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Quantitative model for the time
development of diffusion-limited oxidation

profiles
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We combine diffusion and kinetic expressions with chemical/mechanical property relationships to develop a
complete, quantitative model with no arbitrarily adjustable parameters for the time development of
diffusion-limited oxidation profiles. Excellent agreement between experimental and theoretical modulus
profiles for two materials (a nitrile and a neoprene) confirms our understanding of diffusion-limited
oxidation and its time and temperature dependencies. The simple assumption of no time dependencies in any
of the model parameters is adequate for predictions relevant to elastomer service lifetimes. © 1997 Elsevier

Science Ltd. All rights reserved.
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INTRODUCTION

Diffusion-limited oxidation (DLO) is frequently a
significant influence on reactive systems in which
oxygen diffuses into a solid, and can be observed when
the rate of oxygen consumption within the material is
greater than the rate at which oxygen can be resupplied
to the interior of the material by diffusion. Typical
diffusion-limited oxidation effects are shown in Figures 1
and 2. These figures show modulus profiles'” at selected
times and temperatures for a nitrile rubber in the range
65—125°C and for a neoprene rubber in the range 100-
150°C, respectively. (The solid curves in the figures are
predictions resulting from the modelling described in this
work and are fully discussed later in the paper.) Consider-
able complexity of the profiles with respect to both time
and temperature is evident. At the higher temperatures,
profiles are heterogeneous at all times, with the extent of
heterogeneity increasing with time; at the lower tempera-
tures, profiles remain homogeneous for long times.

We have noted that thermo-oxidative ageing of
elastomers typically results in heterogeneities’. Indeed,
heterogeneities resulting from diffusion limitations are
common; a well-known example of such effects pertains
to reaction on porous catalysts*. Potential problems arise
whenever it is assumed that oxidation is homogeneous
when, in fact, it is heterogeneous. One such problem that
we have shown’ is the apparent contradiction between
the ageing behaviours of ultimate tensile elongation and
ultimate tensile strength resulting from diffusion-limited
oxidation. Another potential problem arises with regard
to predictions of polymer service lifetimes, which are
commonly made by extrapolating the results of high-
temperature, accelerated tests to service temperatures.
Among the many hazards inherent to this approach are

* To whom correspondence should be addressed

those stemming from DLO. Because of the economic
importance of accurate lifetime predictions, a thorough
understanding of DLO effects is clearly needed.

We have presented a qualitative picture of the develog-
ment (in elastomers) of enhanced heterogeneity with time”:
Because increasing oxidation leads to hardening (net cross-
linking) and, consequently, reduced permeabilities, all
oxygen concentration profiles are expected to become
accentuated with time. That is, greater oxidation near the
air-exposed surfaces relative to the interior regions results
in reduced permeability near the surfaces, which, in turn,
leads to further reductions in oxygen concentration in the
interior of the material relative to the surfaces. Sub-
sequent oxidation is therefore increasingly localized near
the air-exposed surfaces through a positive-feedback
mechanism. A more complete understanding reveals that
the reduction in permeability is not necessary for the
formation of heterogeneities: through time, small hetero-
geneities can grow into large heterogeneities even if
permeability remains constant.

In this report, we present a rigorous mathematical
formalism of the above-described picture. Using diffu-
sion and kinetic expressions and chemical/mechanical
property relationships, we develop a complete, quanti-
tative model with no arbitrarily adjustable parameters
for the time-development of modulus profiles. With this
model, we demonstrate that DLO can fully explain the
observed profiles.

EXPERIMENTAL

Compression-moulded sheets (~2 mm thick) of a typical
commercial nitrile rubber formulation (100 parts of
Hycar 1052 resin, 65 pph of N774 carbon black, 15 pph
of Hycar 1312, 5pph of zinc oxide, 1.5pph of 2246
(hindered phenol) antioxidant, 1.5 pph of sulfur, 1.5 pph
of MBTS (2,2'-benzothiazyl disulphide), 1 pph of stearic
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Figure 1 Modulus profiles as functions of time for 0.2 cm thick nitrile rubber samples following thermal ageing in air at: (a) 125°C, (b) 110°C, (c) 95°C,
(d) 80°C and (e) 65°C. P, percentage of distance from one air-exposed surface to the opposite air-exposed surface. The lines represent predictions of
time-dependent profiles assuming permeability remains constant at its initial (temperature-dependent) value
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Figure 2 Modulus profiles as functions of time for 0.22 cm thick neoprene rubber samples following thermal ageing in air at: (a) 150°C, (b) 120°C and
(c) 100°C. The lines represent predictions of time-dependent profiles assuming permeability remains constant at its initial value

acid) and of a typical commercial neoprene rubber Strips approximately 6 mm wide and 150 mm long
formulation (100 parts of Neoprene GN, 60 pph of hard were cut from the rubber sheets and aged in air-
clay, 5pph of zinc oxide, 4 pph of magnesia, 2 pph of circulating ovens (+1°C stability). Modulus profiles
2246 antioxidant, 0.5 pph of stearic acid) were obtained with a spatial resolution of ~50 um were obtained on
from the Burke Rubber Co. sample cross-sections using an instrument that has been
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described in detail elsewhere. This instrument mea-
sures inverse tensile compliance, a quantity closely
related to tensile modulus. Oxygen consumption rates
were measured using a technique that has also been
described in detail elsewhere®. This technique involves
chromatographic quantitation of the change in oxygen
content caused by reaction with polymer in sealed
containers over a known time interval. Oxygen perme-
ability and diffusion measurements were performed on
an Oxtran-100 coulometric permeation apparatus
(Modern Controls, Inc., Minneapolis, MN, USA),
which is based on ASTM standard D3985-81. Several
modifications, the most important of which was placing
the sample holder in an oven, had been made to this
instrument to permit data acquisition at temperatures up
to ~100°C.

THEORY

DLO describes a situation in which there is competition
between diffusion of and reaction with oxygen. Accord-
ingly, study and modelling of DLO requires models for
both oxygen diffusion and oxidation kinetics. To model
diffusion we use Fick’s law; to model the oxidation
kinetics we begin with the basic autoxidation scheme
(BAS)*’, a long-used and widely accepted kinetic scheme
for autoxidation of organic materials. The BAS involves
bimolecular termination reactions of the radical chain
carriers. This is not, however, a realistic model for
thermo-oxidative degradation of stabilized materials
because stabilized materials are expected to undergo
unimolecular termination (more properly, pseudo-first-
order termination by reaction with antioxidant). In
addition, chain branching via hydroperoxide decomposi-
tion should be significant at elevated temperatures. Thus,
we base our analysis of polymer oxidation on the variant
of the BAS shown in Scheme 1. For this kinetic scheme,
the oxygen consumption rate, ¢, under steady-state
conditions (i.e. d[R-]/d¢=d[ROO-]/dt=d[RO-]/d¢
=dHO-]/dt=0)is

d[O;] C1[0,]

= = 1
¢ dt 14+ G [02] ( )
where
ki, ko (ks — 2k3)
c, =12 =2 o3l 2
: ks 2 ks(ks + ks) @)

and k; = k3[RH]. The functional form of equation (1) is
identical to that derived for other common BAS variants,
including unimolecular termination in the absence of
ROOH decomposition, and bimolecular termination
(also in the absence of ROOH decomposition) using
the standard simplifying assumptions of long kinetic
chain length and specific ratio of (bimolecular) termina-
tion constants®. Modelling based on the functional form
of equation (1) should therefore be quite general.

