

INTRODUCTION

The resistance to methanol-containing fuels, which
is now required for various rubber applications in
the automotive field, has again focused attention on
the evaluation methods for the fuel resistance of
rubber. Basically chemical and physical effects have
to be considered when a rubber is in contact with a
fluid. When chemical effects occur, they are likely
to strongly affect the structure of the elastomer and
ultimately lead to a destruction of the network; in
such a case the rubber is not suitable for the appli-
cation. Physical effects refer essentially to the dif-
fusion of the fluid into the elastomer, which con-
tributes to permeation and/or swelling.
Permeation is the key parameter when only one
face of the rubber item is in contact with the fluid,
such as in hoses, seals, membranes, diaphragms, etc.
Permeation cannot be considered as a mere diffusion
process since several physical phenomena are in-
volved, i.e., absorption of the fluid by the exposed
face of the rubber item, diffusion through the rubber,
and eventually desorption on the other face. Usual
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liquid permeation methods are based on weight
variation of a vessel containing the permeating fluid
and closed by the tested rubber membrane, such as
with the Payne cup method described in ASTM
D1653-72. This method requires periodic weighing
of the test vessel in order to determine the steady-
state equilibrium to allow the constant rate of weight
loss to be assessed. Several authors have used this
method to study the permeability of rubber items
(membranes, laminates) to fuels and gasohol,'? and
a review of the various aspects of permeation
through rubbers and plastics has been published.?
Other methods consist essentially in the periodic
weighing of hoses containing the permeating fluid.

The most popular method to assess the fluid re-
sistance of rubber parts is the swelling method, i.e.,
the measure of the fluid up-take by a piece of rubber
immersed in the fluid. There are numerous publi-
cations available concerning this method,*® but if
swelling and permeation are obviously related phe-
nomena, it must be noted that swelling results give
no information regarding the permeation resistance
of the rubber to the fluid or to certain components
of the fluid, as commented in a recent work.”

The purpose of this work is to describe a method
developed to study the permeation of fluids through
rubber membrane in a semiautomatic manner, in
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such a way that information regarding the complete
process is obtained. In other words the method
hereafter described allows us to consider the tran-
sient as well as the steady-state permeation.

THEORETICAL ASPECTS OF PERMEATION
AND DIFFUSION

The basic mathematical aspects of diffusion are ex-
tensively described in textbooks®® and in review pa-
pers.® Only some basic aspects of the permeation
of liquid through elastomer membranes will be
briefly discussed here.

Permeation is a transport phenomenon that de-
scribes the crossing of a (rubber) membrane by a
foreign molecule, the driving force being the absence
of concentration equilibrium in the foreign molecule
between the two media on both sides of the rubber
membrane. Practical cases of permeation concern,
for instance, the fuel vapor loss through pipe and
hose walls in automotive applications. With respect
to the schematic description given in Figure 1, there
are at least four distinct processes to be considered
when a foreign molecule permeates through a rubber
membrane:

1. The absorption of the foreign molecule on
face A of the membrane.

FLUID PERMEATION IN RUBBER MEMBRANE
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Figure 1. Schematic description of the permeation
process.

2. The diffusion through the membrane, from
face A to face B.

3. The swelling of the membrane, concomitant
with the diffusion.

4. The evaporation (or extraction) of the for-
eign molecule on face B of the membrane.

Assuming an instantaneous contact of the medium
A (containing the permeating molecules) with the
face A of the membrane at time ¢t = 0, it is obvious
that the above processes are not taking place all in
the same time. There is thus an important kinetic
aspect in the permeation problem.

The well-known Fick equations offer a basic
theoretical approach to the permeation problem. i.e.:

F.=D % (first Fick law)
0x
9%C acC .
_8x > = E (second Fick law)

where F, is the rate of diffusion through unit area
of material, D the diffusion coefficient of the diffus-
ing substance, and C the concentration (dC/dx is
therefore the concentration gradient along the dif-
fusion direction x). Implicitly the Fick laws assume
that the diffusion coefficient D is constant, irre-
spective of the concentration. This is obviously not
the case with rubber membranes that swell when in
contact with a permeating fluid.

The diffusing substances loosen the rubber struc-
ture, which facilitates the movement of the diffusing
molecule and hence a variation of the diffusion coef-
ficient. In addition there are, with rubbers, time-
dependent processes caused by the swelling of the
elastomer by the permeating fluid that are likely to
render D not only concentration dependent but also
time dependent.

