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Abstract

A multidisciplinary approach focused on models and processes to predict the performance and life expectancy of high-temperature polymer
matrix composite (HTPMC) materials used in a variety of aerospace applications is being developed. Emphasis is on the implementation and
extension of hierarchical models to represent the polymer behavior/properties as a function of the degradation state. Neat resin specimens of
high-temperature polyimide PMR-15 have been evaluated for various aging conditions. Characterization of the properties of the polyimide is
focused on development of a constitutive law for use in a micromechanical analysis to predict the behavior of PMR-15 reinforced composites.
Thermo-oxidative aging is simulated with a diffusion-reaction model in which temperature, oxygen concentration and weight loss effects
are considered. One-dimensional simulations illustrate oxidative layer growth for neat resin specimens. Comparisons and correlations with

experimental observations of oxidation layer growth are presented.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer matrix composites (PMCs) operating in high-
temperature environments (100—350 °C) undergo thermo-
oxidative degradation and accelerated damage evolution.
Several researchers in the composites community e.g.,
[14,18] are working on the model-based design and develop-
ment of novel material systems that enhance the life and
affordability of HTPMCs. Mechanism-based models e.g.,
[4,10,21,22] are expected to yield an understanding of the
mechanisms behind observed degradation phenomenon, help
to design accelerated tests and are a first step towards a predic-
tive capability. The high-temperature aging behavior of several
neat polymer resins has been studied [1—3,20]. Several major ag-
ing mechanisms can be identified that lead to weight loss and
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damage growth and hence degradation of the performance of
the resin. They are:

e Physical aging: The thermodynamically reversible volu-
metric response due to slow evolution toward thermody-
namic equilibrium is identified as physical aging. The
decreased molecular mobility and free-volume reduction
lead to strain and damage development in the structure.

e Chemical aging: The nonreversible volumetric response
due to chain-scission reactions and/or additional crosslinking
(not associated with reactions with oxygen), hydrolysis,
depolymerization and plasticization is classified as chem-
ical aging.

o Thermo-oxidative aging: The nonreversible surface diffu-
sion response and chemical changes occurring during
oxidation of a polymer (hence a modality of chemical
aging) are termed as oxidative or thermo-oxidative aging
of the polymeric matrix. The oxidative aging may lead
to either the reduction in molecular weight as a result of
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chemical bond breakage and loss in weight from outgas-
sing of low molecular weight gaseous species or chain
scissation and formation of dangling chains in networks.

e Mechanical stress-induced aging: Mechanical and thermal
fatigue loading cause micromechanical damage growth
within the material. The damage evolution in turn acerbates
the creep and thermo-oxidative response of the material.
This aging mechanism is the least understood and least
modeled by researchers.

Recent studies e.g., [3,16,19] document the growth of the
thermo-oxidative layer and the changes in elastic moduli and
chemical composition resulting from isothermal aging in oxi-
dizing environments in high-temperature polyimide resins. It
has been observed that the polymer degradation occurred mainly
within a thin surface layer that developed and grew during ther-
mal aging. In general, the core of thick (24 mm) polymer speci-
mens was protected from oxidative degradation during the
tested length of exposure and was relatively unchanged by the
thermal treatment. An associated problem is the crack initiation
and damage growth in the oxidized matrix region. Embrittle-
ment of the surface layer induced by thermal oxidation leads
to adensity increase and a weight loss; both processes contribute
to the shrinkage of the oxidized layer which generates tensile
stresses and possibly “‘spontaneous’ cracks [2,5,11,13]. The
crack faces provide additional diffusion surfaces and accelerate
the material degradation and growth of the oxidation layer [16].

