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EFFECTS OF MOISTURE-DEPENDENT PROPERTIESOF CONSTITUENTS ON THE HYGROSCOPIC
STRESSES IN COMPOSITE STRUCTURES

G. Youssef, S. Fréour, and F. Jacquemin

Institut de Recherche en Génie Civil et Mécanique (UMR CNRS 6183), Université de Nantes, Ecole Centrale de Nantes, France

The effects related to the evolution of the moisture-dependent hygroelastic properties of composite plies con-
stituting a fiber-reinforced epoxy laminate on the predicted stress states in the structure during the transient
stage of hygroscopic loading are investigated. The approach proposed involves the coupling of the classical
continuum mechanics formalism to the Eshelby—Krdner self-consistent scale transition model. An inverse
scale transition model is used to describe the evolution of local hygroelastic properties of the epoxy matrix as
the process of moisture diffusion proceeds. The scale transition relations allow one to determine the local dis-
tribution of stresses in the constituents (fiber and matrix) of each ply of the laminates considered from the dis-
tribution of macroscopic stresses. Numerical simulations show that the account (or not) of softening of the
composite structure under hygroscopic loadings significantly affects the multiscale stress states predicted.
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1. Introduction

Carbon-reinforced epoxy matrix composites provide an answer to the needs for weight reduction and design flexibil-
ity in many industrial applications, such as, e.g., for the mechanical parts of airplanes. Composite structures are often submitted
to various environmental conditions during their service life, including thermal and hygroscopic loadings. Actually, carbon/ep-
oxy composites can absorb a significant amount of water and exhibit nonuniform coefficients of thermal expansion (CTE) (i.e.,
the CTE of the epoxy matrix strongly differ from the CTE of carbon fibers), as shown in [1-3]. Moreover, the diffusion of mois-
ture in such materials is a rather slow process, resulting in moisture concentration gradients within their depth, during at least
the transient stage [4]. As a consequence, local stresses arise under hygroscopic loading of composite structures, which depend
on environmental conditions, on the local intrinsic properties of their constituents, and on their microstructure (the morphology
of constituents, the lay-up configuration, etc.). The knowledge of internal stresses is necessary to predict the possible rise of
damage in the material during its manufacture or service life. Thus, studies on the development of internal stresses in compos-
ites due to hygroelastic loads are very important in regard to any engineering application. Moreover, it is reported in the
literature that the moisture diffusion in composite structures entails a significant softening of composite plies [5].



The present work is a part of a research project dedicated to the numerical determination of internal stresses in the con-
stituents of carbon-fiber-reinforced epoxy composite structures, submitted to hygroscopic loading, during the transient stage of
the moisture diffusion process. This communication is especially focused on investigating the effects related to the evolution of
elastic stiffness of the epoxy resin as a function of moisture content in it. The relationship between the properties of constituents
and the moisture content was determined from the evolution of corresponding macroscopic properties of a composite ply dur-
ing the transient stage of the moisture diffusion process. The identification procedure involved an inverse self-consistent
hygroelastic scale transition model, which is described in the second section of this article. In the third section, a multiscale
analysis of the transient hygromechanical behavior of various composite structures submitted to hygroscopic loads is pre-
sented. The approach employs the formalism of continuum mechanics to determine the macroscopic stresses and strains as
functions of time and spatial coordinates during the transient phase of the moisture diffusion process. In the fourth part of this
study, the stresses and strains predicted with account of moisture-dependent material properties are compared with the

reference values obtained by neglecting the influence of moisture.