A useful relation® obtained by multiplying both sides
of equation (1) by the quantity L2 /PP, is

L2
¢0 — 1) (3)
PPox 1+ ﬂO

where ¢, is the oxygen consumption rate under ambient
equilibrium (non-DLO) conditions, L is the sample
thickness, p is the oxygen partial pressure surrounding
the sample and P, is the oxygen permeability of the

polymer &, R.
R-+0, 2 ROO.
ROO- +RH % ROOH+R-
ROO. LN products
R- LN products
ROOH % RO.+.OH
RO-+RH -4 ROH+R-
HO-+RH - HOH+R-

Scheme 1

sample (= DS, the product of the oxygen diffusivity and
oxygen solubility). The parameters o and 3, are given
by

Y5
)

where p is the oxygen partial pressure above the sample,
[O,]p is the dissolved oxygen concentration (= Sp, from
Henry’s law) at the sample surface (in equilibrium with
the surrounding atmosphere), and C; and C, are given in
equation (2). The utility of equation (3) arises from the
fact that all of the physical quantities on the left-hand
side as well as 3, on the right-hand side are measurable,
allowing « to be calculated directly. (The parameter [,
is conveniently measured indirectly using the relation

do  po/P1+ o

which follows from equation (1) and the definition of G,
in equation (4). See the discussion in Wise ef al.”.

Briefly, our solution to the problem of the time
development of profiles is a stepwise procedure in
which the time dependence is introduced through a
series of sequential solutions, denoted by step counter 7,
with each step of time interval 7. We begin the solution to
the time-dependent profile at step i = 0 by establishing
boundary and initial ( = 0) conditions, and then solve
the continuity equation to obtain an oxygen concentra-
tion profile. A cumulative oxidation profile is calculated
from the oxygen concentration profile as a summation
with respect to time. A modulus profile is calculated from
the cumulative oxidation profile and subsequently used
to calculate changes in oxygen permeability, thus
redefining ‘initial’ conditions appropriate to the time
interval from i7 to (i + 1)7. A new oxygen concentration
profile is calculated from the continuity equation and the
process is repeated. This scheme is now described in
detail.

For constant diffusivity (with respect to position)
and Fickian diffusion, the non-dimensionalized time-
independent continuity equation’ is

o%0 agl
— = 0 (6)
X% 1450

g Bo = C[Os]p = C,Sp 4)
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where
X=x/L  6=[0,]/[0o (7

are the dimensionless position and concentration vari-
ables, respectively. It is important to realize that Fickian
diffusion refers implicitly to isotropic materlals in which
solubility does not vary with position'®. Having exph—
citly assumed constant diffusivity in equatlon (6), it is
understood that we are now developing a model in which
P, (= DS) is time- and position-independent. The more
general cases of equation (6), in which P, varies, are
developed and discussed in later sections.

The interval X is divided into k segments 6X, each of
length 1/k, giving k + 1 points j 6X withj = 0,1,2, ... k.
We used k = 100 in this work. To calculate the profile 6,
the following set of k — 1 simultaneous equations’ was
formulated as a solution to equation (6):

b, (6X)?
=0V ag
i = e, T

with j =1,2,3,...,k — 1; the values of §;, and 6, are
boundary conditions. (For our samples with two air-
exposed surfaces, 8, = 0; = 1.) The set of equations (8)
permits straightforward numerical solution to the profile
6; by starting the calculation with boundary condition 6,
and choosing trial values of 6, _; until consistency with
boundary condition 6, is achieved.

After obtaining the oxygen concentration profile (6;)
calculated as the solution to the continuity equation
(equation (6)), we use these values to calculate the
normalized (to the sample surface) oxidation rate U; at
each position within the sample:

=2 ©)

When the oxidation kinetics are time-independent (and

=0 (8)

therefore position-independent) (i.e. ¢, =C, and

Gy, = Cy,), it follows that

U - C,[0,); (1 + G, [02]0> _0,(1+6y) (10)
/ 1+ G, [0,]; C1,[0:]o 1+ Byb,

The (relative) extent of reaction occurring in time 7 at
position j within the sample is given by U;7. Thus, the
cumulative (normalized) oxidation V(t,,) at position j
within the sample at time ¢ = m7 is the summation

m

m)—z¢j([) Z¢]z Z

i=1 i=1 i=1

We use the notation V;(#;) and V;; equivalently; for
clarity, we use the dual-subscript form on the right-hand
sides of equations.

To connect the theoretically derived oxidation profiles
with experimental results, a relationship between the
experimental variable and the amount of oxidation is
needed. In this work, we monitor oxidation profiles
through the use of inverse tensile compliance proﬁles
which we commonly refer to as modulus profiles'. (In
our previous papers, we have denoted modulus as D~
In this work, to avoid confusion with diffusivity (or
reciprocal diﬁ'usivity) we denote modulus as M.) Thus,
we treat the modulus (M) as a generic function of
cumulative oxidation:

M;i(t;) =

T (1)

Mo f1(V}1) (12)
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Conceptually, we expect that the functional form
appropriate to equation (12) will be a weighted average
between the two extremes of purely oxidative ageing and
purely non-oxidative ageing. Such a weighting accounts
for the varying degree of oxidation within the sample and
reflects the fact that all degradation chemistry occurs as a
result of the initiation step (rate constant k) of the BAS.
That is, radicals ultimately react either with oxygen, to
form oxidative degradation products, or without oxygen,
to form non-oxidative degradation products. For the
two materials examined in this work, the specific
functional form of equation (12) appropriate to the
data approximates an exponential. This empirical
observation of exponential behaviour should not, how-
ever, be assumed to be universal.

When exponential behaviour is appropriate to the
limiting cases of infinite oxygen pressure and zero oxygen
pressure, a generalized relationship between modulus
and cumulative oxidation at time interval m is

Mj(tm):Moexp[Z@;) oxT +Z< d)”) noxT:|

i=1 i=1
(13)

where k., and k,,, are constants relating modulus to
cumulative oxidation under conditions of purely oxida-
tive ageing (infinite oxygen pressure) and purely non-
oxidative ageing (zero oxygen pressure), respectively,
and ¢, is the oxygen consumption rate under infinite
oxygen pressure. When the oxidation kinetics are
independent of time, equation (13) can be rewritten as

[ Boby s
M](Zm) = MO eXp [Z (1——*—078_:)b— koxT
J:i

i=1

+Z( ) ) T] (14)

It is important to recognize that oxidation at the sample
surfaces, where 6 = 1, is described not by k,, but rather

bykair:
Bo 1
k. = kgy + [ —— Vkyoy 15
G L (e L D

= Mg exp(kai V') (16)

That is,

My(1r) = Myexp(kqirt)
because, at the surface, U = 1, which implies that V' = z.
Using the definitions of U (equation (9)) and ky;
(equation (15)), equation (14) can be rewritten as

M/'(ti) = MO exp[kaer + knox(ti - Vj,i)] (17)

While equation (14) shows explicitly the weighting
between oxidative and non-oxidative ageing, equation
(17) shows more clearly the relation between modulus
and cumulative oxidation. Note that k,, and k., both
refer to limiting pressure conditions and that, by
definition, neither is pressure-dependent. It follows
from equations (1) and (2) and the definition of G,
(equation (4)) that the non-oxidative component denoted
by ks in the BAS disappears only when ; >> 1. There-
fore, k,; (equation (15)) determined from surface
modulus results in air will typically include both
oxidative and non-oxidative components. We expect
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this treatment using k., and k., to relate cumulative
oxidation to the experimental degradation variable to be
applicable to modelling of other mechanical and also
chemical properties, although the functional form
appropriate to these other properties may not be
exponential.

