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A MULTISCALE ANALYSIS OF THE MECHANICAL BEHAVIOR OF A THERMO-OXIDIZED C/EPOXY
LAMINA

A. Yousfi,? S. Fréour,b’* F. Jacquemin,b
M. Rahmani,” H. Osmani,*
and R. Guillén”
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The mechanical behavior of carbon-fiber-reinforced polymer matrix composites having undergone a
thermo-oxidation process is studied. The purpose is to perform a multiscale analysis of the consequences of
oxidation on the intrinsic mechanical properties of the external composite ply and on the internal mechanical
states experienced by the structure under mechanical loads. The effective mechanical properties of oxidized
composite plies are determined according to the Eshelby—Kréner self-consistent homogenization procedure,
depending on evolution of the oxidation process. The results obtained are compared with estimates found by
the finite-element method. The macroscopic mechanical states are calculated for a unidirectional composite
and laminates. The macroscopic stresses in each ply of the structure are determined by the classical lamina-
tion theory and the finite-element method, whereas the local stresses in the carbon fiber and epoxy matrix are
calculated by using an analytical stress concentration relation.

Introduction

Due to their very interesting specific mechanical properties, carbon-reinforced epoxy laminates are considered as seri-
ous candidates for the replacement of metals, metallic alloys, and cermets for various industrial applications, including the
structural parts for the next-generation supersonic aircrafts [1]. The lifetime scheduled for the structural elements of supersonic
aircraft approximately corresponds to 20,000 cycles in a range of temperatures varying between —55 and 120°C, with a total
length of the plateau of 80,000 h (20 years) at 120°C [2]. Such high temperatures over long periods of time cause thermal aging
of the constitutive resin of composite structural elements. Before 1990, few studies have been conducted on the thermal aging
of organic-matrix composites reinforced with carbon fibers. Before this date, the use of these materials had been limited to
rather low temperatures, between —50 and +70°C, which correspond to the thermal loads experienced in service by structural
parts of, for example, subsonic aircraft and helicopters. Nevertheless, some important pioneering work had been performed
[3-5]. Recently, the problem arose when such organic-matrix composites were considered for use under severe thermal envi-
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ronmental conditions (at temperatures of about 250°C and air pressure higher than 1 atm) [6, 7]. It is now well established that,
when exposed to high temperatures in air, organic-matrix composites perish by thermal oxidation of the matrix, which leads to
shrinkage of the skin layer of laminates, the appearance of high local stresses, and matrix cracking [3, 8-10]. The key feature of
this aging process is the fact that the degradation is nonuniform in the material thickness, because the oxidation is diffu-
sion-controlled. In the last 20 years, many attempts have been made to model these degradation gradients and thus to obtain a
realistic description of thermal aging of the organic matrix. Some authors have contributed to this research by deriving a kinetic
model coupling the oxygen reaction and diffusion from a radical chain oxidation mechanism [11].

For every instant of time #, the model predicts various physicochemical characteristics, e.g., the weight and density, of
every elementary layer located at a depth x beneath the sample surface [11]. The knowledge of both the quantities enables one
to determine the matrix volume change (oxidation-induced “hindered” shrinkage of thick parts), which is thought to generate
the stress state responsible for cracking of the external plies [12] of a composite structure. But this volume change can be pre-
dicted only if the local mechanical properties of the structure are known. More recently, it was shown that a second important
consequence of thermal aging in epoxy networks is a decrease in the glass-transition temperature (7, ), which is linked to chain
scission, and an increase in the glassy modulus at ambient temperature, which is attributed to the effect of internal
antiplasticization [13]. Nonempirical relationships linking the local structural state of epoxy network to the resulting glassy
modulus are still under development [13]. Fortunately, empirical relationships have been proposed [14, 15], and they will be
considered here as a first approach.

The purpose of this study is to perform a multiscale analysis of consequences of the thermal oxidation and shrinkage
of epoxy matrices on the intrinsic mechanical properties of the external composite ply and on the internal mechanical states of
the composite under mechanical loads.

