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Abstract

It is possible to simulate the weight loss and the density increase of an epoxy matrix induced by oxidation with a kinetic model of radical
chain oxidation coupled with the equation of oxygen diffusion. In this paper, we checked this kinetic model for UD composite samples and
showed that it allows the calculation of the weight loss taking into account two diffusion coefficients of oxygen, the first in the parallel
direction to fibres and the second in the transverse direction. Our simulation tool is valid in the validity domain of Arrhenius law and if the
crack density remains under a critical value. The carbon fibres do not show a specific effect on the weight loss induced by oxidation at the

ageing temperature under consideration.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

This work deals with the durability of a structural part for
the future European supersonic aircraft ESCT. It is made of
a composite material, an epoxy matrix reinforced by carbon
fibres. The supposed lifetime corresponds to about 20,000
thermal cycles between —55 and 120 °C with a total length
of the plateau at 120 °C of 80,000 h (10 years). Thermal
ageing of composite materials shows a weight loss, changes
in the glass transition temperature, significant loss of
mechanical strength and ultimate strain [1-3]. The chemical
degradation strongly depends on the environmental oxygen
concentration and on the specimen geometry. The degra-
dation is faster in the °‘through-the-thickness fibre end
surface’ than in the compressed surface and much faster
than in the surface cut parallel to the fibres. The oxidation
mechanism is limited to superficial layers and from a kinetic
point of view, it is diffusion controlled in the parallel
direction to fibers whereas it is controlled by the chemical
reaction kinetics in the transverse direction [4,5]. There are
two ways to accelerate thermo-oxidative ageing [6], an
increasing temperature and an increasing pressure of
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oxygen. The last one seems better because a test
temperature higher or close to the glass transition tempera-
ture of the matrix possibly involves other chemical reactions
than those observed at moderate temperature [7]. For
several years, ENSAM has developed for polymers kinetic
models of oxidation coupled with the equation of oxygen
diffusion in order to determine the concentration profile of
oxidation products in the sample thickness and the weight
loss induced by chain breaking reactions [8—10]. In the case
of the neat matrix [11], we have shown that it is possible to
simulate the behaviour with a kinetic model of radical chain
oxidation coupled with the equation of oxygen diffusion.
Just now, our aim is to simulate the behaviour of the matrix
in a composite part and to check our kinetic model is by
studying the weight loss of composite samples induced by
oxidation.

2. Experimental
2.1. Material

The composite is a unidirectional carbon/epoxy
laminate. The density of carbon fibres is 1780 kg/m’
and the volume fraction is 64.8+0.6%. The matrix is
made of a mixture of aromatic epoxy (triglycidyl amino
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phenol-diglycidyl ether of bisphenol F) crosslinked by an
aromatic diamine, the diamino diphenylsulphone. There
is 30% by weight of a thermoplastic polyether sulphone
for increasing impact strength. The initial density of the
UD laminate is 1560+ 10kg/m’ and the micro voids
fraction is equal to 4.1%. Samples are cured 3h at
150°C+2h at 180°C, then post-cured under vacuum
during 1.5h at 210°C to achieve a complete cross
linking reaction. The initial glass transition temperature
is 195+3°C.

2.2. Ageing

Before ageing, samples were dried under vacuum at
70 °C until they reach a constant weight. It is an important
preliminary condition because this matrix is hydrophilic.
Samples are exposed in isothermal conditions at 150 and
180 °C, with a partial pressure of oxygen included
between 2X10* and 6X 10" Pa. The weight variation is
measured with an analytical balance of which relative
accuracy is 10~ %,

2.3. Modelling

For the theoretical calculation of the weight loss, we
started from a closed loop oxidation mechanistic scheme
[12]. The main difference with the standard mechanistic
scheme of oxidation is the initiation step: the main source of
alkyl radicals is the hydroperoxide decomposition

POOH + 2PH — 2P° + H,O + vV kI Initiation (1)

P° 4+ O, — PO, k2  Propagation (2)
PO, + PH— POOH + P’ k3  Propagation (3)
P° 4+ P° — Inactive products k4 Termination (4)
P° 4+ PO, — Inactive products k5 Termination (5)

PO; + PO;—

Inactive products 4 O2 k6 Termination (6)

The reason of this choice is that the matrix is a
thermostable polymer and that the thermolysis is quite
low at the ageing temperatures under consideration.

