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A multi-scale analysis of composite structures: Application to the
design of accelerated hygrothermal cycles

Z. Youssef, F. Jacquemin, D. Gloaguen, R. Guillén

GeM, Institut de Recherche en Génie Civil et Mécanique, UMR CNRS 6183, Université de Nantes — Ecole Centrale
de Nantes, 37 Boulevard de I'Université, BP 406, 44602 Saint-Nazaire, France

Hygrothermal cycles are known to cause degradation of fiber-reinforced polymer composite materials due to moisture uptake and
thermal expansion. The knowledge of internal stresses due to cyclic environmental conditions is necessary to forecast a possible damage
occurrence in the material during its service life. The accelerated cycles are studied so as to define the material geometry and environ-
mental conditions to reproduce the in-service material state in a shorter time. In the present work, a self-consistent (SC) model is used in
order to predict the stress state at the microscopic scale (fiber and matrix) induced by the real and accelerated cycles. The main aim is to
compare the local states induced by the real and accelerated cycles in particular near to the edges where hold periodic conditions.
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1. Introduction

Fiber reinforced composite laminates are increasingly
used in aecrospace and other engineering applications due
to their light weight, high specific strength and stiffness,
excellent fatigue and corrosion resistance properties. In
the aeronautical applications, fiber reinforced epoxy matrix
composites are exposed to severe hygrothermal and cyclical
environments. When composite materials are exposed to
humid environments, the moisture absorption may induce
severe mechanical and physicochemical changes in polymer
matrix [1] or fiber/matrix interphase [2]. In service, fiber
reinforced composites are usually subjected to time-varying
moisture concentration gradients producing internal
hygrothermal stress which must be regarded with attention
to explain material damage phenomena [3]. In particular,
for composite specimens submitted to cyclical environmen-
tal conditions (aeronautical applications for instance) with
temperature/moisture ageing cycles, important time-depen-
dent gradients of internal stresses appear close to the sur-

faces [4]. Such gradients acting as an hygrothermal
fatigue over narrow areas near to the surfaces may create
some damages to the structure. Reynolds and Mc Manus
[5] have shown that the effect of combination of moisture
cycling and thermal cycling environments could create
damage, such as cracking of material near exposed surfaces
and edges.

Composite materials need to be tested to characterize
and model their long-term response to hygrothermal cycles.
So, the question of the design of accelerated hygrothermal
cycles to meet the in-service material state in short time is
addressed.

Jedidi et al. [6] have designed accelerated hygrothermal
cycles to approach the long-term durability of plate com-
posite structures subjected to supersonic flight cycles. The
accelerated cycles have been conceived in such way that
same average moisture concentrations as those generated
by the in-service conditions are obtained. The average val-
ues of internal stresses (calculated by using the classical
lamination plate theory) for the real and accelerated
cycles are quite similar but it is clear that the hygrother-
mal fatigue of the material is different for these two kinds
of cycles.



In this paper, the internal stresses due to hygrothermal
cycles and near the edges are studied with attention. An
accelerated cycle is designed to reproduce the moisture con-
centration distributions induced by a real cycle by modify-
ing the specimen geometry and the cycle period. The
macroscopic (ply) and local (fiber and matrix) internal
stress states induced by the two cycles are evaluated and
compared.