To accurately predict the performance of PMC components,
knowledge of the individual aging mechanisms, their synergis-
tic effects and the spatial variability of the thermo-oxidative
degradation are critical. In this work, thermo-oxidative aging
is simulated with a diffusion/reaction model in which temper-
ature, oxygen concentration and weight loss effects are consid-
ered. A parametric reaction model based on a mechanistic
view of the reaction is used for simulating reaction rate depen-
dence on the oxygen availability in the polymer. This paper
gives an extension of the kinetic model proposed by Colin
et al. [6,7], describing the thermal oxidation kinetics of poly-
mers in the stationary state (i.e., in the domain of the low con-
version ratios). The extension concerns the domain of high
conversion ratios in which the constancy of the substrate con-
centration is no longer valid. Indeed, the substrate depletion
leads to an auto-retardation of the oxidation kinetics. A prac-
tical consequence is a decrease of the oxidation rate in the
superficial layers of the specimen, where the high conversion
ratios are firstly reached, which leads to a moving of the oxi-
dation front towards the specimen core. Such an extension was
proposed by Colin et al. [8,9] and successfully applied to the
thermal oxidation of amine crosslinked epoxy and bismalei-
mide. The system of differential equations constituting the
kinetic model, in which was added a new equation describing
the substrate depletion, was solved numerically without any
simplifying assumptions (concerning the long kinetic chains,
the stationary state or the existence of a relationship between
the termination rate constants). This new model accurately
predicted the continual increase of the thickness of oxidized
layer in the domain of high conversion ratios.

In this paper, we have proposed another extension. We
assume that the expression of the oxygen consumption rate
determined in the stationary state remains valid in the domain
of high conversion ratios. The oxygen consumption expression
contains two key parameters of the oxidation kinetics: (i) the
maximal oxidation rate in oxygen excess Ry = (k3[PH]?) /ks;
and (ii) the reciprocal of the critical oxygen concentration be-
yond which oxygen excess is reached: 8 = kyke/(2ksks[PH]).
It is clear that both parameters are linked to the substrate con-
centration [PH]. However, we assume that only R, is especially
affected by the substrate depletion. For this paper, macroscopic
weight loss measurements are used to determine the reaction
and polymer consumption parameters. We compare and correlate
the experimental oxidation layer growth in high-temperature
polyimide resin with parametric analyses obtained from simu-
lations. Results from this work will be subsequently utilized to
link the diffusion-reaction models of chemical and thermo-
oxidative degradation with micromechanical analysis and for
development of a constitutive law to predict the behavior of
HTPMC.

2. Modeling of thermo-oxidation

Fig. 1 shows the various mechanisms of the thermo-oxidative
degradation of the composite. Note that the illustrations show
the mechanisms as individual events. However, in reality, the
mechanisms are coupled, some may dominate more compared
to others, and the sequence of their occurrence could be a func-
tion of the material property and the aging environment (i.e.,
temperature, pressure, etc.). When the material is first exposed
to the oxidizing environment, the boundary sorption (controlled
by Henry’s law) will determine the solubility of the gas into the
material. We will assume, as a first approximation, that the trans-
port of the gas within the material is controlled by Fickian diffu-
sion. The adsorbed oxygen diffuses into the volume and is
followed by reaction of the polymer. The rate of reaction is mod-
eled as a function of both the oxygen availability (through
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Fig. 1. Six phases of thermo-oxidative damage evolution which include
exposure to oxygen environment, sorption at the boundary, diffusion/reaction,
oxidative layer growth and material damage.



G.P. Tandon et al. | Polymer Degradation and Stability 91 (2006) 1861—1869 1863

diffusion) and the polymer availability (tracking end products of
reaction), besides being dependent on temperature.

2.1. Sorption and diffusion modeling

With C(x,y,z;f) denoting the concentration field at any time
within a domain with a diffusivity of D;; and consumptive re-
action with a rate R(C ), the diffusion reaction with orthotropic
diffusivity is given by Eq. (1)

aC o°C 0°C 0°C
Fri ( 11@+Dzza—y2+D33@) —R(C) (1)
subjected to the boundary conditions

C = C® on the exposed boundaries

dc
Fr 0 on symmetry boundaries

The boundary sorption on the exposed boundaries is given
by Henry’s equation

CS=SP (2)

where S is the solubility and P is the partial pressure of the
oxygen in the environment. The diffusivities are temperature
dependent typically given in Arrhenius form:

D, = DY exp(~E,/RT) 3)

and are determined using permeability tests at lower tempera-
tures to determine the pre-exponent (Dg) and the activation
energy parameters (E,). Assuming isotropic diffusion, Table 1
shows the values of these parameters for a typical high-
temperature polyimide resin as determined by Abdeljaoued
[1] in its virgin state, i.e., unoxidized condition, where the
subscript on the pre-exponent have been omitted for brevity.