2. Inverse Scale Transition Modeling to Identify the Hygroelastic

Properties of Individual Constituents of a Composite Ply

2.1. Introduction

The knowledge of local properties of each constituent of a composite structure is necessary to predict its behavior
through the use of scale transition models. Nevertheless, the stiffness and the coefficients of moisture expansion of the matrix
and reinforcement are not always available in the literature. The practical determination of the hygromechanical properties of
composite materials is most often performed on unidirectionally reinforced composites, whereas the properties of unreinforced
matrices are easily found by direct measurements [6-11]. In spite of the existence of several articles dedicated to the character-
ization of the properties of an isolated reinforcement element [12-14], the available published data for typical reinforcing
particulates employed in composite designs are still very limited. As a consequence, the properties of individual reinforcing el-
ement are not often known from direct experiments, but are usually deduced from the properties of a pure matrix and of a com-
posite ply (which are determined more easily) through appropriate calculation procedures. In the present case, the literature
provides data for the moisture-dependent elastic moduli of unidirectional fiber-reinforced plies [5], but not for the correspond-
ing properties of their constituents. Thus, a dedicated identification method is necessary before proceeding further. The prob-
lem of determining the properties of constituents of heterogeneous materials has been extensively addressed in the field of ma-
terials science, especially for studying complex polycrystalline metallic alloys (like titanium alloys [15-17]) or metal matrix
composites (typically aluminum-silicon carbide composites [18-19], or iron oxides from the inner core of Earth [20], for in-
stance). The calculation methods employed to achieve this goal are either based on a finite-element analysis [21] or on the
inversion of scale transition homogenization procedures [15-19]. The latter method is also used in the present work.

2.2. Estimating constituent properties by the Eshelby—Kroner self-consistent inverse scale transition model

2.2.1. Introduction

Scale transition models are based on a multiscale representation of materials. In the case of composite materials, a
two-scale model is sufficient. In this model,

e the properties and mechanical states of the resin and reinforcement are indicated by the superscripts m and r, respec-
tively; these constituents define the so-called “pseudomacroscopic” scale of the material;
e the homogenization operations performed over the aforementioned constituents are assumed to provide the effective

behavior of the composite ply, which defines the macroscopic scale of the model and is denoted by the superscript /.



TABLE 1. Experimental Macroscopic Elastic Moduli at Elevated Moisture Contents and
Temperatures according to [41]

Macroscopic hygrothermal load Macroscopic elastic moduli
AC!, % 7!, K ¥ ,GPa | ¥,GPa vis Gi,,GPa | Gi3,GPa
0 300 130 9.5 0.3 6.0 3.0
0.25 300 130 9.25 0.3 6.0 3.0
0.75 300 130 8.75 0.3 6.0 3.0
0 325 130 8.5 0.3 6.0 3.0
0 400 130 7.0 0.3 4.75 2.39

TABLE 2. Pseudomacroscopic Elastic Moduli and Stiffness-Tensor Components of Carbon
Fibers in Composite Plies at ACT =0andT! =300 K According to the Inverse
Eshelby—Kroner Self-Consistent Model in Comparison with Those of Typical Carbon Fibers

[10]
i s G33 Gt I
Model vis
GPa GPa
Eshelby— 213.2 13.3 4.0 12.1 0.27 219.2
Kroner
[10] 232 15 5,0 15 0.279 236.7

2.2.2. Estimating the effective properties of a composite ply by the Eshelby—Kroner self-consistent model
Within the scale transition modeling, the local properties of the i-superscripted constituents are considered known

(i.e., the pseudomacroscopic stiffnesses I’ and the coefficients of moisture expansion Bi), whereas the corresponding effective
macroscopic properties of the composite structure (Li and B[ , respectively) are a priori unknown and are found by (often
numerical) computations.

Among the numerous scale transition models available in the literature, the models elaborated by Voigt [22], Reuss
[23], Neerfeld—Hill [24-25], Tsai—Hahn [26], and Mori—Tanaka [27-28] can be mentioned. However, they do not properly re-
flect the actual physical conditions experienced by the materials in practice. 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 medium and its heterogeneous constituents, as well as
allows one to handle the microstructure of composites. The method was initially introduced to treat the case of polycrystalline
materials in pure elasticity. The model was thereafter extended to thermoelastic loads and gave satisfactory results both for sin-
gle-phase and two-phase materials [ 18-19]. More recently, this classical model was improved in order to treat problems related
to hygroscopic loadings, and homogenization relations were established for estimating the macroscopic coefficients of mois-
ture expansion [31]. The main equations used in determining the effective hygroelastic properties of heterogeneous materials
according to the Eshelby—Kroner self-consistent approach are