1. Effective Properties of a Thermo-Oxidized Composite Ply

1.1. Oxidation model and results. Various models for numerically computing the oxidation process in pure epoxies
or epoxy matrix composites have been proposed in the literature [15, 16]. Simulations of the isothermal aging of an epoxy resin
at 150°C for various lengths of aging period showed that the oxidized layer thickness did not excess 200 um, whereas the con-
centration of oxidation products increased continuously in the affected layer [17]. The average depths of matrix shrinkage in
specimens held for 400 and 600 h at 150°C in air were close (~1.5 um), but they were smaller than those in samples submitted to
500 thermal cycles (2.2 um) [18]. The results obtained in ultramicro indentation tests on epoxy resin, after 100, 600, and 1000 h
of isothermal aging at 150°C, showed that the relationship between the elastic modulus and the concentration of oxidation
products could be described by the empirical formula [17]

Y™ =5479—-1460exp (—-0.790), M

where Y™ is the elastic modulus of epoxy matrix in MPa and Q is the concentration of oxidation products in mol/L. It must be
underlined here that relationship (1) is not rigorously based on theoretical concepts. It has been obtained by fitting a combina-
tion of experimental and theoretical results and is valid for the temperature considered (150°C). The evolution of Young’s
modulus of the matrix during the thermal oxidation process is displayed in Fig. 1. The matrix is considered as an isotropic mate-
rial. Because of the lack of available information on the evolution of its Poisson’s ratiov™ during the process of thermal oxida-
tion, it is assumed constant and equal to 0.35, but the shear modulus is found from the classical relation

G = L
2(1+Y™)
The thermally oxidized matrix is up to 1.38 times stiffer than the unaffected one; therefore, three main consequences

of thermal oxidation of composites can be expected: a variation in (i) the effective macroscopic properties of composite plies,
(ii) the profiles of macroscopic stress in the structure, and (iii) the localization of macroscopic mechanical stress and strain



6 Y™ GPa
5 -
4
3 -
0, mol/l
2 | | | | |
0 1 2 3 4 5

Fig. 1. Elastic modulus Y™ of oxidized (M) and unaffected (A) matrices vs. concentration Q of

oxidation products.

states in both its constituents (fiber and matrix) of each ply. The three expected consequences of thermo-oxidation are
multiscale phenomena, which show up either explicitly, as in the cases (i) (the homogenization problem) and (iii) (the localiza-
tion problem), or implicitly, as in the case (ii), which implies the knowledge of the macroscopic effective properties of the com-
posite ply. In order to treat each of these points, a scale transition model is required. This model is described below.

2. Multiscale Analysis

2.1. Introduction. Scale transition models are based on a multiscale representation of materials. In the case of com-
posite materials, the following two-scale model is sufficient.
e The properties and mechanical states of the resin and its reinforcement, which are indicated by the superscripts “m” and
“r,” respectively, define the so-called “pseudo-macroscopic” scale of the material [19].
e The homogenization operations performed over its constituents are assumed to provide the effective mechanical char-
acteristics of the composite ply, labeled with the superscript “I,” which define the macroscopic scale of the model. This
definition also enables one to consider a unidirectional reinforcement at the macroscopic scale.

The laminate is a combination of the above-described unidirectional composite plies, which can be oriented differ-
ently. In the scale transition modeling, the local properties of i-superscribed constituents [i.e., the pseudomacroscopic
stiffnesses L' and the coefficients of thermal expansion (CTE) M'] are usually considered known, whereas the corresponding

effective macroscopic properties of the composite, L' and M', are a priori unknown and are obtained from (often numerical)
computations.

Among the numerous, available in the literature, scale transition models able to handle such a problem, the models
proposed by Voigt [20], Reuss, [21], Neerfeld—Hill [22, 23], Tsai—Hahn [24], and Mori—-Tanaka [25, 26] can be mentioned.