The moisture absorption is modelled by a Fick’s law
whose diffusion coefficient depends on the temperature
through an Arrhénius’ law. Since the temperature diffusion
rate exceeds the moisture diffusion, one by several orders, it
is logical to assume that the thermal equilibrium is reached
instantaneously. Consequently, the thermal field inside the
pipe is uniform. The moisture concentration, induced by
such cyclic conditions, undergoes two patterns: a transient
pattern within the pipe and a fluctuating one close to the
inner and outer surfaces subjected to the periodic boundary
conditions. Based on a self-consistent (SC) approach, the
homogenized hygrothermoelastic (thermal and hygro-
scopic expansions and stiffness) properties are deduced
from the properties of the fiber and matrix [7]. The hygro-
thermal stresses for every ply, at any time, are calculated by
using the classical equations of solid mechanics: hygrother-
moelastic orthotropic constitutive equations, strain—dis-
placement relationship, compatibility and equilibrium
equations and boundary conditions. Scale transition mod-
els are required to study the internal stresses in the fiber
and matrix of ply [8,9]. Accelerated hygrothermal cycles
representative of the real cycles are also designed. These
cycles induce similar concentration and stress profiles than
the real one except in regions close to the surfaces where
strong gradients take place. The multi-scale analysis allows
to measure the effect of discrepancies observed at the ply-
scale on the induced local stresses. This question is very
important because the accelerated cycle, in order to be rep-
resentative, must not initiate a damage which would not be
induced by the real cycle.

2. A multi-scale analysis

2.1. Identification of the homogenized thermal and
hygroscopic expansion coefficients

SC models based on the mathematical formalism pro-
posed by Kroner and Eshelby [10,11] are improved in order
to take into account stresses and strains due to moisture
and temperature in carbon fiber-reinforced polymer matrix
composites. The material is investigated at two different
scales for the needs of micromechanical modelling: the
average behaviour of a ply defines the macroscopic scale,
denoted by the superscript I. The properties and mechani-
cal states of the matrix and fiber are respectively indicated
by the superscripts m and f. These constituents define the
microscopic (or local) scale of the material.

The hygrothermoelastic orthotropic behaviour can be
written as

o =L": (" — "AT" — B*AC%) (1)

where L* is the elasticity tensor of the phase o, ¢ the strains
due to elastic and hygrothermal solicitations, a the coeffi-
cients of thermal expansion, § the coefficients of moisture
expansion (CME), AT the temperature increment and AC
the moisture content increment.

The macroscopic stresses and strains are the volume
averages of the microscopic stresses and strains [7]:
I

1 (2)
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By using the Eshelby’s formalism, we obtain the following
relation between macroscopic and microscopic fields [8]:

g = (L LR (L L RY),

el (L + LR L AT - I

L AT L7 PACT — LY BACT)), (3)
where R' represents the reaction tensor that expresses the
elastic interactions due to the morphology assumed for
the elementary constituents of the composite material. This
relation must be satisfied for any hygrothermomechanical

state, so the first term of its right member must be equal
to I, while the second term must be null:

(L + LR (L L RY) =1 (4)
(L4 L' RY [ AT — L' o AT + L7 B'AC
— L' pACY), . =0 (5)

Eq. (4) yields the very classical self-consistent estimate for
the macroscopic elastic stiffness:

L= +L Ry (" + LR L), (6)

oa=f,m

One should notice that AT is considered as homogeneous
at every scale. Replacing AC' and AC* by zero in (5), the
following expression for the macroscopic thermal expan-
sion coefficients is obtained:
o= L+ LR (L LR L

: O(oc>c4:f,m (7)

By assuming that the fibers do not absorb any moisture
(i.e. AC'=0) and considering AT =0, the hygroscopic
expansion coefficient ' is determined through (5):

AC™ - -
prevm o L+ L R L I
CRYoLm g (8)

where v™ stands for the volume fraction of the matrix in the
considered ply.

When the moisture equilibrium state is reached, the
moisture contents for the ply AC' and for the neat resin
AC™ are linked by Eq. (9) [12]:

AC™  pl
AC'  vmpm
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where p' and p™ are respectively the composite and resin
densities. Introducing (9) in (8), the macroscopic CME
are then expressed [9]:

o=f,m

1
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The next step for a complete mechanical description at the
microscopic scale is the determination of the constitutive
relation which links the overall and the local stress states.

2.2. Local stress states

By assuming that the fibers do not absorb any moisture,
the local stresses—strains relation (1) becomes:

o =L (& — of ATT) (11)

Using the Eshelby’s formalism, one obtains, after algebraic
calculations, the following scale transition expression for
the strains in the fibers:

=L+ LR (G L AT LR ) (12)

The local mechanical states in the epoxy matrix are pro-
vided by Hill’s strains and stresses average laws (2):
1 of
= —¢g — —¢ (13)
2 %
Forms (11)—(13) depend on neither the hygroscopic expan-
sion coefficient of the matrix nor its moisture content.