In general, as the modulus of a material changes due to
cross-linking and scission chemistries, the oxygen perme-
ability (P, = DS) will change. Because D and S are
contained in the parameters « and (3, respectively
(equation (4)), these potential changes require introduc-
tion of the generic functional relations

o;(t;) = g f2(M; ;) Bi(t) = Bofs(M; ;) (18)

We include provisions to change both « and 3 because
we cannot assume a priori that changes in permeability
are due solely to changes in D or solely to changes in S.
Once the functional forms for equation (18) are specified,
profiles reflecting changes in o and 3 due to oxidation are
calculated. These new « and 3 profiles are then used to
calculate a new 6 profile from equation (6), and the
process is repeated. The overall procedure for the most
general calculation scheme is outlined in Table 1.

Under our current assumptions of constant diffusivity
and solubility, the functionalities of equation (18) reduce
to the trivial identities

() =09 Bi(t) =B (19)

It is because of this simplification that there is no time
dependence in equation (8). The choice of appropriate
functional forms for equation (18) when diffusivity and/
or solubility are not constant is non-trivial and adds
considerable complexity to the derivation of the most
rigorous solutions; this issue is discussed in detail later.
As will be evident in the following discussions, however,
this added level of complexity may be unnecessary
because the much simpler time-independent solutions
often do an excellent job of predicting the DLO effects.

RESULTS AND DISCUSSION

From the procedure for calculating the time develop-
ment of modulus profiles summarized in Table 1, we see
that knowledge of oy, By, ¢, L, p, Pox, kair (01 koy) and
koox With respect to time and temperature will be
necessary to avoid the use of any arbitrarily adjustable
parameters. Using equation (3) at a given time and
temperature, a; can be calculated with knowledge of the
parameters (3,, ¢, L, p and P,,. The parameters L and p
are treated as constants because they are easily con-
trolled experimentally. Thus, we need experimental data
for ¢, By, Pox, kair and k., as functions of both time and
temperature.

It is important to recognize that the parameters 5y, ¢

Table 1 Solution scheme at each time increment for the time
development of modulus profiles

Calculated profile Equation
Oxygen concentration (6;) 8)
Relative oxidation rate (U;) )
Cumulative oxidation (V) 11
Modulus (M) an
Diffusivity (o;) (18)
Solubility (3;) (18)

and k,, are pressure-dependent. Any modelling using
these parameters must, obviously, draw on a consistent
set of data. That is, all pressure-dependent data must be
adjusted to a common reference pressure. Because we are
modelling modulus profiles resulting from ageing in
Albuquerque, all pressure-dependent parameters in this
work refer to Albuquerque ambient conditions (13.2
cmHg O,).

Nitrile rubber: data

We have previously discussed ¢ for the mtrlle rubber
as a function of both time and temperature’; these results
are reproduced in Figure 3. As discussed by Wise et al.’,
these data represent equilibrium (non-DLO) condltlons
Although the results shown indicate that ¢ decreases
slightly with increased ageing, this decrease is sufficiently
small that we can treat ¢ as constant. The temperature
dependence of ¢ over the range 65-96°C can be well
described by the Arrhenius relation

p=4 eXp(—Ea/RT) (20)

with 4 = 300mol g~!s™! and E, = 20.8kcalmol™'. This
value of E, is consistent w1th our previous measurements
of E, for this material’, and we therefore use this
relatlonshlp to extrapolate ¢ to 110 and 125°C.

We also showed® that the dependence of 3, for the
nitrile rubber on temperature (reproduced in Figure 4)
can be well described by the Arrhenius relation gequation
(20)) with 4 = 0.0275 and E, = 2.7kcalmol . Again,
we use this relationship to extrapolate 3, to 125°C. We
have attempted to measure {, for the nitrile rubber as a
function of ageing at 96°C. As shown in Figure 5, (3, is
constant in the early stages of ageing, although there is
an indication that it may decrease by ~50% in the later
stages of ageing. There are, however, large errors
associated with f,; as previously dlscussed these errors
arise from the functional form of the equatlon used to
calculate [, and the conditions under which the
experiments were run. As a corollary to the large
errors, however, it follows that ¢ is not a sensitive
function of f,, and we therefore treat this parameter as
time-independent, as indicated by the dashed line in
Figure 5.

We model P,, with implicit rather than explicit time
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(2]
d
T ool O 00X & oo,
g 0 o 0gf ®
5 0 oon
8 10"
£
2 096 C{A& A aAA
8 ¢80 C g
c 12 | [O72C v A4 %J
5 10 A52C
& v40C

x23C X XXX
10-13 1 PR 1
10° 10’ 10? 10°

Average aging time, days

Figure 3 Oxygen consumption rates for the nitrile rubber as functions
of time at the indicated temperatures
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Figure 4 The parameter 3y for the nitrile rubber (open circles) and
neoprene rubber (solid circles) as a function of temperature
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Figure 5§ The parameter j, for the nitrile rubber as a function of time
at 96°C

dependence. That is, we model P, (actually, & and ) as
a function of modulus (equation (18)) and, in turn,
modulus as a function of time (equation (14)). This
means that we need data for P, as a function of
temperature and modulus rather than as a function
of temperature and time. Figure 6 is an Arrhenius plot of
the oxygen permeability of the nitrile rubber as a
function of temperature for the indicated modulus
values (M, = 4.3 MPa for the unaged material). Curva-
ture of the data (non-Arrhenius behaviour) is evident.
Such behaviour is often observed for permeation in
elastomers'"!2, and has theoretical justification based on
free volume considerations'>. Permeation rates increase
with temperature, eventually exceeding the limit measur-
able with our instrumentation; for the nitrile rubber we
cannot reliably measure permeabilities at temperatures
above ~95°C. Accordingly, we have extrapolated
permeabilities of the unaged nitrile rubber to 125°C by
extending the curvature observed in the 23-95°C range
(upper curve in Figure 6). There is also evidence that P,
decreases slightly as modulus increases. Treatment of the
permeability/modulus dependence is complex and is
discussed in detail later. For now, we assume that P,
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Figure 6 Oxygen permeability of the nitrile rubber as a function of
temperature for the indicated values of effective modulus

(at a given temperature) remains constant at its initial
value.