1! :<Li:(I+EI:[Li —LI])‘1> , (1)

i=r,m



TABLE 3. Moisture- and Temperature-Dependent Pseudomacroscopic Elastic Moduli and
Stiffness-Tensor Components of the Epoxy Matrix in Composite Plies according to the Inverse
Eshelby—Kroner Self-Consistent Model

1 m m
Moisture Temperature Y™ G" L L
content K v

Act, % : GPa GPa GPa
0 300 5.35 0.35 1.98 8.62 4.67
0.25 300 5.22 0.33 1.98 7.68 3.75
0.75 300 4.95 0.28 1.98 6.29 2.41
0 325 4.81 0.25 1.98 5.76 1.91
0 400 4.17 0.27 1.04 5.20 1.92

1 . _ -1 . _ s .
Bl :7<(L' +LMRY) ‘;L‘> :<(L‘ +LMRY) ‘:L‘:B‘AC’> , @
AC[ i=r,m i=r,m

where AC? is the moisture content in an ith element of the composite structure. The superscripts »and mreplace the general su-
perscript i when properties of the reinforcement or matrix, respectively, have to be considered. The pseudomacroscopic mois-
ture contents AC” and AC™ can be expressed as functions of the macroscopic hygroscopic load Ac! [32].

In relations (1) and (2), the angle brackets stand for weighted volume averages. Hill [25] suggested the arithmetic or
geometric averages for these operations. Both have been extensively used in the field of materials science. The interested
reader is referred to [33-35], where the advantage of the geometric average is taken for estimating the properties and mechani-
cal states of polycrystals, and to [19, 31, 36], where the arithmetic average is employed. In [37], the geometric average was
tested in estimating the effective properties of carbon-epoxy composites, but the results obtained were not so good as those ob-
tained previously for metallic polycrystals or metal ceramic assemblies. Therefore, only the arithmetic average will be used in
our investigation, where a composite consisting of a matrix and heterogeneous inclusions is considered. Introducing v"" and v""
as the volume fractions of ply constituents (v"" +v" = 1), the volume average of any tensor A is expressed as

<Ai> =V AT LA™

i=r,m
According to Egs. (1) and (2), the effective properties expressed by using the Eshelby—Kroner self-consistent model

involve the so-called “reaction tensor” [36]

I | S S SRS S R
R'=a-sl sl — =@ -E')E".

Here, I is the fourth-order identity tensor; E! is the Hill tensor, also known as the Morris tensor [38], which relates the reaction

tensor to the morphology assumed for the matrix and its reinforcement [39] and can be expressed as a function of the Eshelby

-1
tensor Sllish in the form E! = S‘IEsh 11 It should be emphasized that the Hill and Eshelby tensors are both functions of the

macroscopic stiffness ! (some examples are given in [36, 40]).
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Fig. 1. Time- and space-dependent profiles of moisture content C in the composite structure
within 5 (1), 25 (2), 50 (3), 250 (4), 500 (5), 750 (6), 1500 (7), and 2500 (8) days; (—) — the
permanent state.
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Fig. 2. Time-dependent profile of the macroscopic transverse coefficient of moisture expansion
B,, within 5 (1), 50 (2), 250 (3), 500 (4), 750 (5), 1500 (6), and 2500 (7) days. (—) — the per-
manent state.

2.2.3. Inverse Eshelby—Kroner self-consistent elastic model
The pseudomacroscopic stiffness tensor of reinforcement can be deduced by inversion of the Eshelby—Kroner main
homogenization form for the elastic properties of constituents (1) as follows:

L :%[EI:(U -H+ 1]—¥ ™ EL ™ -+ EL @ -+, 3)
v \J
The application of this equation implies that both the macroscopic stiffness and the pseudomacroscopic mechanical
behavior of the matrix are known. The elastic stiffness of the matrix in the composite ply will be assumed identical to that deter-
mined experimentally on test specimens made of the matrix material. It was demonstrated in [15] that this assumption did not
lead to significant errors.
An expression analogous to Eq. (3) can be written for the elastic stiffness of the matrix by performing the replacement
of indices m — rand » — m.
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Fig. 3. Multiscale stress states in the external (a) and central (b) plies of a [+55] composite dur-
ing the transient stage of the moisture diffusion process: in the plies (¢, @), matrix (A, &), and
fibers (O, @) with uniform (open symbols) and nonuniform (filled symbols) properties.