2.1.1. Heterogeneity in diffusivity

Thermo-oxidative aging of the polymeric material will
change the chemical composition of the polymer and hence
the physical properties of the material. Therefore, any part
of the polymer subjected to thermo-oxidation will invariably
contain multiple material phases — namely, the unoxidized
or virgin polymer, the active reaction zone (where a mix of
oxidized and unoxidized polymers exist) and an oxidized
polymer phase. Although this three-phase model is analogous
to the two-phase models (or skin/core models) described ear-
lier [15,17], the description of three phases enables extension
to situations with high conversion ratios in which the constancy
of the substrate concentration is no longer valid. Indeed, the

Table 1
Constants for evaluating diffusivity of polyimide resin

Unoxidized, ¢ = 1([1])

Dy 6.10 x 107" m%s
E, 19700 J/mol
R 8.31447 J/(mol K)

substrate depletion leads to an auto-retardation of the oxidation
kinetics. A practical consequence is a decrease of the oxidation
rate in the superficial layers of the specimen, where the high
conversion ratios are firstly reached, which leads to the growth
of the oxidation front towards the specimen core. In general,
the diffusivities for each of these phases will be different, while
the diffusivity of the oxidized polymer layer is the controlling
parameter as the diffusion of oxygen through the oxidized layer
is the source of oxygen supply to the unoxidized layer. In this
work several simulations of oxidation layer growth will be pre-
sented. Initially, for lack of better information, we will assume
that the diffusivities for the three phases are the same and equal
to the unoxidized value. Later, we will consider the case where
the diffusivity D;; at a material location is assumed to be a linear
interpolation of the diffusivities of the oxidized and unoxidized
materials, denoted by Dj* and D}, respectively. For the remain-
der of this paper, superscripts ox and un will be used with
diffusivity values whenever needed for clarity.

2.2. Reaction modeling

The reaction rate term, R(C ), in Eq. (1), models the reaction
of the oxygen with the polymer. Oxygen can react with the end
caps of the polymer and/or the backbone of the polymer. The re-
action modeling presented here assumes that the reaction prod-
ucts (water and other volatiles) leave the polymer
instantaneously and no modeling of the outgassing is conducted.
The reaction rate depends upon temperature and oxygen con-
centration. While the Arrhenius-type kinetics models e.g.,
[14] are suitable for capturing the temperature, the mechanistic
models [1,6,7] capture the reaction rate dependence on the con-
centration dependence as well. The mechanistic models typical-
ly determine the reaction rate based on a saturation reaction rate
(Ro) when the reaction is not oxygen deprived. The reaction rate
is reduced when the oxygen availability is reduced, namely,

R(C) =R f(C) (4)

where R is the saturation reaction rate. The function fC) in
Eq. (4) models the situation in which the amount of oxygen
available for reaction is lower than that required for the
maximum reaction rate reached under saturation conditions.
The reduction in reaction rate can be modeled following Colin
et al. [6,7] using Eq. (5).

26C

8C
0= gc| i +ac) ®)

Fig. 2 shows the dependence of the reaction rate on the con-
centration as modeled by Eq. (5). The abscissa has a normal-
ized concentration parameter (6C) in which the parameter,
B, nondimensionalizes the concentration field. According to
Eq. (5), there is a rapid acceleration phase (0 <BC < ~3)
and a relative constant phase (6C > 3). For this analysis, we
chose this simpler, two-phase, reaction rate to concentration
dependence.

The oxygen consumption expression contains two key pa-
rameters of the oxidation kinetics: (i) the maximal oxidation
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Fig. 2. Typical model of reaction rate dependence on concentration.

rate in oxygen excess Ry = k3[PH]” /ke; and (ii) the reciprocal
of the critical oxygen concentration beyond which oxygen ex-
cess is reached: ( = kpke/2ksk;[PH]. It is clear that both
parameters are linked to the substrate concentration [PH].
However, we assume that only R, is especially affected by
the substrate depletion, which could be justified by the fact
that [PH] appears with an exponent 2 in R, whereas it appears
only with an exponent 1 in (.