But they do not properly reflect the real physical conditions experienced in practice by the material. In spite of the lack
of physical realism, some of the aforementioned models do nevertheless provide satisfactory estimates for the effective proper-
ties of a composite ply, by comparison with experimental data or results from other, more rigorous models. The Tsai-Hahn and
Mori—Tanaka models both fulfil this interesting condition [27, 28]. However, in the field of scale transition modeling, the best
candidate remains the Kroner—Eshelby self-consistent model [29, 30], because only this model takes into account the
thermohygroelastic interactions between the homogeneous macroscopic matrix and its heterogeneous constituents and
considers the particular morphology of the constituents.

It should also be underlined that, in the above-cited models, at the smallest scale considered (the base volume of
heterogeneities, i.e., the pseudomacroscopic scale in the present study), the properties of materials are uniform. This means
that, in order to perform simulations, it is necessary to assume that the matrix of the surface ply has uniform properties across its
thickness, which is contrary to the facts described in the literature [17].
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Fig. 2. Effective macroscopic longitudinal Y}, (2) and transverse Y,, (b) elastic moduli of an
unaffected composite ply (A) and its variation in relation to Q for an oxidized ply calculated

by Eq. (2) (®) and the FEM (H).

2.2. Determination of the effective macroscopic thermoelastic properties of composite plies. According to the
Eshelby—Kroner self-consistent model, the homogenization relation enabling one to determine the macroscopic elastic stiff-
ness of a composite ply from the properties of its constituents is

U =<Li:[EI:(Li 1 )+1]*1> 2

i=fm .
Here, Istands for the fourth-order identity tensor, whereas the name given to the tensor E! often changes from one article to an-
other (it is called, for example, the Hill or Morris tensor, depending on which study, [31] or [32], is considered). It can be ex-

-1
pressed as E' = S{Esh Ll ', where S ésh is the Eshelby tensor. It has to be underlined that both the Hill and the Eshelby tensor

components are functions of the macroscopic stiffness L (some examples are given in [33, 34]).
The homogenization relation satisfied by the macroscopic CTE of a composite ply has the form
m! :LI_1:<[EI:(Li —LI)+I]’1:Li:Mi>A . 3)
i=fm

Only few studies have been dedicated to the oxidation effects on the mechanical behavior of organic-matrix compos-
ites [15, 35, 36]. It was shown in [37] that the properties of carbon fibers are stable below 300°C. As a consequence, the varia-
tions in the mechanical properties of thermo-oxidized laminates depend only on the evolution of matrix properties. In our cal-
culations, the following local properties of the T300 carbon fiber were used [38]: Y1 =230 GPa, Y, =Y3 =15 GPa,v|, =v;3 =
0.2, G|, =15 GPa, and G5 = 7 GPa.

The effective longitudinal and transverse macroscopic elastic moduli vs. concentration of oxidation products are
shown in Fig. 2 for a composite with 60 vol.% carbon fibers. The evolution of the effective mechanical properties of the com-
posite ply in the course of oxidation was determined by using the Eshelby—Kroner self-consistent homogenization procedure
(Eq. 3). The results are compared with the corresponding estimates found according to the finite-element method.

Figure 3 shows the evolution of the effective macroscopic coefficients of thermal expansion according to Eq. (3). In the

computations, the following pseudomacroscopic CTEs were used: M lnll =M ;nz =M 3”; =60-107° Kﬁl, M lfl =-0.7-107° Kfl,
and M gz =M 3f 3= 12:107° K. Since the literature does not report the evolution of CTE during oxidation process of the matrix,

the pseudomacroscopic CTEs considered in the present study are obviously those of unaffected constituents, as given in [38].
According to Figs. 2 and 3, the longitudinal effective properties of the composite ply (i.e., in the direction of reinforc-
ing fibers), in a first approximation, are independent of the state of thermal oxidation process of the polymer matrix. Indeed, a
relative deviation smaller than 1% is observed for Young’s modulus at the end of the oxidation process, while the longitudinal
macroscopic coefficient of thermal expansion remains almost constant. This result is explained by the fact that, in the fiber di-
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Fig. 3. The effective mactroscopic longitudinal A/, (2) and transverse M,, (b) coefficients of
thermal expansion of oxidized (M) and unaffected (A) plies.