3. Macroscopic hygrothermomechanical problem

To determine the local stresses, it is necessary to calcu-
late the macroscopic hygrothermal stresses by using the
effective macroscopic properties already known. We con-
sider a thin uni-directionally reinforced composite pipe,
whose inner and outer radii are ¢ and b respectively, sub-
mitted to temperature and relative humidity cycles with
the same period . The macroscopic moisture concentra-
tion, c'(r, ), is solution of the following system with Fick’s
equation (14) whose diffusion coefficient depends on the
temperature through an Arrhénius’ law:

aa_ct:Dl<>|:aaTi %aa_cr:|7 a<r<b (14>
{&@w:ém0=%@ (15)
A(r,0) =0

where cy(¢) is the 7 period boundary concentration. Because
the temperature diffusion rate exceeds the moisture diffu-
sion, one by several orders, it is logical to assume that
the thermal equilibrium is reached instantaneously. There-
fore, the temperature field and the diffusion coefficient
through the thickness of the pipe are uniform.

The moisture concentration, induced by such cyclic con-
ditions, undergoes two patterns: a transient then perma-
nent pattern in the internal regions of the composite

structure and a fluctuating then periodic pattern in regions
close to the lateral surfaces. The extent of the fluctuating
part eq is approximated by the following expression [13]:

e0:2“n/TDI(t)dt (16)

The hygrothermoelastic orthotropic behaviour is given by
Eq. (1). To solve the hygrothermomechanical problem, it
is necessary to express the strains versus the displacements
along with the compatibility and equilibrium equations [4].

Displacements with respect to the longitudinal direction
x and ortho-radial direction 6, respectively u'(x,r) and
v'(x,r) are then deduced [4]:

ul(x,r) = Ryx
v (x,7) = Roxr (17)
R, R, are constants

It is worth noticing that the displacements u'(x,r) and
v'(x,7) do not depend at all upon the hygrothermal field.
The fluctuating concentration is determined by using a fi-
nite difference scheme [4]. In order to propose a closed
form solution of the displacement component in the radial
direction, the regions close to the two lateral surfaces,
where hold fluctuating concentrations, are subdivided and
on each subdivision a parabolic moisture concentration
distribution is assumed:

c¥:A,-r2+B,-r—|—Ci (18)

1

A;, B;, C; are constant.
Finally, we obtain the radial component of the displace-
ment field for each subdivision:
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with

I = L%, + Lty + Ly, 0, + Loy,

Iy = Lygon, + Loy + Ly, + Ligtyy,

Ki =Ly Br+ LBy + Ly, By, + Ly,

Ky = L)I(Hﬁ)lcx + L}?Gﬁl% + L;I‘Hﬁ}*r + Lieﬁie-

L', o' and ﬁl are, respectively, the macroscopic elastic
stiffness and the macroscopic thermal and hygroscopic



expansion coefficients calculated with Egs. (6)—(8) based
on the SC approach.

Finally, the displacement field depends on four con-
stants to be determined: R; for i = 1,...,4. These four con-
stants are deduced from the following conditions:

e global force balance of the cylinder,
e nullity of the normal stress on the two lateral surfaces.

4. Example

Complementary models presented in Sections 2 and 3
have been used to determine the macroscopic properties
and the mechanical stresses at two different scales in each
ply of a composite structure subjected to cyclical tempera-
ture and relative humidity. The macroscopic model also
ensures the calculation of the macroscopic moisture content.

Let us consider a thin £55 angle-ply pipe made up of
eight orthotropic unidirectional T300/5208 carbon fiber/
epoxy plies of equal thickness. The thickness of the pipe
is 4 mm and the fiber volume fraction is 60%. The mechan-
ical and hygrothermal properties of the carbon fiber and
epoxy matrix are summarised in Tables 1 and 2 [8,14,15].