In the particular case of impermeable reinforcing elements in the composite structure, AC” = 0. Then the
pseudomacroscopic coefficients of moisture expansion of the matrix can be deduced by inversion of homogenization form (2)
[31]:

m :£Lm";(L“‘ +1:R! ):<(Li +LI:RI)‘1:LI> Bl @)
v AC™ i=r,m

2.3. Application of the inverse scale transition model to determining the moisture- and temperature-dependent
pseudomacroscopic elastic properties of carbon-epoxy composites

The literature provides data for the elastic properties of various carbon-fiber-reinforced epoxy composites as func-
tions of moisture concentration and temperature [5, 41]. Table 1 summarizes the data published in [45] for a unidirectional
composite designed for aeronautic applications and containing reinforcing fibers with v = 0.60. The variations in the macro-
scopic mechanical properties are obviously related to variations in the pseudomacroscopic elastic properties of constituents of
the composite due to changing environmental conditions. It is usually assumed that carbon fibers do not absorb water, thus,
there is no reason for expecting to link the elastic properties of the reinforcement to moisture content. Moreover, the
thermomechanical properties of carbon fibers are almost independent of temperature, contrary to metals or polymers [18-19].

Furthermore, according to Table 1, the macroscopic longitudinal Young’s modulus Y’ 11 is independent of environmental condi-

tions in the ranges of temperature 7’ ! (from 300 to 400 K)) and macroscopic moisture content C ! (from 0 to 0.75%) studied, the



G>o, MPa 40 Gy, MPa
----- Q===0===========0 B 1010 =m0 == Ot = mm == iO
20 o--° 9 - - - ‘.COO"O' Q-0
(,g.—." I, days 20 g:g €0 0-0-0-0—0—0. .
A | ~ A A | A 3 D
089 e HTO—0 O— S0, t, days
_20@9; szgd 000 2000 3000 4000 g{%_ % 008‘.6‘/’_626: ety
40?&' A NN N 0T \ 1000 2000 ¥ 3000 400
—AURY | saA—AE - )
604 A-AA=mAm=mAmm———————A 201 4 "\A
!_ C AA" ‘A \“ A
-80 . 401 A, - B
A
—-100 60 S A m———anA

Fig. 4. The same for a unidirectional composite.

longitudinal direction being parallel to fibers. It is well known that the longitudinal macroscopic properties of such a unidirec-
tional composite ply are governed by the pseudomacroscopic properties of fibers, whereas the transverse ones mainly depend
on the pseudomacroscopic properties of matrix (see, for instance, [10, 26]). Therefore, on the basis of the values presented in
Table 1, it can be assumed that the elastic properties of the carbon fibers do not depend on environmental conditions. Thus, to a
first approximation, the properties of the reinforcement can be considered invariable. Using the initial elastic properties of the

dry epoxy matrix (Young's moduli ¥, =Y," = 5.35 GPa, Poisson ratio v/, = 0.35, shear moduli G5 = Ggg =1.98 GPa, and

stiffness-tensor components L', = L7, =8.62 GPa, L{’, =4.66 GPa,and L}, = L’S"5 = 1.98 GPa) and composite material (AC’ =

0 in Table 1) at room temperature, the moisture- and temperature-independent properties of carbon fibers (Table 3) were found

from Eq. (3) . The decrease in Y, 2[ and Gll ) with increasing temperature or moisture concentration (see Table 1) points to soften-

ing of the epoxy matrix.

Thus, the elastic moduli of the matrix should be identified for each available set of macroscopic data in order to find
their susceptibility to hygrothermal conditions. Based on these data and the known properties of carbon fibers, the moisture-
and temperature-dependent elastic properties of the matrix (Table 4) were found from Egs. (3) and (4). Owing to the lengthy
moisture diffusion process, each ply of the composite structure will have hygroelastic properties different from those of neigh-
boring plies during the transient stage of hygroscopic loading. The consequence of this physical phenomenon on the multiscale
stress distribution in composite structures will be considered in the next section.