rection, the thermomechanical properties of the plies are determined mainly by properties of the fibers. The experimental data
obtained for composite plies in the cases where carbon fibers exhibit constant properties, while those of the matrix vary signifi-
cantly, corroborates the results of our simulations: the longitudinal effective macroscopic properties of composite plies do not
depend on the properties of polymer matrix (at least at high volume fractions of fibers) [39]. On the contrary, the effective mac-
roscopic properties of a composite ply in the transverse direction are greatly affected by the thermal oxidation process proceed-
ing in the polymer matrix constituting the ply. In fact, the relative variation in the transverse Young’s modulus of an oxidized
ply, as compared with the reference value (for an unaffected ply), can reach 12% at the end of oxidation process (the variation
in the transverse coefficient of thermal expansion can run to 3.5%). The reader will notice that this variation depends on the
volume fraction of reinforcement in a composite ply.

3. Study of the Multiscale Mechanical States Experienced by the
Composite Structure

3.1. Effect of matrix shrinkage on the mechanical states of the thermo-oxidized composite. The oxidation of ep-
oxy matrix results in a mass loss and a reduced volume of the matrix, inducing shrinkage of this constituent with respect to fi-
bers [40]. As a consequence of matrix shrinkage, the high strain gradients that arise in matrix areas close to fibers having a very
high stiffness create high local stresses, which can lead to fiber debonding and initiation of matrix cracking [41]. The total

strain (" in the matrix is

whereg o' is the elastic strain and & rs?l is the strain due to the shrinkage of matrix, which depends on its oxidation state and has

the form
m
6, 0 0
m _ m
gg=| 0 8, 00
m
0 0 3§,
Here, 6?; = M, and &g, (Omax )= 2-5% is the maximal strain due to matrix shrinkage [42].

max
3.2. Determination of mechanical states in the constituents of a composite ply subjected to thermoelastic load-
ing. Analytical relations satisfying the fundamental assumptions of the Eshelby—Kroner self-consistent model and enabling
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Fig. 4. Schematic sketch of the composite plate with oxidized (1) and unaffected (2) plies
considered in computations.

one to calculate the macroscopic strains in the matrix were established in [43] in the case where the material was subjected to a
hygroelastic load. Since these relations are lengthy, they are not given in the present work, and an interested reader is referred to
Egs. (19)-(20) in [43]. In these equations, 3 stands for the coefficient of moisture expansion and AC is the moisture content,
which, in scale transition modeling, contrary to temperature, is generally considered heterogeneous in a given ply, so that

AC" 2AC™ = ACT. Introducing the replacements Bl =M1, B, > M, B, > M, Bh —>M111, B;z —>M§2,

AC! 5 AT! ,and AC™ — AT™ in the equations and assuming a uniform distribution of temperature in constituents of the ply

(i.e.,AT FoAr™ =ATf ), we arrive at the following analytical relations for the macroscopic strains in the matrix of a unidirec-
tional fiber-reinforced ply:

1 1 1 1 m m m m
m 1 m_ 2Lsseg, m_ 2Lsse3 o Ny ANy AN 4N
& T8 2T m f13 T m 2 = m )
Lys+Ly, Lys +Ly, D,
S S B
m 2Ly, (Lyy —Ly3 )2y,
823 b

TR 1 m 1 m 1 1
2y + Loy (Lyy —Lyy )+ Ly, BLyy —2Ly5 =3L,,)

O SRV G
g _em gl (Lyy =133 )&, —E35)
22

33 22 12 >
1 1 m m 1 m 1 m
Lzz +3L22 (Lll _le )_Lza (Lll +L23 _le )
where

m _ j,m  ym m _ I 41 I 1 1
Ny =M (L + 2L AT =M\ L, + M, (Ly, +Ly3 )IAT,

m _ gl m .1
Ny =Ly, +L; ey

I 1 m _ ym I I m , ym I 12
ym _ Lol Ly Ly +3Ly )= Loyg BLyy + Ly +4Ly, )+ Lo ] ol
: G~ ™ - 1 1 2
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4 33°