Fig. 1 shows the experimental temperature and relative
humidity cycles used as reference in order to define an
accelerated representative cycle [5].

Five particular points have been chosen on the cycle in
order to represent the concentration and stress evolutions
during the cycle. These points have been selected because

Table 1
Mechanical properties of T300/5208 constituents
Material E] (GPa) Ez, E3 (GPa) V12, V13 G23 (GPa) G]z (GPa)
T300 230 15 0.2 7 15
N5208 2.9 2.9 0.35 1.07 1.07
Table 2
Hygrothermal properties of T300/5208 constituents
Material o (KTh a (K™ B B>
T300 —0.7x107° 12x107¢ 0 0
N5208 60 x 10~° 60x107° 0.6 0.6
T°(©) H (%)
200 0

150 4

100 1

50 1

0

-50 -

-100 -

Fig. 1. Temperature and relative humidity cycles [5].

they characterise important changes of the relative humid-
ity or temperature.

These cycles include: cold/dry (—54 °C) for 10 min, hot/
dry (163 °C) for 30 min, warm/wet (87 °C, 85% H) for
60 min, heating rate 11 °C/min, cooling rate 5.5 °C/min,
160 min/cycle.

4.1. Calculation of moisture concentration profiles

The diffusion coefficient D' and the boundary moisture
concentration ¢q are indicated in Table 3.

The finite differences method is used to solve the set of
diffusion equations (14) and (15) and calculate the concen-
tration profiles, inside the pipe, induced by the hygrother-
mal cycles.

The moisture concentration evolution, function of num-
ber of cycles, is represented in Fig. 2. This evolution is esti-
mated at point E where simultaneous changes of
temperature and relative humidity appear. The extent e
of the periodic concentration during permanent state is
presented in Fig. 3.

Table 3
Hygroscopic properties of T300/5208 [12]
Material D' (mm?/s) Moisture concentration ¢, (kg/m?)
T300/5208  0.57exp(—4993/7(¢))  0.2385 H
c'kg/m?)
25 1
- - - -cyclel0
— - =cycle100
20 4 cycle 1000
15 -
10 1
5 -
T —— — = ‘
O - L} L} L) e . le(mm)
0 1 2 3 4

Fig. 2. T300/5208 concentration profiles.
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Fig. 3. Extent ¢, of the periodic concentration.



The numerical simulations reveal that the moisture con-
centration, induced by such cyclic conditions, undergoes
two patterns: a transient pattern, within the pipe, which
tends towards a permanent solution after 1000 cycles
(Fig. 2) and a fluctuating (then periodic when the perma-
nent state is reached inside the pipe) pattern close to the
inner and outer surfaces subjected to the periodic boundary
conditions. The extent e, of the fluctuating then periodic
moisture concentration is about 0.45 mm (Fig. 3).

4.2. Design of accelerated hygrothermal cycles

The question addressed here is to design accelerated
hygrothermal cycles to reproduce the real moisture concen-
tration profiles and thus the induced mechanical states. A
particular attention will be pointed out on the regions close
to the surfaces where strong moisture gradients take place.
Firstly, the objective is to reproduce these moisture concen-
tration profiles in a shorter time by modifying the thickness
of the specimen and reducing the period of the hygrother-
mal cycles.

The thickness e of the pipe was reduced to 2 mm and the
period of the hygrothermal cycles was also shortened to
define the accelerated cycles. The value of the period is ana-
lytically calculated using Eq. (14) in order to keep the same
proportionality ey/e compared to the real cycles.

These accelerated environments included: cold/dry
(=54 °C) for 2.5 min, hot/dry (163 °C) for 7.5 min, warm/
wet (87 °C, 85% H) for 14 min, heating rate 44 °C/min,
cooling rate 22 °C/min, 40 min/cycle (Fig. 4).