Finally, to calculate modulus as a function of time
(equation (17)), we need to evaluate the constants k;,
and k... We obtain k,,, by ageing nitrile rubber samples
in sealed containers backfilled with nitrogen. Modulus
profiles of the aged nitrile samples at the indicated times
and temperatures are shown in Figures 7a and 7b. In
Figure 7, the moduli of the unaged materials are
somewhat larger than in Figures I and 2. This is because
the measurements in Figure 7 were made approximately
3 years later than those in Figures I and 2 and the
materials had cured slightly (modulus increase) in the
interim. In all cases, the modulus profiles of these non-
oxidatively aged samples are essentially homogeneous.
There is a small initial change upon nitrogen ageing
(probably not due to dissolved oxygen; samples were
pumped to remove dissolved gases), but continued
ageing has no further effect. Because of the arbitrary
nature of an exponential (equation (17)) fit to these
modulus/time data, we instead set k., = 0 and treat the
change in modulus due to non-oxidative ageing as a step
change, AM,,, of magnitude ~0.5 MPa for the nitrile
rubber. We thus rewrite equation (17) as

Mj(li) = MO exp(kair Vj,i) + A]‘lnox (21)

The parameter k,;, is evaluated by fitting surface
modulus data for the nitrile rubber as a function of time,
at the temperatures given in Figure 8, to equation (21) (or
equation (16)). The lack of significant deviations from
the fitted lines in Figure & indicates that k,; is time-
independent. This experimental observation is consistent
with the assumption of constant &,; implicit in equation
(14).

Values of all parameters used for the time-dependent
modelling of the nitrile rubber are summarized in Table 2.

Neoprene rubber: data

We have previously discussed ¢ for the neoprene
rubber as a function of both time and temperature5 ;
these results are reproduced in Figure 9. As for the nitrile
rubber, these data also represent equilibrium (non-DLO)
conditions. The increases in ¢ observed at longer times
(after the oxidative induction time) correspond to severe
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Table 2 Measured values of parameters for the time-dependent modelling of the nitrile rubber. p = 13.2cmHg O, (ambient partial pressure of O, in

Albuquerque); L = 0.2 cm (typical); My = 4.3MPa; p = .18 gem™

T kair 1 AA)Mnox Pox 1 1 | ¢ 1 |
°C) (day™) (MPa) (ccSTPecm™" s™ " cmHg ™) (molg™'s ) Bo n b
125 2.55% 107! 0.5 5.2 % 107%7 1.1 x 107°¢ 0.84° —0.28° —0.0231¢
110 7.98 x 1072 0.5 4.1x107% 4.1 x 107104 0.95° —0.30° —0.0246°
95 2.29 x 1072 0.5° 29x%107° 1.4 x 10710 1.10 —0.33° —0.0264°
80 6.81 x 107> 0.5 20x107° 40x 107! 1.29 —0.35° —0.0282¢
65 1.68 x 1073 0.5° 12x107° 1.1x 1071 1.53 —0.37° —~0.0302°
40 1.17 x 107% 0.5° 4.0 x 10710 1.0 x 10712 2.11 —0.42° —0.0340°
¢ Extrapolated
® Interpolated
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Figure 7 Effect of nitrogen ageing on: (a) nitrile rubber at 100°C; (b) nitrile rubber at 125°C; and (c) neoprene rubber at 125°C. Homogeneous step
changes in modulus (AM,,,) of ~0.5MPa for the nitrile and ~5 MPa for the neoprene are observed

100

Time, days

Figure 8 Surface moduli of the nitrile rubber as a function of time at
the indicated temperatures. The slopes of the lines are k,;;

mechanical degradation®. Because we are interested in
modelling the DLO effects only before the oxidative
induction time (see¢ also the discussion of k,;; later in this
section), we can, to a good approximation, treat ¢ as
time-independent. We showed’ for this neoprene that
E, = 21.5kcalmol ! is appropriate to mechanical prop-
erties in the range 100—150°C and to oxygen consump-
tion in the range 23-125°C, and therefore use this value
of E, to extrapolate ¢ to 150°C using the Arrhenius
relation (equation (20)).

We have measured (G, for the neoprene at two

temperatures, as shown in Figure 4. These values are
consistent with the general trend that 3, ~ 1 for thermal
ageing of elastomers. Because we have measurements of
By for the neoprene at only two temperatures and
because of the large errors associated with G, (see
discussion in Wise et al.5), it is difficult to extrapolate
these data to 150°C. We therefore make the reasonable
assumption that [, =0.6 in the range 100-150°C,
independent of temperature. We have not attempted to
measure G, for the neoprene as a function of ageing, but
by analogy to the nitrile rubber (Figure 5), we treat this
parameter as constant with respect to time.

Figure 10 is an Arrhenius plot of the oxygen
permeability of the neoprene rubber as a function of
temperature for the indicated modulus values (M, = 7.5
MPa for the unaged material). Curvature of the data
(non-Arrhenius behaviour) is evident, just as was
observed for the nitrile rubber (see Figure 6). We have
extrapolated permeabilities of the unaged nitrile rubber
to 150°C by extending the curvature observed in the 23—
80°C range (upper curve in Figure 10). Again, there is
evidence that P, decreases slightly as modulus increases,
but, again, we assume for now that P,, remains constant
at its (temperature-dependent) initial value.

To calculate modulus as a function of time (equation
(17)), we again begin by evaluating k,,,. The non-
oxidative ageing behaviour of the neoprene (see Figure 7¢)
is similar to that of the nitrile: there is a small initial
change upon nitrogen ageing, but continued ageing has
no effect (i.e. ko, = 0). There are two ways to evaluate
AM,,,. First, direct measurement by ageing the neo-
prene in nitrogen gives AM,,, ~ 5 MPa (see Figure 7¢).
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Figure 10 Oxygen permeability of the neoprene rubber as a function
of temperature for the indicated values of effective modulus. Equation
(37) forms the basis for the extrapolation depicted by the lower curve

Second, indirect measurement of non-oxidative ageing
can be made by reference to air-aged samples if they are
sufficiently heterogeneous. Such is the case for the
neoprene air-aged at 150°C (see Figure 2a), for which
ageing at the centre is virtually nonoxidative. For this
sample, we find AM_,, ~ 3 MPa, consistent with the
previous measurement.

To calculate k,;, we again analyse surface modulus
data as a function of time at the various temperatures.
Because the data for this material are sparse, we use the
principle of time/temperature superposition to analyse
all of the data simultaneously rather than attempting
to analyse each temperature separately as we did for
the nitrile rubber (see Figure 8). Figure 11 shows the
superposition of the neoprene surface modulus data at
Trer = 100°C, achieved using ap = 31.84 at 150°C and
ar =4.52 at 120°C, corresponding to E, ~ 22kcal
mol~". The data of Figure 11 can be well described by

M (1) = 8.8 exp(kyt) (22)

Notice (Figure 11) that equation (22) is only valid for
art < 125 days; at longer times the surface modulus data
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Figure 11 Empirical time/temperature superposition of the neoprene
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deviate significantly from the fitted line. The time at
which this deviation occurs is consistent with our
previous measurements of the induction time for the
neoprene’, when oxidation rates increase rapidly (see
Figure 9). This means that k,;; at a given temperature has
a corresponding maximum valid prediction time.