In dealing with the particular problem of the per-
meation of certain components of modern fuels
through rubber membrane (methanol, for instance),
it has been shown that the kinetic aspects are rather
important.” The transient-state permeation is
therefore as important as the steady-state perme-
ation. The concentration dependence (not to men-
tion the time dependence) of the diffusion coefficient
complicates the theoretical approach of the per-
meation—diffusion process not only because it makes
the mathematics difficult to handle but also because
one has to determine the dependence law of D. Sev-
eral attempts are reported in the literature (see Ref.
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Figure 2. Theoretical permeation curve.

10), the simplest one being to consider a linear re-
lationship of the type!!

Dc = DC:()(]. +AC)

where A is a constant. An equation can then be de-
rived relating the diffusion coefficient D¢_, with the
thickness h of a permeated membrane and the time
lag L of the permeation, i.e., the time necessary for
the steady-state permeation to be established (see
Fig. 2):

A
(1+ 40)
h2
De-y = (6—5) _——AC
(1 + —23)

where C, is the equilibrium concentration of the
permeating fluid in the membrane interface. The
interesting aspect of this approach is the reference
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to the time lag L of the permeation, which is likely
to be an important experimental parameter with re-
spect to practical situations. As we will show, our
experimental method does allow a similar time lag
parameter to be determined.

PERMEATION CELL

Principle of the Method

The method has been developed to study more ac-
curately the kinetic parameters of liquid permeation
through a rubber membrane in contact on one side
with a solvent.

As shown in Figure 3, the permeation cell consists
of a two-part glass vessel separated by the rubber
membrane; the upper part is filled with the solvent
while the pressure is reduced in the lower compart-
ment. The permeation through the membrane is as-
sessed by measuring the pressure variation versus
time in the lower compartment with an electronic
gauge connected to a recorder. With this technique
the permeation process is thus followed in a contin-
uous way. Moreover, since very small pressure vari-
ations can be measured, minute permeating amounts
can be detected, and the method is suitable to study
the permeation kinetics with accuracy and sensi-
tivity.

Test Method

The rubber membrane, whose thickness map has
been previously measured, is first mounted in the
cell and the pressure is reduced in the lower com-
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Figure 3. Description of the permeation cell.
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partment, at the desired level (usually 0.200 bar).
A delay of at least 24 h is observed during which no
significant pressure variation must be detected be-
fore the system is considered as perfectly tightened.
Then the solvent is poured in the upper part of the
cell and a stopper is used to close it and thus avoid
evaporation. The experiment lasts for several days
to a few months depending on the permeation re-
sistance of the membrane. When the permeation
test is completed the membrane is carefully removed
from the cell, blotted with filter paper, and the final
thicknesses map is measured.

The results reported here were obtained with pure
methanol as permeating fluid, and all tests were
performed at 23°C.

Data Treatment

The test data are treated as follows: From the re-
corded pressure curve, a pressure variation curve is
drawn with respect to the initial reduced pressure.
The amount of permeating gas moles, 2, is calculated
according to the perfect gas law:

_ PV

"TRT

TableI Test Membranes

where P = pressure variation read (atm)
V = volume of the lower part of the cell (L)
R = gas constant (0.082 atm/L K)
T = test temperature (K)

When dividing n by the membrane area, the specific
permeation (at given thickness) is eventually ob-
tained.

EXPERIMENTAL RESULTS

Tested Samples

Two different types of elastomers were used in pre-
paring various test membranes: fluoroelastomer
(FKM) and hydrogenated nitrile rubber (HNBR),
with respect to known applications of such materials
in manufacturing rubber parts for which a resistance
to methanolated fuels is required.

The characteristics of the different elastomers
tested are given in Table 1. All formulations were
compounded according to standard practices and the
membranes were compression molded with a special
mold offering high-quality metal surfaces and a tight
control of the cavity depth. The optimal curing con-
ditions were determined from oscillating disk rheo-
meter data.

Sheet
Sample Curing Filler Type Thickness
Coding Elastomer Type System and Content (mm)
FKM68Bb Fluoroelast. Bisphenol A Carbon black 1;1.2; 2
68%F N990
30phr
FKM68Bw Fluoroelast. Bisphenol A Wollastonite* 1;2
68%F NYAD400
30phr
FKM68Pb Fluoroelast. Peroxide Carbon black 1;1.2; 2
68%F N990
30phr
FKM68Pw Fluoroelast. Peroxide Wollastonite* 1;2
68%F NYAD400
30phr
FKM70Bb Fluoroelast. Bisphenol A Carbon black 1;1.2; 2
T0%F N990
30phr
HNBRb Hydrogenated nitrile Peroxide Carbon black 1.1;1.3; 1.7
rubber N660
38%AN 50phr
95% sat.