Fig. 5 shows that the extent ¢, of the periodic concentra-
tion induced by such accelerated cycles is 0.225 mm.

Fig. 6 presents the moisture concentration induced by
the real and accelerated cycles during transient and perma-
nent states as a function of a normalised radial distance.

The comparison is carried out at point £ corresponding
to a brutal evolution of the moisture concentration at the
edge.

The evolutions of the transient and permanent concen-
tration inside the pipe due to the real and accelerated cycles
are in perfect correlation. The transient pattern tends
towards a permanent solution after 1000 accelerated cycles:
conditioning time associated to the accelerated cycle is four

T°(C) H (%)
200 1
150 4
1001

50 4

0

-50 4

| e o e e o —

-100 -

Fig. 4. Accelerated hygrothermal cycles.
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Fig. 5. Extent ¢, of the periodic concentration for the accelerated cycles.

c' (kg/m®)
51 = = = = permanent state-real cycle 10-real cycle
permanent state-accelerated cycle 10-accelerated cycle
20 4
15 4
10 4
54
04— " (-alba)
I T
0 0.2 0.4 0.6 0.8 1

Fig. 6. Comparison of the concentrations induced by the real and
accelerated cycles at point E.

times faster than the real one. The light difference of mois-
ture concentrations between the two cycles appears in the
vicinity of the external surfaces where the fluctuating then
periodic concentrations (Fig. 7) reign.

4.3. Mechanical calculation
4.3.1. Estimation of the effective properties
The macroscopic elastic stiffness has been calculated,

using the self-consistent approach (6), by assuming the fol-
lowing values for the length of the semi-axis of the inclu-

c' (kg/m®
25_(9 )

= = = = permanent state-real cycle 10-real cycle
permanent state-accelerated cycle 10-accelerated cycle
201
154
104
54
0 : : ———————— (3)/(b3)

0 0.05 0.1 0.15 0.2

Fig. 7. Concentrations at the edge induced by the real and accelerated
cycles.



sions, in order to take into account the fiber microstructure
of the material: a, = a3 =1 and a; = 100.

ay, a» and aj are respectively the longitudinal, transverse
and normal semi-axis of the ellipsoidal inclusion. The
homogenised mechanical properties calculated by using
the SC model are represented in Table 4.

The calculation of the macroscopic CME is carried out
for a ratio AC™/AC' = 3.33 corresponding to zero void
fraction and perfect adhesion between fiber and matrix
[9]. The homogenized coefficients of moisture and thermal
expansions estimated through the SC model are presented
in Table 5.

4.3.2. Macroscopic stress states

Knowing the macroscopic effective properties and using
Eq. (1), the macroscopic stresses can be calculated. The
macroscopic transverse and shear stresses, induced by the
real and accelerated cycles for transient and permanent
states, are plotted in Figs. 8 and 9.

The increase of the temperature at point £ to 87 °C, cre-
ates compressive transverse stresses in the pipe. These stres-
ses grow with the concentration of moisture and the
number of cycles. They reach a constant value within the
pipe during the permanent state. Fig. 8 shows that the
transverse stresses g, are sensitive to the cyclical concen-
tration gradients close to the boundaries, where the fluctu-
ating then periodic solutions prevail. In these regions,
strong stress gradients hold and a maximum value of
110 MPa is attained.

Contrary to the evolution of g,,, the shear stresses do
not depend on the fluctuating solutions. These stresses

Table 4
Mechanical properties of T300/5208 composite
Material El (GPa) E2 (GPa) Vi2, V13 G23 (GPa) G12 (GPa)
T300/5208  138.7 7.75 0.25 2.94 5.68
Table 5
Predicted hygrothermal properties of T300/5208 composite
Material o (K71 o (K71 B B
T300/5208 —-0.06x 1076 34.77x 1076 0.02 0.88
(;‘522 (MPa) (r-a)/(b-a)
0.2 0.4 0.6 0.8 1
e =
-40 4
-60 4
-80 4
-100
= = permanent state-real cycle 10-real cycle

-120J ‘

permanent state-accelerated cycle 10-accelerated cycle

Fig. 8. Macroscopic transverse stresses at point E.