From this mechanistic scheme, we can derive a set of
differential equations, which describe the concentration
evolution of reactive species including the concentration of
reactive hydrogen atoms [PH]. [PH] represents the second-
ary C-H groups or C-H groups, which are located in «
position of a heteroatom.

d%:] = 2k,[POOH] — k,C[P | + k;[PH][PO; ]
— 2ky[P°T* — ks[P°][PO3 ] (D
d[};?;] = k,C[P°] — ks[PH][PO; ] — ks[P° ][PO;]
— 2kg[POS5 T 2)
% = —k,[POOH] + k3 [PH][PO;] 3)
% = —ks;[PH][PO3] — 2k, [POOH] @)
d[dOtz] = —k,C[P"] + ko[PO; 1> + D?:Tf ®)

where C is the oxygen concentration and D the oxygen
diffusion coefficient. This last Eq. (5) is a balance equation
between oxygen which is consumed in chemical reaction (2)
or regenerated in reaction (6) and oxygen, which is brought
by diffusion according to the second Fick’s law.

It is impossible to solve this system analytically, but it
can be solved numerically with the Matlab software by the
finite difference method of Runge—Kutta (Ode23tb of
Matlab) [11]. The sample is discretized into N knots equally
spaced with a distance Ax. The lines i=1 and i=N
correspond to both surfaces of the sample. At the beginning
of ageing, the concentration of alkyl and alkoxy radicals is
null. The concentration of hydrogen atoms and hydroper-
oxide is the same in all the sample thickness (17 X 10> and
10”7 mol/m® for the neat matrix). The surface concen-
tration of oxygen is 3.3X 107> mol/m’ for experiments
carried out at atmospheric pressure.

Then for each direction (x=1, 2 or 3; Fig. 1), each time
t>0 and each point i=1,...,N, the system of differential
equations can be rewritten for as follows

d[P;]i — 2k,[POOH]; — k,G,[P"]; + k3[PHJ,[PO3 ],

— 2ky[P° 17 — ks[P°1,[PO5 1, (6)
d”’iﬂf = ,CIP°]; — k3 [PH,[PO3 ], — k[P,

X[PO31; — 2ks[PO3 I} @
% = —k,[POOH], + k;[PH],[PO; ], (8)
d[f(’;‘]i = —k;[PH],[PO; ]; — 2k, [POOH]; ®)

For i=1,N C,=Cy=Cs where C is the oxygen
concentration and Cs the concentration at the sample
surface.
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Fig. 1. Scheme of the UD composite sample with the three directions of
oxygen diffusion.

For i=2,....N—1, the variation of oxygen concentration
is described by the following equation

dc, . .
5 = RGPl + k[PO3 1}
Ciy1 —2C + G
+D 10

where D, is the diffusion coefficient of oxygen in the
direction x and Ax the distance between two consecutive
knots. The Matlab parameters are reported in Table 1. PH,
stands for the initial concentration of hydrogen atoms,
which can be abstracted by hydroxyl, alkoxy or peroxy
radicals in reactions (1) and (3). This concentration is
determined from the chemical composition of the matrix,
and its calculation is detailed in Table 2. Volat is determined
from isothermal experiments of the neat matrix at 150 and
180 °C and atmospheric pressure [11]. The rate constants of
the oxidation mechanistic scheme are reported values in
literature for rubber [13], polyolefines [14], polar and low
molecular weight compounds [15] except for the constant
ks, which is smaller in our case. Concerning the oxygen
diffusion in the composite, the diffusion coefficient D, in the
transverse direction to fibres is slightly lower than the
diffusion coefficient measured experimentally for the neat
matrix. The diffusion coefficient D, in the parallel direction
to fibres is calculated from the diffusion coefficient D, by
the relationship, which Kondo established for the diffusion
of water [16]

_ =i,
1 —2JViim *

where V; is the volume fraction of fibres. To calculate the

total weight loss of the composite, we add up the weight

variations calculated in each direction x and equal to the
algebraic sum of O, grafted on polymer chains, water and
volatile compounds eliminated from the material
1 dm 32 18 d[H,0] My d[V]

=TT 27RO —
my dt  pg © po dt po dt

D, Y

12)

Table 1
Matlab parameters used for the modelling

AE (kJ/mol) Pre-exponential
factor
PH, (mol/l) 17 - -
POOH, (mol/l)  10™* - -
Dens 1.56x10° - -
Volat 14 3.5%10°
Cs (mol/l) 33%107° - -
D, (m%s) 15 46x107 1
Cte, (I mol™ 130 3.5%10"
1 Sfl)a
Cte, (I mol™ 108 - -
1 Sfl)b
28 (1mol ~)° 45 1.1x108
Cte; (s~ ¢ 65 3.2X108
ye 0.1 - _
Ro (mol 17 's™ 73 5.2X10°
l)f
a Cte. :k].
b Ctezzkz.
¢ 28=(koke)/(ksksPHy).
4 Cte;=ksPH,.
¢ Y= (kake)/(ks)*.
" Ro=(ks)*(PHp)*/ks.
where pg is the initial density,
R(C) = k,C[P°] — k¢[PO; | (13)
d[H,0
A0l _ k;[POOH] (14)
dr
and
d[v
i = vk[POOH] (15)