* Wollastonite = Calcium metasilicate



Results
Typical Permeation Curve

Figure 4 is a typical specific permeation curve in
terms of millimole of permeating fluid (i.e., meth-
anol) per cm?. The curve has a typical shape and at
least four different zones can be distinguished:

1. First, an induction region (A) is observed,
during which the solvent is penetrating
through the rubber membrane; swelling of the
membrane is likely to occur but no permeat-
ing molecule is detected.

2. The beginning of the second region (B) cor-
responds to the early detection of pressure
increase in the lower compartment of the cell;
during the following stabilization period,
growing amounts of permeating molecules are
detected in an essentially unsteady manner.

3. The third zone (C) corresponds to a steady-
state regime; the slope is maximum and con-
stant and allows an average permeation rate
to be calculated.

4. In the last part (D) the slope decreases but
cannot be any more related to the permeation
process since at this stage the methanol par-
tial pressure has reached its saturation value
at the test temperature.

In the best cases the method thus gives access to
three basic parameters for any given test membrane:
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the induction time (¢;), the stabilization time (&),
and the average permeation rate (V,). However,
with certain membranes, the stabilization period is
somewhat ambiguous because the experimental
curve does not exhibit the simple shape of Figure 4.
In such cases the stabilization time may be ill-de-
fined.

Fluoroelastomers Test Results

Typical experimental curves are shown in Figure 5,
as obtained with membranes of 68% fluorine carbon
black filled compounds, vulcanized with a peroxide
curing system. Similar curves are obtained with the
other test samples. The permeation parameters ¢;,
t;, and V,, as defined above, were read on the ex-
perimental permeation curves (Table II).

As expected, the permeation parameters are de-
pending on the membrane thickness for the three
FKM tested. The time parameters, i.e., t; and ¢,, are
increasing with the initial thickness of the mem-
brane, while the permeation rate V) is inversely
proportional to the initial thickness, as illustrated
in Figure 6. The fluorine content of the elastomer
has a drastic effect of these parameters. Indeed, just
two percent more fluorine allow the induction time
to be multiplied by a factor of 4-5 at equal thickness.
The influence of the vulcanization system is nearly
negligible; the compound vulcanized with the per-
oxide system exhibits slightly lower induction time

Specific Permeation (mmol/cm=~2)

0,11 :
A . B C
0,08 1 stabilization
region
0,06 ; ; 3
j average
induction region : ; permea(ion rate
0,04 - (Vo)
0,02
0 . : 1
0 Y 400 ts 200

Time ( hours )

Figure 4. Typical permeation curve obtained with the method described in this work.
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Figure 5. Ezxample of experimental permeation curves obtained for FKM68Pb at various

membrane thicknesses.

and higher permeation rate but such differences are
close to the experimental scatter. The wollastonite
formulations behave rather similarly to the carbon
black ones for the FKM68, particularly with the
thinner membranes (1 mm); when the thickness in-
creases, small differences are observed.

The average thickness of the membranes were
measured after completion of the permeation test.

Table II FKM Permeation Results

As seen in Table II, the thickness variation with
respect to the initial thickness depends essentially
on the fluorine content, and on the vulcanization
system. Indeed, the thickness variation is around
11.2% for the 68% fluorine membranes vulcanized
with bisphenol AF, 7.5% for the 68% F membranes
cured with peroxide and 4.2% for the 70% F mem-
branes. The type of filler (carbon black or wollas-

Thickness Induction Permeation
variation Ah time Stabilization rate
(%) (hours) time (hours) (mmol/cm®+h)

FKM69Pb 1 mm 11 40 45 0.0027
FKM68Pb 1.2 mm 11.5 60 80 0.0014
FKM68Pb 2 mm 10 160 255 0.0010
FKM68Pw 1 mm 11.5 50 55 0.0026
FKM68Pw 2 mm 12 150 220 0.0013
FKM68Bb 1 mm 7.5 55 60 0.0019
FKM68Bb 1.2 mm 7.5 95 120 0.0012
FKM68Bb 2 mm 7 180 280 0.0006
FKM68Bw 1 mm 8 60 70 0.0017
FKM68Bw 2 mm 7.5 160 220 0.0005
FKM70Bb 1 mm 4 180 200 0.0003
FKM70Bb 1.2 mm 4.5 230 310 0.00021
FKM70Bb 2 mm 4 350 490 0.00019
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PERMEATION THROUGH FLUOROELASTOMER MEMBRANES
Carbon Black filled compounds
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Figure 6. Effect of the membrane thickness on the permeation parameters for various
FKM.

tonite) has no significant effect. All these formu-
lation effects are summarized in Table III.