The value of 8 can be determined from weight loss data
obtained at two oxygen partial pressures, typically in pure
O, and in air. In order to determine this value, we need weight
loss measurements at two concentrations which translate to the
reaction rates at those two concentration values. Since
the weight loss is taken to be proportional to the oxygen con-
sumption rate, the ratio of the weight loss determined at two
concentrations is the same as R,(C,)/R,(C,). For example,
from Abdeljaoued [1], the ratio of the weight loss between
pure O, (C;=3.74mol/m?) and air (C,=0.79 mol/m’) is
about 0.7 at 280 °C over 40—170 h of aging. Therefore,

26C,

{ _BG 26C,
14+ 6C, 2(1+,3C1)

=S
146G 2(1+6Cy)

|07

(6)

Solving the equations produces three roots: [—3.5593,
—0.42657, 0.91947], with only one physically feasible value
for the polyimide resin, 8 = 0.919.

2.3. Oxidation layer growth modeling

The simulation of the oxidation layer growth requires
the specification of the reaction rate Ry and a mechanism for
reaction completion/cessation. Considering that the oxidation
reaction will stop if it is oxygen-starved as modeled by Eq. (5),
the reaction will stop when all the active polymer sites are
consumed. In the latter case, the oxygen will again diffuse
deeper into the material in favor of the reaction. In this section
we describe the case when the diffusing oxygen finds the
active polymer reaction sites creating an active oxidation layer
followed by advancement of the layer upon the reaction
completion.

2.3.1. Active oxidation layer size

Under the assumption that abundant active sites are avail-
able for reaction in the polymer, the diffusion-reaction equa-
tion (Eq. (1)) leads to a zone over which oxidation takes
place. This zone will be proportional to the ratio of the volume
in which oxygen has diffused over the volume where it has re-
acted. For the polyimide resin under consideration, the active
reaction zone forms quickly (can be seen within 1h). The
optical experimental observations reported by Ripberger
et al. [16] also verify the existence of a zone between the ox-
idized and unoxidized regions.

Fig. 3 shows the active reaction zone measurements for
polyimide resin at 288 °C. This figure shows two distinguish-
able region sizes — namely 17 pm before 40 h and 25 pm after
40 h of aging. These active reaction zone sizes correspond to
a Ry value of about 3.5 mol/m> min for the first 40 h of aging
which then slows down to a reaction rate corresponding to
about 2 mol/m® min. We recognize that the reaction zone
size will grow from an initial value of zero at the start of aging
to a finite value (which can be experimentally observed and
measured) over a period of time. However, for simplicity,
the measured active reaction zone size has been fitted to cor-
respond to two constant R, values.

2.3.2. Reaction termination criterion

While the active zone modeling describes the reaction rate
and its dependence on oxygen availability (concentration
fields), the diffusion-reaction system will be stationary (does
not grow into the polymer thickness) if sufficient amount of
polymer is available for reaction. However, under longer-
term (tens to hundreds of hours) aging conditions, the oxida-
tion layer will grow moving the active reaction zone into the
polymer, and three zones can be observed along the depth of
the polymer, as illustrated in Fig. 4. Therefore, a polymer
availability state variable (¢) is defined which indicates the
availability of an active polymer site for reaction. The state
variable ¢ is parameterized to vary from ¢, < ¢ < 1, where
¢ox denotes completely oxidized polymer, and ¢ = 1 denotes
unoxidized polymer. We assume that the reaction is terminated
when ¢ equals ¢oy.

In this effort, we utilize the weight loss information to
determine the value of ¢.,. In order to determine this value,

,é\ 30 9 Corresponds to Ry =2 mol/(m?.min)
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Fig. 3. Active reaction zone variation with time illustrating slowing of the
oxidation reaction after 40 h of aging.
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Fig. 4. Schematic of the three zones in thermo-oxidation. The oxidized region
is followed by active zone separating the oxidized and unoxidized regions.

first we must establish a relation between the oxidation layer
size and the weight loss. The most common assumption relat-
ing the two parameters is that the weight loss rate (dW/d¢) is
proportional to the reaction rate R(C), i.e.,

dw
o~ R(O) ™)
where the negative sign is introduced in Eq. (7) since the
weight loss is negative and the oxygen consumption rate is
positive. We now define an oxidation state parameter at any
point in the material as the current weight of the material
over its original (unoxidized) weight, i.e., ¢ = (W(z))/W,.
Thus,

dp 1 dW
@ W dr ®)
Combining Egs. (7) and (8), we obtain,
de(7)
——~=—aR
o aR(C) 9)

where a constant of proportionality («) relates the oxidation
state change (d¢/df) and the reaction rate (R(C)). The param-
eters, ¢ox and «, can be determined from the weight loss data
for known specimen geometry together with oxidation layer
size data measurements.