3. Estimations of Multiscale Stresses in Composite Structures with
Account of Hygromechanical Coupling of the Elastic Stiffness: a
T300/5208 Composite Pipe under Environmental Conditions

Thin laminated composite pipes with 4-mm-thick walls and fiber volume fraction v" = 0.6, made from T300/5208 car-
bon-epoxy plies, were considered for determining the macroscopic stresses and moisture content as functions of time and spa-
tial coordinates.

The pipes were subjected to a symmetric hygroscopic loading corresponding to a relative humidity of 100% on each
boundary of the structure (so that the final moisture content was equal to 1.5%). The corresponding time-dependent profiles of
moisture content, obtained by using Fick’s law, are depicted in Fig. 1. From the time-dependent moisture content in each ply of
the structure, the evolution of their macroscopic and local hygroelastic properties was calculated according to the method pro-



posed in Sect. 2 of the present work. An example for the macroscopic transverse coefficient of moisture expansion of the com-
posite plies constituting the cylinder is shown in Fig. 2. The moisture expansion coefficient of the matrix was considered con-
stant during the diffusion process, and the variations observed in Fig. 2 were caused only by the moisture-dependent
mechanical properties.

The closed-form formalism used to determine the mechanical stresses and strains in each ply of the structure induced
by the distribution of moisture is described in [42]. The pseudomacroscopic stress and strain states in constituents of a given ply
were determined from their macroscopic counterparts (taking into account the moisture content in the ply considered), invok-
ing the analytical scale transition relations established in [43] on the basis of the fundamental analytical results published previ-
ously in [44]. Figures 3 and 4 show the numerical results obtained for the time-dependent multiscale distribution of transverse
and shear stresses in +55° laminates and unidirectional composites, respectively. In the unidirectionally reinforced structure,
no shear stresses arise, so that the corresponding pictures are absent. In these figures, only the results obtained for the external

and central plies of the hollow cylinder are depicted.

4. Discussion of Results

The results shown in Fig. 1 are similar to those published previously [31]: the transient stage of the (slow) moisture
diffusion process in composite materials induces high gradients of moisture content within the thickness of the structure. The
highest ones occur at the beginning of the diffusion process, and they decrease as the moisture content grows in the bulk of the
structure: with time, the moisture content in the plies levels off.

Figure 2 provides some interesting additional results: the numerical simulation show high gradients for the macro-
scopic transverse coefficient of moisture expansion (caused only by the moisture-dependent elastic properties, since the mois-
ture expansion coefficient of the matrix is considered constant), especially in the vicinity of the external and internal plies of the
hollow cylinder studied, during the transient stage of the moisture diffusion process. The hygromechanical properties become
the same at all scales when the permanent state is attained. Nevertheless, strong distinctions between the macroscopic and local
properties still remain even at the saturation of the diffusion process, depending on the choice of the hypothesis for the
relationship between the properties and moisture content.

According to Figs. 3 and 4, the account (or not) of changes in the hygroelastic properties of composite plies and their
matrix strongly affects the level of transverse stresses and their distribution in the plies and their constituents. According to Fig.
3, in the laminate, only the macroscopic stresses and those of the epoxy matrix significantly depend on the hypothesis assumed
for material properties: the drop in the transverse Young’s modulus of the matrix and ply during the moisture diffusion obvi-
ously decreases the transverse stresses induced by the hygroscopic load at the macroscopic scale and at the pseudomacroscopic
scale in the epoxy matrix. The predicted stresses in the plies and their matrix can be reduced by up to 30% if the realistic
evolution of material properties is taken into account.

Figure 4 depicts the classical results expected in the case where a unidirectional composite is subjected to a transient
hygroscopic load: the high macroscopic stresses arising at the beginning of moisture diffusion thereafter decrease and disap-
pear as soon as the permanent state is reached. However, the absolute values of the corresponding pseudomacroscopic trans-
verse stresses increase almost uninterruptedly during the moisture diffusion process, reaching their maximum when the satura-
tion state is attained. It should be emphasizes thad, in this specific case, the pseudomacroscopic transverse stress calculated for
the carbon fiber vary significantly, depending on the choice of the hypothesis for the relationship between material properties
and moisture content.