Hydrogenated Nitrile Rubber Test Results

The permeation behaviour of HNBR is qualitatively
similar to FKM. Indeed the experimental curves ex-
hibit essentially the same shape and the permeation
parameters t;, t;, and V,, also depend on the initial

thickness in the same way, as shown in Figure 7.
The thickness variation (in %), as well as the weight
variation, are not affected by the initial thickness
of the membrane, as shown in Table IV.

The simple comparison of the permeation data,
as obtained for the FKM and HNBR membranes,
shows directly than the later is much more perme-
able to methanol than the former. Particularly, the
permeation rate is considerable higher and the in-
duction time is lower for the HNBR.
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Table III FKM Results: Summarized Effects

Membrane parameter Variation Variation Variation Variation
modification of t; of ¢, of V, of Ah

} of % Fluor M M W W
Filler type: replacing CB by

Wollastonite — — — —
Curing system: replacing BA by

peroxide v v 4 M
4 Initial thickness M A W —
DISCUSSION sentially no permeant molecule is passing; from ¢;

Whatever the membrane tested, the permeation
curve presents always the same pattern, which is
best described with respect to the measured time
parameters of the experiment, i.e., the induction
time ¢; and the stabilization time ¢,. For instance,
the observed phenomena can be described by the
following sequence of events: from time zero to ¢;,
only swelling of the membrane is occurring and es-

PERMEATION THROUGH HNBR MEMBRANES
Carbon Btack filled compounds
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Figure 7. Effect of the membrane thickness on the per-
meation parameters for HNBRb.

to t,, the swelling process continues but the per-
meation occurs; beyond ¢,, the equilibrium swollen
state is reached and the permeation proceeds at
constant rate. In other words, the test results can
be interpreted with respect to two simple concomi-
tant physical phenomena, i.e., (1) the swelling of the
membrane as the fluid penetrates into it and (ii)
the permeation itself. As illustrated in Figure 8, the
swelling competes thus with the permeation process
until an equilibrium swollen state is reached. Con-
sequently the actual amount of permeating mole-
cules having readily passed through the membrane—
and therefore detectable on the other side—is de-
pleted until time ¢, i.e., until the steady-state is es-
tablished. At this stage, the maximum swollen
thickness of the membrane h; is reached, and there-
fore the time £, is likely to be the time for maximum
swelling to be reached.

With respect to the above modeling of the per-
meation-swelling process, it is clear that the key
parameter is the permeation rate V,. Consequently,
there must be a relationship between the time pa-
rameters, i.e., {; and t,, and V, providing the actual
thickness at the time considered is taken into ac-
count. With the assumption that the final thickness
h; of the membrane is reached at t;, the ratio of ¢,
versus the thickness variation can be expected to be
inversely proportional to the permeation rate,
whatever the initial membrane thickness and the
formulation, for a given rubber. Indeed, as shown
in Figure 9, all the fluoroelastomer membranes data
can be well fitted with such a simple relationship,
ie.

te
hs — ho

_4
VP

where t, = stabilization time (h)
h; = final thickness (cm)
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Table IV HNBRb: Permeation Results
Thickness Weight Induction Stabilization Permeation
Membrane Variation Variation Time Time Rate
Thickness (%) (%) (hours) (hours) (mmol/cm?«h)
1.1 mm 3.1 3.7 32 325 0.008
1.3 mm 3.5 3.9 33 34 0.007
1.7 mm 3.3 4.2 38 41 0.006
hy = initial thickness (cm) The proximity of the HNBR data points from the

V, = permeation rate (mmol/ cm? h)
A = coeflicient

The data point with the hydrogenated nitrile rubber
membranes have been plotted in Figure 9 but were
not included in the fitting. Indeed the nature of the
rubber is controlling the permeation-swelling pro-
cess, and while a similar relationship is likely to hold
for all material, the coefficient is surely different.

curve fitted to the FKM data has therefore no par-
ticular meaning, except that they reflect the poor
permeation resistance of HNBR to methanol.