1865

2.4. Determination of ¢, from weight loss
experimentation

In an inert environment, post-polymerization and thermoly-
sis are the two typically active mechanisms, whereas in an
oxidizing environment thermo-oxidation is also present.
Therefore, aging experiments are conducted both in inert
atmospheres (e.g., argon) and oxidative atmospheres (air),
and the weight loss is recorded at various time intervals in
order to determine the effect of oxidation on aging. Let the ini-
tial specimen dimensions be given by length (L), width (W)
and thickness (7). At a particular time interval if the weight
loss fraction (weight loss/original weight) in the inert atmo-
sphere is given as vy, and weight loss fraction after the same
time period in air is given by ¢, then the weight loss fraction
due to oxidation alone is (e—). Let the observed thickness
of the completely oxidized layer and the active oxidation layer
be denoted by #,, and t,, respectively, as shown in Fig. 5. The
initial volume of the specimen (V), the volume of the fully
oxidized zone (V,), and the volume of the active oxidation
zone (V,) are therefore, given by:

V=LWT

Vo = {LWT — (L—21,)(W —21,)(T — 21,)}

V= {LWT —Vy — (L—2(ts + 1)) (W = 2(ta+ 1)) (T— 2(tu +1,)}
(10)

Assuming that the oxidative weight loss is confined to the
oxidation zone and that ¢, varies linearly in the active oxida-
tion zone, the weight loss in the oxidized zone should there-
fore, be equal to the weight loss in the specimen, i.e.,

1- ¢0x
|:(1 - ¢0X)Vo + < 2

)va]pzwwme—v]p (1)

where p is the density. Solving for ¢.y, we obtain

Vie —
fo—1 - =)
Vo +=Va

+2

(12)

Egs. (10)—(12) determine the value of ¢, from oxidation
layer size observations and weight loss data determined from
aging in inert () and oxidative (&) environments.

Oxidized shell ty
T
?

t

a

L. Active Reaction Zone
Unoxidized core

Fig. 5. Geometry of the specimen used for aging with all boundaries exposed to oxygen. The oxidized layer, active reaction zone and the unoxidized regions are

illustrated in the sectional view.
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3. Numerical thermo-oxidation simulation

The diffusion-reaction system of equations is solved using
numerical solutions to differential algebraic equations in a 1-D
domain. These methods are computationally effective when
performing parametric sensitivity analysis. This section de-
scribes the solution algorithms used to solve the diffusion-
reaction system with the reaction rate following Eq. (5)
described as follows:

§
R(C):{R02g<1—§> for ¢ < o,
0 for ¢ = o (13)
8C
1+ 8C

The diffusion-reaction system is solved using modified im-
plementation of odel5s and pdepe solvers in the MATLAB™
system. The oxidation-dependent diffusivity D;(¢$) is deter-
mined at each computational point using the model discussed
in Section 2.1.1, namely,

where &=

un d) - ¢0x 0x - ¢
(1_¢ox) (1 _¢0x)
The oxidation state variable (¢) is determined at every time
step during the computation using the weight loss relationship
shown in Eq. (15),

(14)

p=mind g [1- /0 w(QRE)L (15)

The system of diffusion-reaction formulation given in
Eq. (1) is solved using numerical methods. The mesh used
has 1.6 um spacing in the spatial domain and automated time
stepping with a minimum time step of 1 x 107 min and a max-
imum time step of 2.5 x 10> min. A typical solution takes on
the order of 20 min of CPU time on a desktop computer with
2.8 GHz Inte]™ CPU and 512 MB RAM.