012 (MPa)[- - - - permanent state-real cycle
151 permanent state-accelerated cycle

10-real cycle
10-accelerated cycle

10+

(r-a)/(b-a)
02 04 0.6 08 1

04

-154

Fig. 9. Macroscopic shear stresses at point E.

are constant within the pipe during the transient and per-
manent state. The discontinuity of the shear stresses is only
due to the stacking sequence.

On Figs. 8 and 9, similar shear and transverse stress pro-
files for the real and accelerated cycles are observed. The
difference between the profiles of the transverse stresses
for the two cycles appears in regions close to the surfaces
where strong gradients take place (Fig. 8). Thus, it is nec-
essary to study if this difference causes important discrep-
ancies on the level of the corresponding local stresses.

4.3.3. Local stress states

4.3.3.1. Local stress states in the central ply. The local stres-
ses are deduced from the macroscopic stresses by using the
equations of the SC model (see Section 2). Figs. 10 and 11
represent the comparison between the transverse and shear
stresses for the real and accelerated cycles when permanent
patterns are reached. The evolution of the macroscopic and
local stresses is determined for the particular points chosen
during the hygrothermal cycle.

The transverse stresses in the central ply and in the con-
stitutive matrix and fibers are compressive during the per-
manent pattern and attain maximum values at point C
where the temperature increases to 163 °C. The thermal
effect for the fibers is dominant because they do not absorb
any moisture. The matrix undergoes the highest transverse
stresses.

Macrorea cycle Macro accelerated cycle
62 (MPa) | — - -Matrix-real cycle Matrix-accelerated cycle
10 - = = = Fiber-redl cycle Fiber-accelerated cycle
]A .. B C D E
Y  th

-70 v
-80 4

Fig. 10. Transverse stresses in the central ply during the permanent
pattern.



612 (MPa) Macro real cycle Macro accelerated cycle
30 + — - = Matrix-red cycle Matrix-accelerated cycle
- - - - Fiber-rea cycle Fiber-accelerated cycle
25
20 - Tes,
15 1 oottt ‘.
10 S
5 e e . N
B/ .~ ~ .
65\ - L) C L) Dl ) E 1 t/T
5 0.2 0.4 0.6 0.8 1

Fig. 11. Shear stresses in the central ply during the permanent pattern.

At the macroscopic and microscopic levels, tensile shear
stresses are observed. the temperature change from 0 °C to
—54 °C, at point B, produces null shear stresses. A good
correlation between the macroscopic and local stresses,
for the central ply, induced by the real and accelerated
cycles, is obtained. The numerical results show clearly the
contrast between internal stresses within fiber and matrix.
The present model can describe with accuracy the develop-
ment of stress heterogeneities during hygrothermal cycles.

4.3.3.2. Local stress states in the ply at the edge. The aim of
this section is the comparison between the local mechanical
states induced by the real and accelerated cycles for the
external ply where holds fluctuating concentrations.
Fig. 12 shows that the magnitude of the transverse stress
in the external ply depends on the combined variations of
the temperature and moisture. the decrease of temperature
at point B to —54 °C, induces a tensile value around 7 MPa
whereas the increase of temperature at point C to 163 °C,
involves a compressive value around —65 MPa in the
matrix. At point D, a relative humidity of 85% and a tem-
perature of 87 °C involve a compressive value around
—110 MPa for the transverse stress in the matrix.

Weak differences between macroscopic and microscopic
transverse stresses induced by the real and accelerated
cycles, for the ply at the edge, are observed during the per-
manent pattern.

Macroreal cycle Macro accelerated cycle
622 (MPa) | _ . _Marixred cycle Matrix-accelerated cycle
20 1 - - - - Fiber-rea cycle Fiber-acelerated cycle
P .
7 N &
p’ N\ 02 0.4
-20 1 NNt
-40 4 \‘
\
-60 4 \\
'S .
-80 4 N
N .
-100 4 N ./
-120 -

Fig. 12. Transverse stresses in the ply at the edge during the permanent
pattern.