1 I m _ ym 1? 1?
(BLyy ~Ly3 MLyy —Liy )+ Ly, —Lys
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The corresponding stress tensor in the matrix can be deduced from its strain state:

m m m m m
S Uy 2Lyeg
m m m m m

=|2Lye, Oy 2L44 23 |°
m m m m
2Uyyey 2Lyyes, o33

where

m_mem

m
o)) =Lje)) + L (e5) +e53) =M} (L]} + 2L} )AT,

=[MeM 4 M

m
NE2 T L (6] +&53 ) =M (L)) +2L1 AT,

=[MeM 4+ M

m
11833 + L5 (&) +85, ) =M (L[} + 2L )AT.

The mechanical states in the reinforcement can be found from the Hill relations [31]

In the present study, we consider a thin laminated (0/-0) plate of thickness 1600 um, composed of 8 plies, as shown in
Fig. 4. The oxidation process is assumed to occur only from one edge of the plate and to affect only the first (external) ply.

The variations in the internal macroscopic stresses 0'{1 and c durlng the oxidation process of the composite lami-

nate subjected to longitudinal tension (61, = 100 MPa), transverse tension (,, = 50 MPa), or shear stress (51, =25 MPa) were
calculated. A similar calculation was performed for the plate in a pure thermal loading with AT = 100°C. The results obtained
for the macroscopic mechanical states were localized in constituents of the plate using the foregoing scale transition relations.
The curves for both the macroscopic and the local stresses in the external ply are displayed in Figs. 5-8. The figures show the
stress states in the thermo-oxidized and unaffected laminates calculated by employing the Eshelby—Kroner self-consistent
model and a finite-element analysis (using the Matlab software).

Figures 5 to 8 underline the following effects, predicted by the present approach, of thermal oxidation on the
multiscale mechanical states in an oxidized ply and its first neighbor.

(i) If a composite is submitted to a longitudinal external load, the multiscale internal stresses in the oxidized ply do not
depend on the state of oxidation process. This result can be explained by the fact that the oxidation state does not affect the mac-
roscopic effective properties of the composite in the longitudinal direction (see Sect. 3 of the present study).

(i1) In an oxidation-free unidirectionally reinforced composite submitted to a uniform thermal load, no stresses arise at
the ply scale. The situation is very similar in the case of a partially (i.e., partially in depth) oxidized structure. Small stresses
arise in the first and second plies of the oxidized structure due to their heterogeneous thermomechanical properties. This is the
result of the relatively weak evolution of the macroscopic effective coefficients of thermal expansion predicted by the present
approach (according to Fig. 3). Nevertheless, it should be underlined that the data used in the present study to account for the in-
fluence of thermal oxidation and matrix shrinkage on the effective properties of composite plies do not involve
pseudomacroscopic CTE (especially those of the epoxy), which themselves depend on the oxidation state, due to the lack of
available published experimental results. Therefore, the results of numerical simulations displayed in Fig. 8 should be consid-
ered only as preliminary, and the conclusions drawn from them could be revised if the true pseudomacroscopic
thermomechanical properties of thermo-oxidized epoxies had been investigated more extensively in the literature. We mention
in passing that the most significant factor in the thermo-oxidation of resins — the shrinkage due to the release of oxidation
by-products — has been accounted for in the present manuscript. Actually, the shrinkage is eventually manifested as the rise of
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Fig. 5. Longitudinal o, and transverse G, stresses in oxidized (a) and unaffected (b) external
plies (A) and in their fibers (#) and matrix (H) vs. QO calculated by the scale transition method

and the same by using the FEM (- - -). The composite laminate is subjected to an external
unidirectional stress of 100 MPa.

ply cracks due to the development of oxidation-induced residual stresses. These stresses are not negligible compared to those
caused by CTE mismatches between the plies.

(iii) The stresses in the thermo-oxidized ply and its constituents of a composite plate subjected to transverse tension or
in-plane shear (see Figs. 6 and 7) differ from those in the unaffected ply under the same external loading conditions: the macro-
scopic stresses increase during the thermal oxidation as a consequence of increased effective stiffness of the thermo-oxidized
ply.