4. Thermo-oxidative behavior of PMR-15 resin

In order to understand the thermo-oxidative behavior of the
polymer, we compare and correlate the experimental oxidation
layer growth obtained at 288 °C (550 °F) with parametric
analyses obtained from simulations. These comparisons pro-
vide quantitative values for various parameters of the model,
especially the temperature-dependent saturation reaction rate
(Rp), the behavior of the proportionality («) between reaction
rate and the weight loss, the polymer availability state variable
$ox» and the apparent diffusivity of the oxidized region (Dg").

A diffusivity value of 53.6 x 10~° mm?/min is calculated
for PMR-15 resin at 288 °C (550 °F) using Eq. (3) in conjunc-
tion with the unoxidized pre-exponent (D) and the activation
energy parameters (E,) listed in Table 1. The value of ¢, as
determined from the experimental weight loss data was not
found to be constant but observed to decrease with aging

time. Material loss from the edges and volumetric shrinkage
is both observed during oxidative aging experiments, and these
effects are predominant beyond 100 h of aging. Therefore, the
¢ox Vvalue is determined by averaging the predictions during
the initial time period of 100 h at 288 °C. The average ¢
value as determined by Eq. (12) and experimental weight
loss data is 0.187, which means that the completely oxidized
polymer weighs about 18.7% of the unoxidized polymer.

4.1. Influence of saturation reaction rate, R,

Fig. 6 shows the experimental observations and the
predictions of oxidation layer growth at 288 °C (550 °F).
The simulations shown are with a constant diffusivity
(D} = Dj = 53.6 x 10-® mm?/min) and a constant value
of the proportionality constant (o =0.3). Several values of
reaction rates (5.5 mol/m® min, 3.5 mol/m® min, 0.5 mol/m® min)
are considered. The oxidation layer growth predictions show
little dependence on the reaction rate Ry. Moreover, the simu-
lations overpredict the oxidation layer growth at longer aging
times. As mentioned earlier, the choice of saturation reaction
rate mainly influences the size of the active reaction zone. A
larger reaction rate results in a decrease in the size of the
active zone, whereas a smaller value results in an increase in
the size of the active reaction zone. The experimental mea-
surements of [16] support larger reaction rates during the
initial aging period which then decrease at longer aging times.

4.2. Influence of polymer availability state variable, ¢,

Fig. 7 shows the influence of ¢, on oxidation layer
growth predictions using constant values of D' = Di* =
53.6 x 107 mmz/min, Ry=3.5 mol/m> min and a =0.3. An
average ¢,y value of 0.187 was determined using the weight
loss data during the initial 100 h of aging. For this figure, two
other constant ¢,y values, namely, 0.1 and 0.3, were considered.
Clearly, the oxidation layer predictions are seen to increase with

0.12 : : :
- | D;*=D;"=53.6 x 10° mm¥min =
0.1 | vy &
L 0=0.3, 0, =0.187 1
I 2N ]
£ 008 | S Ry=05
=) L Ry=5.5 il ]
. od
%' : 1/ Ry=3.5 :
= 0.06 - o -
g r o .
g : Experiments :
S 0.04 /7 i
- / p
- ’/ E
W/ i
0.02 // )
/ ]
0 ! | | |
0 50 100 150 200
Time, hr

Fig. 6. Influence of Ry on oxidation layer growth predictions.
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Fig. 7. Influence of ¢, on oxidation layer growth predictions.

increase in the value of ¢,. A larger value of ¢, implies earlier
cut-off of polymer availability for reaction leading to an
advancement of the reaction zone and larger oxidation layer
thickness.

4.3. Influence of proportionality factor, o

Fig. 8 shows the influence of « on oxidation layer growth
predictions using a constant diffusivity (D;‘in =Dj =
53.6 x 107® mm?/min) and a constant value of the saturation
reaction rate (Ro = 3.5 mol/m> min). Initially, we assume that
the proportionality factor « is constant with time (i.e., aging).
As seen in Fig. 8, a larger value of « predicts the data well at
small aging times but clearly overpredicts at longer aging times.
On the other hand, a smaller value of « vastly underpredicts at
smaller aging times but gives a better fit at longer aging time
periods. This therefore, leads us to believe that the weight