The fit represented by equation (22) provides a third
approach to calculating AM,,,. By comparison of the
measured value of My;=7.5MPa to the 8.8MPa
obtained by evaluating equation (22) at + =0 we find
AM,, = 1.3MPa. This value is reasonably consistent
with the two values of AM,,, measured and discussed
earlier in this section.

Values of all parameters used for the time-dependent
modelling of the neoprene rubber are summarized in
Table 3.

Comparison with theory: time-independent

As described in the previous sections, the nitrile and
neoprene data permit us to treat k., ¢ and 3, as
constants with respect to time and to treat k,,, = 0. This
leaves P,, as the remaining parameter with a potential
for time dependence. In Figures 6 and /0 we saw that, in
fact, permeability decreases slightly with increasing
modulus; we will later quantify this relationship. For
the modelling described thus far, however, we have
assumed that P, is time-independent. This means that as
a first, simple model of the time development of modulus
profiles, we assume no time dependencies of the under-
lying chemical and physical parameters. Because this
model assumes that permeability remains constant, when
it actually decreases, we expect that the resulting
predictions may overestimate oxidation in the sample
centres, especially in the later stages of ageing when
significant surface hardening occurs.

Figure 1 shows predicted profiles (solid curves) for the
nitrile rubber under the assumption that all parameters
remain constant. In general, the theoretical fits to the
experimental data are excellent and confirm our basic
understanding of DLO. For all temperatures, predictions
at short times, before the onset of significant hetero-
genities, are virtually quantitative. This is because
surface hardening has not yet led to important reductions
in diffusivity, and the assumption of time-independent
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Table 3 Measured values of parameters for the time-dependent modelling of the neoprene rubber. p = 13.2cmHg O, (ambient partial pressure of O,

in Albuquerque); L = 0.22 cm (typical); M, = 7.5MPa; p = 1.52gem ™}

T Kair Maximum prediction AMp o, ox [0}

(°C) (day™) time (days) (MPa) (ccSTPem ™' s™! emHg ™) (molg™'s™!) Bo n

150 6.56 x 107! 3.5 1.3 6.4 x 107°° 2.5x% 107 0.6° —-0.37°
120 9.32x 1072 25 13 4.1 x 107%¢ 3.8 x 107108 0.6° —0.43°
100 2.06 x 1072 125 13 2.7 x 107% 8.4 x 10711% 0.6° —0.48°
4 Extrapolated

b Interpolated

diffusion consequently introduces no observable error.
Slight discrepancies are, however, observed at the longer
times at the highest temperatures, for which the predicted
modulus at the centre of the sample continues to increase
while the experimental data approach a maximum.
Although the predictions shown at the lowest tempera-
ture (65°C) are all homogeneous, we expect that slight
heterogeneities will develop at long times because the
profiles are calculated as summations in time.

Figure 2 shows predicted profiles (solid curves) for the
neoprene rubber, again treating all parameters as con-
stants. Again, the agreement with experiment is excellent,
especially at short times. The assumption of constant P,
does slightly overestimate oxidation in the sample
centres at long times at the lower temperatures. At
120°C, the data approach a maximum, but the predic-
tions continue to increase. At 150°C, oxidation at the
sample centre is predicted to reach a maximum, as
observed in the data. The fact that the agreement for the
neoprene is slightly worse than for the nitrile indicates
that the permeability/modulus relation is stronger for the
neoprene than for the nitrile.

Excellent quantitative agreement is obtained for the
early stages of ageing for both materials. This agreement
suggests that the permeability, which we assumed to be
constant, in fact changes only slowly with modulus in the
early stages of ageing. There are minor discrepancies
between theory and experiment in the later stages of
ageing. For most applications, however, this level of
agreement is sufficient. As a practical matter, the ability
to accurately model the profiles at long times is
unnecessary because these materials typically exceed
their useful service lifetimes before significant time-
dependent effects develop. We previously showed® that
maximum material lifetimes (defined as the normalized
ultimate tensile elongation decreasing to ~0.05) corre-
spond to the surface modulus increasing by approxi-
mately one order of magnitude. This corresponds to the
early stages of ageing, before significant changes in P,
occur. Thus, for predictions relevant to the service
portion of the material lifetime, the assumption of
constant P, is acceptable.

VARIABLE PERMEABILITY

The discrepancies between experimental and theoretical
profiles obtained above (Figures 1 and 2) demonstrate
that the assumption of constant P,,, while adequate at
short times, begins to break down at long times. We now
extend the model so that P, varies with modulus to
determine whether this effect can explain the discrepan-
cies observed at longer times and, more generally, to
determine the importance of this effect. Because the
longer times are of little relevance to service lifetimes of

the two materials discussed in this work, the discussion in
this section is more of academic than practical signifi-
cance for these materials.

Theory

There are two major differences between this analysis
and the previous analysis in which P,, remained
constant. First, we need to determine appropriate
functional forms for the permeability/modulus relation-
ship as represented by its two components, the diffusivity/
modulus and solubility/modulus relationships, given by
a and 3, respectively (equation (18)); and, second, we
need to account for non-constant diffusivity and
solubility in the continuity equation (equation (6)).

The distinction between permeability, diffusivity and
solubility is expressed in the constitutive diffusion model.
As mentioned earlier, we have, for this modelling,
assumed Fickian diffusion, which refers implicitly to
materials with constant solubility. This means that the
solubility/modulus relationship is constant by assump-
tion. This also means that any time dependencies must
occur in the diffusivity/modulus relationship. Thus, we
now develop a model in which diffusivity varies with
modulus while solubility remains constant.

Under the assumption of constant solubility, the
functional form of the solubility/modulus is again
(equation (19)) the trivial identity

Bi(t) = Bo (23)

To determine an appropriate functional form for the
diffusivity/modulus relationship, we begin by consider-
ing its theoretical basis so that we can justify extrapola-
tion of the data. One approach is to use the Doolittle
equation'?,

Vo — VU

Innp= B(

which models transport properties (e.g. viscosity, 7) in
elastomers as functions of free volume, v. The para-
meters A and B are material property constants. Because
D x 1/n (and, consequently, P,, o 1/n), it can be argued
from equation (24) that D;(#;) o< exp(M; ; — M) (see the
Appendix), from which it follows that

oy(1;) = agexp[-b(M;,; — My) (25)

) +1n 4 (24)

The modulus range for which this equation is valid is
unclear, however. Specifically, the Doolittle equation is
intended to describe elastomers. Although the materials
in this work are elastomers when unaged, they become
heavily cross-linked (i.e. glassy) as they age. Other
factors, such as the presence of fillers, may also affect
the range of applicability. Thus, although we expect
equation (25) to be valid for the early stages of ageing, we
expect it to be invalid for the later stages of ageing.
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Figure 12 Expected theoretical behaviour of the permeability/
modulus relation with increasing net cross-linking (modulus). Indicated
modulus scale is approximately correct