The decrease of the temperature at point B to —54 °C
induces null shear stresses for the external ply (Fig. 13).
The shear stresses in the ply, matrix and fiber remain neg-
ative in the permanent pattern and reach maximum values
at point C where the temperature increases to 163 °C. the
shear stresses, present in permanent pattern, are far away
from the ply macroscopic resistance (68 MPa [15]).

The comparison of the stresses in the external ply during
the 10th cycle, induced by the two cycles, are plotted in
Figs. 14 and 15.

The transverse stresses for the external ply, plotted in
Fig. 14, during the 10th cycle are quasi-identical as the per-
manent transverse stresses. Close to the surfaces, the strong
moisture concentration gradients, present in the first times,
play a significant role on the induced stresses.

In the matrix, the difference between the transverse stres-
ses induced by the two cycles is more pronounced compared
to the permanent state. For the first cycles, the moisture
concentration is quasi-null inside the pipe while strong gra-
dients (difficult to reproduce) subsist near to the edges. The
more pronounced difference observed for the macroscopic
fields has an influence on the induced microscopic fields.
For instance, in the matrix at point E, the real transverse
stress is equal to —110 MPa and the accelerated transverse
stress is equal to —104 MPa. Nevertheless, at the microscopic

Macro real cycle Macro accelerated cycle
012 (MPa) — - = Matrix-redl cycle Matrix-accelerated cycle
51 - - - - Fiber-real cycle Fiber-accelerated cycle
A B C D E
0 » . ™ . T . a . tit
7\ 02 04 _.06—._.08._-"1
54~ <\ - /
-10 4 W\ /
-15 4 L
-20 ~ P
-25 4 ’
-30 4

Fig. 13. Shear stresses in the ply at the edge during the permanent pattern.

Macroreal cycle Macro accelerated cycle
022 (MPa) | — . —Marix-red cycle Matrix-accelerated cycle
20 - - = = = Fiber-rea cycle Fiber-accelerated cycle
A
0+

-20 4

-40 4

-60 4

-80 4

-100

-120 -

Fig. 14. Transverse stresses in the ply at the edge during the cycle 10.



c12 (MPa)
10 ~

Macroreal cycle
— = = Matrix-real cycle
= = = = Fiber-real cyCle

Macro accelerated cycle
Matrix-accelerated cycle
Fiber-accelerated cyCle

-10 -

-15 4

-20 - i

-25 4

Fig. 15. Shear stresses in the ply at the edge during cycle 10.

and macroscopic scales, the accelerated hygrothermal cycle
induces transverse stresses close to the real ones for both the
transient and permanent patterns.

The maximum values (matrix and macro) of the shear
stress at point C are lower compared to the permanent pat-
tern values. This phenomenon is caused by the reduction of
the ply and matrix moisture contents. Then, the cooling
process at point B creates shear stresses in the fiber close
to 5 MPa.

5. Conclusions

Evolutions of internal stresses due to hygrothermal
cycles within fiber reinforced composites have been ana-
lyzed using a multi-scale approach. The macroscopic stres-
ses are calculated by using the continuum mechanism
formalism and the local stresses are deduced from the
self-consistent scale transition model. The accelerated
hygrothermal cycles representative of the real ones are also
designed so as to define the material geometry and environ-
mental conditions to reproduce the in-service material state
in shorter time. The period of the hygrothermal cycles and
the material thickness are reduced to define the accelerated
cycle. Such cycles induce similar concentration and stress
profiles compared to the real ones except in regions close
to the surfaces where strong gradients take place. The
multi-scale approach shows that the discrepancies observed
at the ply-scale in these regions do not involve strong differ-
ences on the induced local stresses. This kind of approach
allows assessment of the relevance of accelerated cycles in a

more effective way, based on determination of the mechan-
ical state at different levels of the material.
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