0.12 : : .
F | D7*=D;"=53.6x 10" mm*min i
01 y y —|
F Oox = 0.18, Ry=3.5 mol/m>.min 1
g 0.08 Experiments -
= i a=03 \ ]
o
> L a|
5 e
= 0.06 - e
g [ ——— — - b
< F — oa 4
L) o "
;< [ ’.r"‘" _/' "—- 1
S 004 L a=0.1 N
- '/ -
L ’/ 4
0.02 - // o=0.3-0.2 (t/40) ; t < 40 4
Ff =0.1;t>40 1
L, / 4
V4 4
ok | | |
0 50 100 150 200

Time, hr

Fig. 8. Influence of « on oxidation layer growth predictions.

loss proportionality factor («) is not a constant but depends
upon the oxidative aging time. In the third simulation shown
in Fig. 8, we therefore, assume « to vary linearly from a value
of 0.3 to 0.1 within the first 40 h and keep it constant beyond
that time. With this assumed variation (which is in agreement
with larger weight loss rates observed during the beginning
of the experiments), the numerical simulations of oxidation
layer growth are still underpredicted, but the shape of the pre-
dicted curve is now offset from the measurements by a small
amount. The proportionality between the oxygen consumption
rate and weight loss rate was established by Abdeljaoued [1]
using simplifying assumptions of which some of them (e.g.,
existence of a relationship between termination rate constants)
were rejected by Gillen et al. [12]. Thus, a value of o which
does not remain constant with time, as seen from our simula-
tions, bodes well with the findings of Gillen et al. [12].

44. Influence of diffusivity, Di* and D"

Fig. 9 shows the experimental oxidation layer growth data at
288 °C compared with several simulations with varying diffu-
sivity. We initially assume that the diffusivity of the oxidized
material is the same as the diffusivity of the material in its virgin
state, i.e., unoxidized condition. On increasing the constant dif-
fusivity value from 53.6 x 10~° mm*min to 78 x 10~° mm%min
(ie., setting D" = DY* =78 x 10~% mm? /min), the predic-
tions overestimate the oxidation layer even further at longer ag-
ing times. The behavior worsens even further using
D" = Dj* =100 x 10-% mm? /min. Next, we increase the dif-
fusivity value in the oxidized region from 53.6 x 10~® mm*min
to 78 x 10~® mm*/min and keep D' = 53.6x 10-% mm? /min.
This simulation differs very little from our earlier simulation
with D}}“ = D}’j" =78 x 107° mm? /min, and therefore, illus-
trates that the oxidation region growth is predominantly con-
trolled by the diffusivity of the oxidized region and is far less
sensitive to the diffusivity of the unoxidized material. In the
case of low conversion ratios, it is generally assumed that the
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Fig. 9. Influence of diffusivity on oxidation layer growth predictions.
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oxygen diffusivity does not change. This assumption has been
checked experimentally for some linear polymers (PP and
PE) and thermosets (epoxy). However, the problem remains
totally open in the case of high conversion ratios. But, it can
be reasonably considered, in a first approximation, that the dif-
fusivity increases when the chemical structure changes a lot
(presence of many oxygenated species) and the network is
almost destroyed (presence of many dangling chains). As a
result, it can be reasonably imagined that oxygen diffusivity
increases notably in the superficial layers where high conver-
sion ratios are reached.

4.5. Combined influence of controlling parameters

If the diffusivity of the resin is left unchanged with
Di* = DY¥ = 53.6 x 107 mm?/min, but « is assumed to
vary linearly from a value of 0.3 to 0.1 within the first 40 h
and kept constant beyond that time, the numerical simulations
of oxidation layer growth are underpredicted, but the shape of
the predicted curve is approximately parallel to the experi-
mental measurements. Next, if we increase the diffusivity value
in the oxidized region from 53.6 x 10~® mm*min to 78 x
10~° mm?/min and keep D} = 53.6 x 10~° mm?/min in con-
junction with a linear variation of « for the first 40 h, we now
obtain a very good agreement between the predictions and the
measurements of the oxidation layer, as seen in Fig. 10. This
good matching therefore, gives credence to our assumptions
that the diffusivity values within the oxidized region are larger
compared to the values in the unoxidized region, and that the
value of « changes with aging with a larger value obtained
initially, which is also in agreement with larger weight loss rates
observed during the beginning of the experiments.