As the material becomes increasingly cross-linked, it
will behave as a glass, in which both permeability and
diffusivity are relatively insensitive to modulus. There-
fore, the behaviour of the diffusivity/modulus relation
should be approximately as shown conceptually in
Figure 12, decreasing exponentially in the low modulus
range (solid curves) and approaching a constant in the
high modulus range (solid horizontal lines). This means
that, over the modulus range of interest, the diffusivity/
modulus behaviour is probably described by a roughly
(backwards) S-shaped curve (dotted curve), which can be
well approximated by a power law functionality (dashed
line):

M, )"
o;i(t) = o —— 26
1) = o0 57 (26)
where 7 is the power law slope. Recall that, for the early
stages of ageing, we found the assumption of constant
permeability to be adequate. This can be understood
from Figure 12, which shows that the exponential
dependence predicts only small changes in diffusivity
(permeability) with modulus in the early stages of ageing.
Figure 13 shows the experimental permeability/modulus
relationship for the nitrile rubber (solid circles) and three
simple fits to the data (constant, power law and
exponential). Notice that in Figure 13 we have presented
permeability/modulus data to support our discussion of
the diffusivity/modulus relationship. Because it is easier
for us to do so, we normally measure permeabilities
rather than diffusivities. Under the assumption of
constant solubility, however, these two parameters are
constant multiples of each other and their mathematical
treatments are equivalent.

It is often observed that the magnitudes of diffusivities
and permeabilities are inversely related to the magni-
tudes of their respective activation energies'>!'>!*. That
is, materials with low permeabilities tend to have high
activation energies for permeability. This means that
permeabilities will often display non-Arrhenius behaviour,
as was observed in Figures 6 and 10. It therefore follows
that the ratio of aged/unaged permeabilities will increase
with temperature. That is, a given change in temperature
will cause a larger change in the permeability of the aged
material than in the permeability of the unaged material
because the former has a lower absolute magnitude and
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Figure 13 Oxygen permeability of the nitrile rubber as a function
of modulus at 23°C. Indicated functional forms of P, vs. M are
(A) constant, (B) power law and (C) exponential

thus changes more rapidly due to its higher activation
energy. Similarly, for the transition from exponential
(Doolittle) behaviour to ‘constant’ (glassy) behaviour, an
increase in temperature causes the glassy permeability to
increase more than the elastomeric permeability, with the
result that the power law slope decreases (approaches
zero) with increasing temperature (see Figure 12).

To modify the time-independent continuity equation
to account explicitly for the case in which diffusivity
varies with position within the sample, we use Fick’s law
with non-constant diffusivity:

8 (. 9[0)]\ [0,
%(D (‘3x2> _1+1C2[202] @7)

which has the non-dimensional form

829+1 oD 00 b
dX? D OX 0X 1+p30
Following the approach used to derive equation (8), and
noting that
OD| _Djyi=Diy 90 G4 -0
oxX |j 26X oX |j 26X
we arrive at the following set of k& — 1 simultaneous
equations as a solution to equation (28):

1
9._ PR p—
o (1 —Fj,x)

(28)

(29)

0, 0,.(6X )
" <jiTﬁﬁ(>g‘_+2aj'i =10~ Fpibip1 | (30)
I
Wlth]: 1,2,3,‘..,](— 1 and
D..;,—D;, {;
F..—dxLi Hi-li .
o 4D, ; (31)

J

Because S is constant by assumption, P, can be used
instead of D in equation (31). When diffusivity is constant
(i.e. F; =0 and, from equation (19), a; = ), equation
(30) the (numerical) solution to the continuity equation
with non-constant diffusivity, reduces to equation (8), the
(numerical) solution to the continuity equation with
constant diffusivity.
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Data

To calculate diffusivity (a) as a function of modulus
(equation (18) or (26)), we begin by analysing the
available permeability data. It is, of course, preferable
to measure permeabilities only of homogeneously aged
samples. This requirement imposes an upper limit on the
permeability change that can easily be measured because
at high temperatures (e.g. 125°C), for our nitrile samples
of ~2mm thickness, heterogeneities in the modulus
profile develop before the modulus has doubled, while at
low temperatures (e.g. 65°C) ageing occurs so slowly that
the modulus, although homogeneous, increases only
fourfold after 735 days. To obtain nitrile samples with
significant changes in modulus, we are therefore forced
to compromise and rely on measurements at intermedi-
ate temperatures. Even at the compromise temperature
of 95°C, however, the delayed onset of heterogeneity
limits the available range of homogeneous data. In this
case, the maximum available change in modulus is
approximately a factor of seven. In an attempt to obtain
homogeneously aged samples with higher moduli, we
used radiation ageing (° °Co). A sample of the nitrile
rubber was aged 18 days at 35°C under inert conditions
(argon), for a total radiation dose of 1.2 MGy.The aged
sample had a homogeneous modulus of 39 MPa (factor
of nine change in modulus) and had P, = 1.0 x 1071
ccSTPcm™'s 'emHg™! at 23°C. Comparison to Figure 6
or 13 shows that the permeability of this radiation-aged
sample is considerably larger than expected for equiva-
lent hardening resulting from thermal ageing. This
indicates that non-oxidative cross-linking has a lesser
effect on permeability than does oxidative cross-linking,
the difference presumably resulting from incorporation
of oxygen into the polymer matrix. Consequently, we
were forced to rely solely on thermally aged samples, and
some of the samples for which P, was measured were of
necessity heterogeneous. It was therefore essential to
understand how heterogeneity affects permeability.

To calculate an effective modulus (M) of hetero-
geneous samples (at time z;), we relate measured flux (J;)
to permeability and thus to modulus:

J; Py,
L= = 32
JO Poxo qeff ( )
Constant flux through the sample implies
1 ldx X;
1 J e 2 (33)
et Jo 4 7 4),i

where g; ; (and therefore Pox, ) is related to M ; through
the power law (equation (26)). That is,

w2 e

qeft

By combining average local values of M; ; corresponding
to lengths X;, both of which can be estimated from
measured modulus profiles, # can easily be determined by
trial and error by calculating the value of ¢t (equation
(33) or (34)) that is consistent with measured fluxes J; and
Jo (equation (32)). Once # is known, M is calculated
from equations (26) and (32) as

Ji 1/n
M = My J_O (35)

Permeabilities were measured for three nitrile samples
with different degrees of ageing. The unaged sample
obviously had M 4 = My = 4.3MPa; a second sample,
aged 149 days at 80°C, had M = 12MPa; a third
sample, aged 84 days at 95°C, had M s = 27 MPa. The
two aged nitrile samples were sufficiently homogeneous
that the calculated values of Mg were insensitive to n.
Figure 6 shows the permeation data as functions of
temperature and effective modulus. We begin by
considering only the permeation data at 23°C. By
plotting these data as a function of modulus at room
temperature, we eliminate the explicit time dependence
and arrive at the results shown in Figure 13. Fitting these
data to the power law functionality (equation (26)) (case
B), we find n ~ —0.44 at 23°C.