(iv) Atthe scale of ply constituents, to a first approximation, the stress concentration in the reinforcing fibers does not
vary as a function of concentration of oxidation products, since the properties of carbon fibers remain unchanged during the
thermal oxidation process.

(v) On the second hand, the stresses in the epoxy matrix increase during the thermal oxidation process, which can be
attributed to the growing stiffness of this constituent induced by the process. Actually, composites are generally designed so
that the reinforcing elements concentrate the stresses. Moreover, in practice, damage and failure initially often take place in a
subsurface of mechanical parts. Thus, the increased stress in the resin of the external ply is not favorable to the durability of the
composite structure. These facts explain the lower durability of thermo-oxidized composite structures compared with that of
structures unaffected by oxidation.

(vi) The influence of thermal oxidation on the multiscale mechanical states of a thin composite plate is practically lim-
ited only to the oxidized ply. The first unaffected ply bordering on the oxidized one does not experience a significant evolution
of its mechanical states at any scale.



a

120 120 Gy, MPa
100 100 -
80 80 -
60 60 0, mol/l
40 401 M | ¢ Y ¢ ¢ o
o 1 2 3 4 5
65 65| o11, MPa
50 50 b
B 35.‘-------------------
I
20 ik 20
5F Q, mol/l sk Q’ mol/l
I |

Fig. 6. The same in the case where the external longitudinal stress is 50 MPa. Designations as
in Fig. 5.

o
c

G2, MPa

Fig. 7. The same for the shear stress 1, in the case where the composite laminate is subjected
to an external shear stress of 25 MPa. Designations as in Fig. 5.

4. Conclusions

In this study, the consequences of thermal oxidation and shrinkage of the epoxy resin constituting a composite struc-
ture were investigated by using a scale transition approach. The results obtained are in rather good agreement with finite-ele-
ment calculations and show that the effective properties and mechanical states of the external ply of a composite structure sub-
jected to a thermal oxidation process do not strongly differ from the corresponding reference values of the ply unaffected by
thermal oxidation. On the contrary, the local properties and mechanical states of the matrix constituting the ply affected by ther-
mal oxidation and the matrix shrinkage strongly vary with the thermal oxidation process. The evolution of mechanical proper-
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Fig. 8. The same for the longitudinal o;; and transverse c,, stresses in the case where the
composite laminate is subjected to a thermal load AT = 100°C. Designations as in Fig. 5.

ties and mechanical states in the epoxy during its thermal oxidation reduces the durability of composite structures, especially in
the case of action of a transverse tensile or an in-plane shear load. However, the results of our investigation do not indicate that
the service life of a composite plate submitted to longitudinal or thermal loads will be significantly affected by the thermal
oxidation of epoxy.

5. Prospectives

The scope of the present study was limited to the consequences of thermal oxidation of a polymer matrix on the evolu-
tion of mechanical properties and states of composite materials during their subsequent loading at ambient temperature. How-
ever, the composites undergoing thermal aging are often subjected to mechanical loads at elevated temperatures. Under these
conditions, the polymer matrix becomes viscoelastic. This leads to a viscoelastic behavior of composite plies at the macro-
scopic scale. To take into account these physical phenomena, a viscoelastic scale transition model must be developed. Such a
model will allow one to predict the effective thermomechanical properties (the stiffness tensor and the coefficients of thermal
expansion) of composite plies as functions of time and temperature and to proceed to the localization of mechanical states in the
constituents of each ply of a composite structure.

Moreover, some papers report an evolution of the yield strength of epoxies during the thermal oxidation process [42,
44]. Furthermore, a significant factor in the oxidation of resins is shrinkage due to the release of oxidation byproducts [42]. The
shrinkage is eventually manifested as the origination of ply cracks due to the development of oxidation-induced residual
stresses. Multiscale failure criteria enabling one to take into account these experimental results will be developed in our further
investigations in order to rigorously investigate the durability of structures having been submitted to thermal oxidation
processes.
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