4.6. Extrapolations to longer aging times

In order to project the oxidation layer growth to thousands of
hours of aging, we use extrapolations from the simulation of first
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Fig. 10. Combined influence of controlling parameters on oxidation layer
growth predictions.
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Fig. 11. Comparison of extrapolated oxidation layer growth predictions with
measurements.

200 h of the oxidation layer growth. The oxidation layer size is
fitted using a power law dependence with time and the long term
predictions are obtained by extrapolation. The oxidation layer
size, extrapolated to 1500 h of aging, is compared with experi-
mental measurements in Fig. 11. The values of the parameters
used in the simulations are also listed in the figure. The results
indicate that the comparisons, using a constant « = 0.1 beyond
40 h of aging, are reasonable for 500 h of aging but are overesti-
mated at longer time periods. However, when we simulated the
layer growth by reducing the value of « from 0.1 to 0.05 for ag-
ing from 200 h to 400 h, the predictions are underestimating the
oxidized layer thickness at longer aging times. These extrapola-
tions and comparisons for longer aging times therefore, illus-
trate that the proportionality factor (o) is not a constant but
depends upon the aging time. Further work is needed to help
establish this correspondence from the weight loss data.

5. Concluding remarks

A comprehensive and predictive model for thermo-oxidation
of high-temperature polymers has been formulated. The model
considers diffusion, reaction and oxidation of the resin system.
This work extends the earlier mechanistic models by introduc-
ing the concept of polymer availability, thereby producing
predictive oxidation layer growth simulations. The parameters
utilized in the model and their relations to physically observable
behavior are described.

Parametric studies are conducted to examine the sensitivity
of the controlling parameters. It is observed that the oxidation
growth process is clearly diffusion controlled, and the diffusiv-
ity of the oxidized region is the controlling parameter. The pa-
rameter, «, relates the reaction rate to the weight loss rate of the
polymer, and the parameter ¢,y is the normalized weight of the
completely oxidized polymer at which the oxidation reaction
terminates. This weight loss rate to reaction rate relationship
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is essential to measure the progress of the oxidation reaction
rate through bulk specimen aging and oxidation experiments.
However, by knowing the polymer molecular chemistry and
structure and the exact nature of the oxidation reaction, it is pos-
sible to identify the molar volume of oxygen required for com-
plete oxidation reaction of a given volume of a polymer. This
would be a single parameter measuring the total volume of
oxygen required for the complete oxidation of a unit polymer
volume. In the absence of such chemical characterization, indirect
relationships and bulk measurements are necessary and practi-
cal. However, as can be seen from the simulations presented
here, simple linear and static (age independent) relationships
between reaction rate and weight loss rate may not be adequate,
as there may be multiple chemical mechanisms such as chain
secession and hydrolysis occurring simultaneously with an im-
pact on weight loss. Although we do not present a direct corre-
lation with known physical or chemical mechanisms, the
experimental results by Ripberger et al. [16] indicate that the
weight loss rate decreases sharply with aging time during
the initial aging period and approach a plateau value for longer
aging times. It is therefore, reasonable to assume that the pro-
portionality constant « is larger at the beginning of oxidation
and decreases with aging time. For this work, we assume a linear
relation for « for the first 40 h of aging which leads to numerical
predictions of oxidation layer growth which correlate well with
experimental measurements for 500 h of aging. Parametric
studies indicate that a further reduction in « is needed for
good comparisons at longer aging times.

While the experimentally observed layer growth with optical
measurement of layer size compares reasonably with the simu-
lations, complications arise in such correlation due to material
loss, cracking and material shrinkage at longer durations of ex-
posure. In this study the diffusivity of the oxidized material is
inferred by comparing the model response to the oxidation layer
thickness measurements obtained from isothermal (at 288 °C
(550 °F)) aging experiments. Although the increased diffusivity
with oxidation is physically intuitive, a direct measurement
of the diffusivity is a superior observation. Such measure-
ments are currently precluded by difficulties in processing
thin films on which diffusivity measurements could be
made. Efforts are currently underway to process thin films
made of PMR-15 polyimide resins and measure the diffusiv-
ity values of completely oxidized films and compare them
with the estimations reported in this work. Direct measure-
ment of diffusivity of the oxidized and unoxidized polymers
and composites is also complicated by the thermo-oxidation
reaction which accompanies the diffusion.
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