To determine how n varies with temperature, we
introduce a parameter r,

— Pox(Meff)
Pox(MO)

to describe the behaviour of P, (M) with temperature.
Although the three data points for M =27 MPa in
Figure 6 could be interpreted to indicate that r is
constant, close examination reveals that r increases from
~0.44 at 23°C to ~0.47 at 54°C to ~0.53 at 76°C. We
extrapolated these data (lower curve in Fzgure 6) by
treating r as Arrhenius (E, = 0.75kcalmol™!) with
respect to temperature (Figure 14). This temperature
dependence of r is a natural result of the non-Arrhenius
behaviour of P,,. The power law exponent 7 is calculated
(from only two data points) as
Inr(T) Inr(T)

"T) =0z, /My) ~ in(27/23) (37)

(36)

The exponential parameter b (equation (25)) is calculated
analogously:

B(T) = Inr(T) _ Inr(T)

M, —M, 27-43
This analysis is detailed in Figure 14, in which the curves
depicting » and b were calculated using equations (37)
and (38), respectively. Note that /r is a constant. Values

of n and b used for the time-dependent modelling of the
nitrile rubber are listed in Table 2.

(38)

-n,r

0.1 1 . . . 0.01
25 27 29 3.1 3.3 35

1000/T, K

Figure 14 Analysis detailing temperature dependence of the parameters
r, n and b for the nitrile rubber
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The available permeability data for the neoprene
rubber are shown in Figure 10 as functions of tempera-
ture and effective modulus. All of the data relevant to
quantification of the power law exponent are at 23°C
and, due to incompatibilities between the physical size of
the samples and the instrument with which we measure
permeabilities, we cannot obtain any additional data.
Determination of the temperature dependence of the
power law exponent is thus somewhat problematic.
Having no basis for calculating the activation energy for
r for the neoprene, we assume it to be the same as that
for r for the nitrile rubber, which we measured to be 0.75
kcalmol !. Due to the many similarities in behaviours of
the two materials, we believe that this assumption is
justifiable. We have measured, at 23°C, r = 0.79, 0.61
and 0.47 (corresponding to n = —0.56, —0.66 and —0.74)
for three samples with My = 11, 15.6 and 20 MPa,
respectively. For predictions involving large changes in
modulus, we calculate the power law exponent based on
the most-aged data point (M = 20 MPa), because it
best represents a steeper power law appropriate to
prediction of large changes in modulus. The lower
curve in Figure 10 shows the resulting extrapolation of
r. The corresponding values of » used for the time-
dependent modelling of the neoprene rubber are listed in
Table 3.

10° 107

[e)]
— 4102 T
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§ 107 F o X3
; o) ~
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027 MPa

30 31 32 33 3.4
1000/T, K™!

Figure 15 Oxygen diffusivity and solubility of the nitrile rubber as
functions of temperature and ageing

Comparison with theory

We first review the available data to determine
whether the assumption of constant solubility is valid
for the nitrile rubber. When measuring permeabilities,
diffusivities can be calculated from the lag time of the
permeation response to a step change in oxygen
concentration'®. The solubility can then be calculated
using the relation Py, = DS. Figure 15 shows the effect of
ageing on D and S for the nitrile rubber. For this
material, it is clear that S has essentially no time (or
temperature) dependence. The same conclusion can be
reached from the definition of 3, (= C,Sp, equation (4))
by noting that both 3, (see Figure 4) and ¢ (see Figure 3),
and therefore the oxidation kinetics represented in C,;
and C, (equation (2)), are time-independent. Having
validated our assumption of constant solubility, we
expect that the current model should be particularly
appropriate for prediction of time-dependent profiles for
the nitrile rubber.

Predictions of time-dependent profiles for the nitrile
rubber when permeability changes with modulus accord-
ing to the power law are shown in Figure 16. As for the
case of assumed constant permeability (see Figure 1),
the predictions at 65 and 80°C (not shown) are in
excellent agreement with the data. At the higher
temperatures at longer times, the predictions are, as
expected, somewhat lower than those in Figure 1, but are
still in good agreement with the data. At 125°C, the
predicted modulus at the centre of the sample increases
towards an asymptotic maximum, as do the data,
eliminating the discrepancy observed when P, was
assumed constant.

Predictions for the nitrile when permeability changes
with modulus according to the Doolittle (exponential)
law are shown in Figure 17. Again, the predictions at 65
and 80°C (not shown), as well as at short times at the
higher temperatures, are in excellent agreement with the
data. Indeed, the agreement for the early stages of ageing
is arguably better in this case than for any other
functional form of the permeability/modulus relation,
indicating that the underlying (Doolittle) theory is
probably correct. In the 95-125°C range, all relevant
trends are predicted correctly, but the quantitative
agreement near the edges shows some deviations:
permeabilities decrease too rapidly in this model, with
the result that predicted profiles are too steep near the
edges. Even in this case of a strong permeability/modulus

10°

10?

M, MPa

10°

P, %

O 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100

P, % P, %

Figure 16 Predictions of time-dependent profiles for the nitrile rubber at (a) 125°C, (b) 110°C and (c) 95°C, assuming that the permeability/modulus
relation is described by a power law (case B in Figure 13) where n varies with 7. Symbol identification keys for the modulus data are given in Figure I
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Figure 17 Predictions of time-dependent profiles for the nitrile rubber at (a) 125°C, (b) 110°C and (c) 95°C, assuming that the permeability/modulus
relation is described by an exponential law (case C in Figure 13) where b varies with 7. Symbol identification keys for the modulus data are given in
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Figure 18 Predictions of time-dependent profiles for the neoprene rubber at (a) 150°C, (b) 120°C and (c) 100°C, assuming that the permeability/
modulus relation is described by a power law where n = —0.74 (constant) based on 7' = 23°C. Symbol identification keys for the modulus data are

given in Figure 2

dependence, however, agreement between theory and
experiment is reasonable.

Predictions for the neoprene rubber when permeability
changes with modulus according to the power law with
n = —0.74, for T = 23°C, are shown in Figure 18. In this
case, the predictions are all lower than the data,
indicating that » = —0.74 is too severe a dependence
for the permeability/modulus relationship. Because the
data are bracketed by predictions based on # =0 and
n = —0.74, we conclude that —0.74 < n < 0, consistent
with a temperature-dependent ».

Predictions for the neoprene when permeability
changes with modulus according to the power law with
a temperature-dependent n are shown in Figure 19. In
this case, the predictions are in excellent agreement with
the data in virtually all respects. One slight discrepancy is
that the data near the edges for 123 days under the 100°C
condition are somewhat steeper than the prediction; this
discrepancy is not observed in the 75 day and earlier
data. This may be due to severe edge hardening resulting
from the increase in oxidation rate corresponding to the
end of the induction period (~86 days at 100°C5). That
is, after ~86 days, oxidation in the vicinity of the edges
may become much more rapid than in the centre.

It is worth emphasizing that excellent quantitative
agreement is obtained for the early stages of ageing,

regardless of the functional form (constant, power law or
exponential) chosen for the diffusivity/modulus relation.
Similarly, even at long times, the predicted time-
dependent behaviours are not especially sensitive to the
functional form of the diffusivity/modulus relationship.
That is, knowledge of the specific functional form of this
relationship is not critical to successful modelling of
time-dependent modulus profiles.