The macroscopic and local shear stresses are negative in the external ply and positive in the central one of the structure
considered. According to Fig. 3, the account of the effect of moisture content on the material properties of composite plies has
no influence on the concentration of shear stresses in the reinforcement, contrary to the case of transverse stresses considered

previously. Of the three shear stresses calculated (i.e., in the ply, epoxy, and fibers), those in fibers were affected most by the



hypothesis of possible evolution of material properties with moisture content, in spite of the fact that the properties of carbon fi-
bers are in reality invariable during the moisture diffusion process. The lower local shear stresses in the carbon fibers are
explained by the moisture-caused softening of composite plies.

According to the foresaid, the account of changes in the multiscale hygroelastic properties of composite plies has two
main consequences that can be considered responsible for the reduced estimated stresses compared with their reference values
(calculated disregarding the effect of moisture on material properties). First, sharp distinctions occur between the effective
properties of the humid materials and their counterparts in the dry composite (see Fig. 2). This effect increases with time, as the
amount of water in the structure grows, and reaches its maximum when the permanent stage of the diffusion process is attained.
Since the predicted stresses are obviously intimately linked to the hygroelastic properties of the material, this effect partially
explains the discrepancies between the two sets of curves displayed in Figs. 3 and 4. Second, gradients of moisture content arise
in the composite during the transient stage of moisture diffusion in it, since the process is rather slow (see Fig. 1). The distribu-
tion of the hygroscopic load within depth of the structure directly induces a distribution of the hygroelastic properties of materi-
als if their dependence on moisture content is taken into account in calculations. The nonuniform distribution of
hygromechanical properties explains the distinctions occurring at the beginning of the moisture diffusion process between the
internal stresses predicted with and without account of the effect of moisture on material properties. Thus, increased internal
stresses, related to softening of the material induced by the diffusion of water, can be expected even at the beginning of
hygroscopic loading of a composite structure.

5. Conclusions and Prospects

In this work, for the first time, the evolution of the macroscopic hygroelastic properties of composite plies as functions
of moisture content in it is taken into account in a scale-transition-based approach dedicated to predicting the multiscale stress
states in the plies and their constituents during the transient stage of hygroscopic loading of a composite structure. The scale
transition approach involves the inversion of the classical homogenization procedure in order to estimate the evolution of the
stiffness tensor of the epoxy matrix as a function of moisture content in it.

The mechanical states predicted with the model allowing for moisture-dependent material properties were compared
with the reference values obtained assuming that material properties do not depend on moisture content. Numerical computa-
tions show that, as expected, the calculated longitudinal mechanical states of a ply (expressed in the reference frame of the ply)
are the same whether or not the effect of moisture on material properties is considered. This result is understandable, because
the hygromechanical behavior of carbon-fiber-reinforced composite plies is controlled by the longitudinal reinforcement.
Since carbon fibers do not absorb water, their properties remain unchanged during the moisture diffusion process. Thus, the
longitudinal properties and mechanical states are independent of interactions between the moisture content and hygroelastic
properties of materials in fiber-reinforced composite structures. On the contrary, the estimated transverse and shear stresses,
which strongly depend on the hygromechanical behavior of the matrix in composite plies, whose properties are moisture-de-
pendent, can deviate from the reference values by up to 30%.

Since the sizing of composite structures is strongly related to the internal state of stresses predicted for typical loads
expected during their service life, the multiscale evolution of material properties as functions of moisture content, as demon-
strated in the present study, cannot be neglected, at least for composite structures designed for operation in humid
environments.

The next step along this line of research will deal with some additional physical factors in order to improve the reliabil-
ity of predictions obtained by the scale transition models. For instance, in the present work, the moisture diffusion process was
assumed to follow the classical, linear Fickian model. Nevertheless, some serious experimental results [45] have shown that
certain anomalies in the moisture sorption process (deviations from the expected Fickian behavior) could be explained employ-



ing the basic principles of irreversible thermodynamics, by considering the strong coupling between the moisture transport in

polymers and local stress states [46-47]. The problem of hygromechanical coupling will be treated in our further investigations.
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