3. Results and discussion

The theoretical and experimental curves of weight loss of
the composite aged at 150 and 180°C are shown in
Figs. 2—4. The modelling tool gives satisfactory results. To
ensure the necessity to use two different values of oxygen

Table 2
Calculation of the concentration of reactive C-H groups towards alkoy,
peroxy and hydroxyl radicals

Matrix DGEBF TGAP DDS PES Total

Weight 33 22 11 33 99
(%)

Reactive 12 15 - - 27
C-H

groups

H (mol/ 18.5 11.8 30.3
kg

matrix)
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Fig. 2. Experimental (x) and theoretical weight loss (=) of a composite sample 20X 20 X 1 mm exposed at 150 °C, 2X 10* Pa, (= = =) theoretical weight loss

with a single diffusion coefficient equal to D,.

diffusion coefficient, the theoretical curve of weight loss
calculated with a single diffusion coefficient equal to D, has
been reported on Fig. 2. Obviously a single diffusion
coefficient equal to D, gives slightly worse results.
However, the fit is not very much sensitive to the value of
D if we use a single diffusion coefficient equal to the
diffusion coefficient of oxygen in the transverse direction to
fibers, due to the low thickness of our samples. Now, the
question is: can we extrapolate this behaviour at lower
temperature? We checked it with the theoretical and
experimental gravimetric curves (Fig. 5) for the neat matrix
exposed at 120 and 2 X 10* Pa. Our simulation tool is valid
at moderate temperature, in the validity domain of
Arrhenius law.

Laminate samples were first exposed to 500 cycles of 2 h
between —55 and 150 °C in three various atmospheres,
nitrogen, dry air and oxygen. The result of these first
experiments was the build-up of microcracks. The crack

x10°

density was measured by X radiography [17] and is equal to
2.2, 7.2 and 7.9 cracks/cm. The microcracking of samples
exposed to nitrogen is simply due to thermal fatigue. For
samples exposed to dry air and oxygen, the microcracking is
due to the coupling effect of oxidation and thermal fatigue.
Then, these pre-cracked samples were aged in isothermal
conditions at 150 °C and 6 10* Pa of oxygen. The weight
loss is shown on Fig. 6. The higher was the initial crack
density, the earlier is the discrepancy with the theoretical
curve and the more accelerated is the weight loss. When the
crack density becomes higher than a critical value, the
surface exchange of the sample with atmospheric oxygen is
significantly modified and our simulation tool does not work
any more. The effect of graphite fibre on the thermo-
oxidative stability of PMR polyimide composite is much
debated in the literature [18,19], but the ageing tests were
carried out at much higher temperatures (600 °F). Accord-
ing to Bowles [20], the behaviour strongly depends on

(Mt-Mo)/Mo

1000 1500

0 500

2000

2500 3000 3500 4000

time(h)

Fig. 3. Experimental (x) and theoretical weight loss (—) of a composite sample 20X 20X 1 mm exposed at 150 °C, 6X 10* Pa.
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Fig. 4. Experimental (x) and theoretical weight loss(==) of a composite sample 20X 20X 1 mm exposed at 180 °C, 2X 10* Pa.
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Fig. 6. Theoretical weight loss(—) and experimental weight loss (x) of laminate samples (1.5 35X 25 mm) aged 4500 h at 150 °C, 6 X 10* Pa. These samples
were first exposed to 500 cycles of 2 h between —55 and + 180 °C under nitrogen, or dry air or oxygen.
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the fibre-matrix bonding. In our case, we did not observe a
specific role of carbon fibres towards the matrix oxidation.

4. Conclusions

We used the kinetic model coupled with the equation of
oxygen diffusion established for the neat matrix to simulate
the oxidative behaviour of a UD composite sample. The
weight loss of the composite sample was calculated taking
into account two diffusion coefficients of oxygen, the first
(Dy) in the parallel direction to fibres and the second (D, =
D5) in the transverse direction. D; was calculated from D,
value by the relationship used by KONDO for water
diffusion in the same kind of composite materials. Our
simulation tool is valid below the glass transition tempera-
ture, T, =195 °C, and we determined the activation energy
for all the parameters which obey Arrhenius law. The higher
is the temperature; the easier is the diffusion of low
molecular weight compounds outside of the sample. When
the temperature is higher than T, Volat parameter becomes
nearly independent of the temperature because the diffusion
of volatile compounds in the rubbery matrix is sufficiently
fast for an efficient elimination. It was possible to simulate
the weight loss of pre-cracked samples when the crack
density remains under a critical value. When the exchange
surface between the composite material and oxygen is
modified, our simulation tool is no more valid. It should be
noticed that in the temperature range, which was studied, our
modelling does not require a specific role of carbon fibres.
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