Variable solubility

In addition to changes in diffusivity, changes in
permeability may also be due to changes in solubility.
Rigorous treatment of such changes requires the use of a
constitutive relation, e.g. Fick’s law'’, for the flux that
explicitly treats solubility as non-constant:

de dInS
J——D(a—D = ) (39)

The fact that solubility and diffusivity have different
functional dependences in equation (39) makes it difficult
to determine a priori the relative magnitudes of their
effects on the predicted profiles. But because only small
chemical changes (approximately 1 oxidized site per 100
backbone carbon atoms) correspond to near-total
degradations of elastomers, and because our results for

POLYMER Volume 38 Number 8 1997 1941



Modelling diffusion-limited oxidation profiles: J. Wise et al.

the earlier stages of degradation indicate only insignif-
icant changes in solubility (see Figure 15), we expect
solubility to be insensitive to modulus over the modulus
regime of interest. If so, changes in solubility will have
only a minor influence on the time-dependent predic-
tions. We therefore choose not to pursue this line of
inquiry.

OTHER ASPECTS OF THE MODELLING

The sensitivities of this modelling (assuming a power law
dependence for the diffusivity/modulus relationship) to
¢/ Py (closely related to «y, equation (3)), 5, and » are
shown in Figure 20 for the nitrile rubber. These
sensitivities refer to changes in the indicated parameter,
with all other parameters held constant. Because diffu-
sion limitations are most evident at high temperatures,
we have chosen the 18 day at 125°C condition, which
displays important diffusion-limited effects, as a refer-
ence point for comparison. (We showed earlier (see
Figures 1, 16 and 17) that diffusion limitations are not
significant at lower temperatures and that the modelling
is insensitive to the choice of functional form of the
permeability/modulus relation.) In each of Figures 20a,
20b and 20c, the middle profile is the reference condition.

We believe that reasonable errors in the extrapolation
from 95 to 125°C give 4.5 x 107° < P, < 6.2 x 10~ and
1.0x10° << 1.5% 107, so that 0.16 < ¢/Pyy <

0.30, compared to the reference case, ¢/ P, = 0.21 (see
Table 2). As shown in Figure 20a, this uncertainty has a
moderate quantitative effect (£25%) on the magnitude
of the modulus predicted at the centre of the sample;
qualitative agreements are unaffected. The excellent
quantitative agreement shown in Figures I and 16
indicates that our extrapolated values of ¢ and P, are
likely correct. The sensitivity of the predicted profiles to
Bo 18 shown in Figure 20b. Profiles are virtually
unchanged when [, is decreased by ome order of
magnitude; increasing [, by one order of magnitude
causes drastic changes in the shape of the profile
(formation of shoulders). Slight indications of shoulder
formation are observed for the nitrile rubber at 95 and
110°C (see Figure 1). It is possible that these shoulders
indicate that /3, increases sharply in the later stages of
ageing, although the available data (Figure 5 and also the
generally U-shaped experimental profiles, which suggest
that 3, ~ 1) argue against this interpretation. Finally,
based on the small differences between the predicted
profiles in Figures 1 and 16, we expect that sensitivity to
the power law exponent n will be weak; this is indeed the
case as shown in Figure 20c.

Long-term predictions for the nitrile rubber at
intermediate and lower temperatures are shown in
Figure 21. As expected, heterogeneities develop at the
lower temperatures, but at increasingly long times.
Additionally, the degree of heterogeneity decreases

200
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Figure 19 Predictions of time-dependent profiles for the neoprene rubber at (a) 150°C, (b) 120°C and (c) 100°C, assuming that the permeability/
modulus relation is described by a power law where n varies with 7. Symbol identification keys for the modulus data are given in Figure 2

10°

102}

M, MPa

10"}

10°
P, %

0O 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100

P, % P, %

Figure 20 Sensitivities of the predicted nitrile rubber profile (18 days at 125°C (middle profile in each case)) for the indicated values of (a) ¢/ P, [=]

molem Hgemg ™! «cSTP™Y, (b) A, and (c) #
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Figure 21 Long-term nitrile rubber ageing predictions at lower temperatures: (a) 80°C, (b) 65°C and (c) 40°C. In all cases, heterogeneous modulus
profiles are predicted after sufficiently long times, although the degree of heterogeneity decreases as temperature decreases

with decreasing temperature. This effect is a direct result
of the functional dependence of modulus on cumulative
oxidation: Because the & profile becomes increasingly
homogeneous (smaller DLO effects) at lower tempera-
tures, the cumulative heterogeneity is necessarily smaller
than at higher temperatures.

It is common practice to estimate L., the critical
sample thickness below which DLO effects are insignif-
icant, from equation (3) as

a;  pPu\"’
L, = Plox 40
¢ (1 +58 o ) (40)

where « is that value of a4 for which the integrated
oxidation across the sample is at least 90% of the
homogeneously oxidized case. For thermal ageing of
elastomers, we find Gy ~ 1, a conclusion emphatically
supported by the excellent agreement between experiment
and theory in this work, which is based on 3, ~ 1. When
Bo ~ 1, it follows that a./(1 + By) ~ 2 (see Figure 10 in
Gillen and Cloughs). However, equation (40) is frequently
evaluated using a /(1 + B,) ~ 8”7, resulting in over-
estimation of L by a factor of 2.

SUMMARY AND CONCLUSIONS

We have developed a complete, quantitative model for
the time development of DLO profiles and have
demonstrated quantitative predictions of modulus pro-
files. Although developed explicitly for modulus profiles,
we expect this treatment to be analogously applicable to
modelling of other mechanical and also chemical proper-
ties. With the experimentally controllable parameters L
and p and measurements of ¢, By, Py, kair and ko, the
time-dependent profiles can be predicted with great
accuracy and the extent of DLO assessed. For thermal
ageing, 3y can often be assumed to be near unity or can
be well estimated with little effort from the shape of
measured modulus profiles. Importantly, all parameters
can be assumed constant (no time dependencies) for
predictions relevant to the service lifetime of elastomers.
Knowledge of the specific functional form of the
permeability/modulus relationship is not critical to
successful modelling of modulus profiles.
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APPENDIX. PERMEABILITY/FREE VOLUME
RELATIONSHIP

Noting that D « 1/nallows us to rewrite equation (24) as

1n£“ :B(i—l) (A1)

Vg Vo v

We expect that free volume v will change with cross-link
density v as

v=uvy — kAv (A2)

POLYMER Volume 38 Number 8 1997 1943



Modelling diffusion-limited oxidation profiles: J. Wise et al.

where Av, the change in cross-link density, is given by the changes in P,,; that is,
1 1 kAv kK'AM
Av=v—yy=—-— = 1 A6
Pome m, < (A6)
ox M, — My=AM (A3) Under the assumption given in equation (A6), it follows
that
Equation (A3) assumes that both free volume and
modulus are proportional to the reciprocal of the 1 1 1 KAM
molecular weight between cross-links, m,. Thus, v _K'AM = (=K' AM /) = o (1 + ™ )(A7)
— _ 14
V=t~ kAM (A4) which allows equation (AS) to be rewritten as
and equation (A1) can be rewritten as D B
In—= :——Ek’AM:bAM (A8)
In 2 —B<1 1 ) (A3) P %0
D, Ty vy — kAM That is,
We assume that small changes in free volume account for Dj(li) x exp[b(M G My)] (A9)
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