The induction time t; corresponds to the first de-
tection of permeant molecules having passed
through the membrane. At this stage, the swollen
state of the membrane is still transitory, and, if the
actual thickness h; of the membrane could be as-
sessed, one would expect the corresponding ratio,

ONE SIDE ELASTOMER MEMBRANE PERMEATION MECHANISM
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Figure 8. Schematic model proposed for the permeation process taking into account the

concomitant swelling process.
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Figure 9. Relationship between the stabilization time and the permeation rate for various

FKM.

ie., t;/(h; — hy), to fit the same relationship. The
thickness h; at time ¢; can be estimated with respect
to the observed swelling kinetics of FKM mem-
branes in methanol-containing fuels, as previously
reported.” With respect to the expected swelling
curve drawn in Figure 8, the membrane swelling can
be modeled with a relatively simple equation using
the available experimental data, i.e.:

h=ho+<hf—ho)[1—(tst t) ]
where h = membrane thickness at time ¢
t, = stabilization time (h)
h = final thickness (cm)
ho = initial thickness (cm)
m = swelling kinetics coefficient

In such a model the swelling kinetics (from the ini-
tial thickness hg to the final thickness h;) depends
on the coefficient m and on the stabilization time
t,. With respect to the observation that fluid ab-
sorption processes in the earlier stage are propor-
tional to the square root of time,!° the most logical
choice for m is 2, since a time difference (¢, — t) is
considered in the model. Plots of this relationship
for various values of the hy, hy, and ¢, give indeed
smoothly increasing curves corresponding well with
the observed swelling kinetics. The actual thickness
h; at time t;, were then calculated for all the tested
membranes and, as shown in Figure 10, the ratio ¢; /
(h; — hy) gives data point that fit nearly the same
curve as the ratio t;/(h; — hy). The permeation rate
appears thus as the key parameter, controlling not
only the passage of methanol molecules through the

7 —
htlh Lo
i"'o O m :FKMEs
or O @ :FKM70
ts A A :HNBR
hs-hg
(hem)x10°
[ A A 4
o 1 1 1 1
0 0.002 0.004 0.006 0.008 0.010

Permeation rate (mmol/cm2.h)

Figure 10. Relationships between the induction and stabilization times and the per-

meation rate for various FKM.



FKM membranes but also the swelling mechanism
itself, since all test results fit the following simple
equation

tV,

Ah =
12.13

where Ah = thickness variation (cm) at time ¢
= time (h)
V, = permeation rate (mmol/cm?® h)

CONCLUSIONS

The permeation cell technique allows more infor-
mation to be obtained than standard methods on
the behavior of elastomer products exposed to
(nonchemically destructive) fluids. Several perme-
ation parameters can be assessed, i.e., the induction
time, the stabilization time, and the permeation rate.
Furthermore test results can be interpreted with re-
spect to two concomitant physical phenomena tak-
ing place during the process: (i) the swelling of the
membrane as the fluid penetrates into it and (ii)
the permeation itself. The swelling clearly competes
with the permeation process until the former is
completed, i.e., until an equilibrium swollen state is
achieved.

Through a suitable data treatment, it has been
demonstrated that the permeation rate—which can
be readily assessed when the swelling is completed—
is the key parameter of the whole process. For a
given type of rubber, it has been shown that the
actual thickness at any time during the swelling
stage can be assessed with a relatively simple model,
providing the stabilization time and the final swollen
thickness is known. Moreover the thickness varia-
tion is essentially controlled by the permeation rate
for a given type of rubber, whatever the formulation
of the compound.

According to the reported results and the phe-
nomenological model for the permeation, all ob-
served effects are clearly understood. Since swelling
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and permeation are related phenomena, the param-
eters affecting the former affect also the later. While
further works with other families of polymer should
be made to confirm the general validity of the re-
ported observation, it is nevertheless clear that any
realistic mathematical simulation of the perme-
ation—swelling processes of fluids through elastomer
membranes should take into consideration the con-
comitant physical phenomena as identified with the
testing technique described.

The authors wish to thank M. Chominiatycz and G. De-
lespesse for the assistance they provided to build the cell
and R. Lionnet for his technical contribution.
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