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Abstract

The simulation of long life behavior and environmental aging effects on composite materials are subjects of investigation
for future aerospace applications (i.e. supersonic commercial aircrafts). Temperature variation in addition to matrix
oxidation involves material degradation and loss of mechanical properties. Crack initiation and growth is the main
damage mechanism. In this paper, an extended finite element analysis is proposed to simulate damage on carbon fiber
reinforced polymer as a consequence of thermal fatigue between —50°C and 150°C under atmospheres with different
oxygen content. The interphase effect on the degradation process is analyzed at a microscale level. Finally, results are
correlated with the experimental data in terms of material stiffness and, hence, the most suitable model parameters are

selected.
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Introduction

Owing to the growing use of composite materials at
different sectors, and more complexity of structural
designs,' mechanical models are increasingly required
nowadays for the simulation of components.” Static
and fatigue properties as well as damage mechanisms
have been intensely studied for the last three decades.’
On the other hand, environmental aging of carbon fiber
reinforced polymers (CFRPs) (i.e. thermal fatigue
effects) is still under investigation.“*9 In this context,
one of the main damage mechanisms is the material
cracking caused by thermal cycles.'® ' The studies,'>!*
which analyze the influence of oxidative environment
on the damage development, suggest that a coupled
mechanism exists between: (i) the epoxy matrix oxida-
tion at high temperatures, and (ii) thermal fatigue due
to different coefficients of thermal expansion (CTE)
within the composite system.

Several kinetic models have been proposed in order
to estimate the matrix oxidation process and its
effect.'>'® Its main consequence is the variation of the
Young’s modulus (E) with the exposure time.'”

At a microscale level, three regions with different
properties may be considered in a composite material:

fiber, matrix, and interphase. The latter is produced by
the chemical reaction between matrix and fiber during
the curing process.'®!?

Asp et al.?**! performed a static parametric finite
element analysis of a unit cell to determine the relation
between the interphase properties and the transverse
strength of the material. Three different types of inter-
phases were studied: rubbery, thermoplastic, and
medium elastic modulus. Each of them associated
with three relative thicknesses of the layer (1%, 5%,
and 10% of the fiber diameter). It was found that the
interphase properties have a decisive influence on the
location and the mode of failure, whereas Poisson’s
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ratio is not a critical parameter for the prediction of
damage initiation.

Tanoglu et al.>*** used a specifically designed
testing  machine  (dynamic  interphase-loading
apparatus) to characterize the interphase mechan-
ical behavior of a glass—epoxy system. They
demonstrated that the shear strength and the energy
absorption characteristics of the interphase strongly
affect the performance of the composite, concluding
that a low value of the first property considerably
enhances the last one.

In this paper, crack initiation and growth, as a con-
sequence of thermal fatigue degradation, are numeric-
ally analyzed at a microscopic level, where the effect of
the interphase between fiber and epoxy matrix is appre-
ciable.?** The results are then compared with the
experimental data from the tests performed on samples
exposed to the same conditions as simulated in
this study.

As it is a microscopic model, a representative unit
cell of the real problem must be selected. In composite
materials, the arrangement of fibers is usually random
within a layer. However, for the purpose of this study,
two main idealizations may be considered: square and
hexagonal packing.”® A random distribution of fibers in
a plane perpendicular to the fiber direction results in
transverse (statistical) isotropy. The same property can
be achieved with a hexagonal packing, but not with a
square one.”’ The property of transverse isotropy is
fundamental when applying boundary conditions in a
case of thermal loading, thus hexagonal packing will be
used in this paper.

The organization of the paper is as follows. First,
material properties and experiments are described.
Then the computational model is defined and the ana-
lysis is performed. Subsequently, numerical results are
presented and compared with the experimental results.
Finally, conclusions are provided and future develop-
ments are established.

Materials and experiments

The material analyzed in this investigation is a carbon
fiber/epoxy composite. The resin used is Hexply® 8552
(amine cured, toughened epoxy system) and the fiber is
a HexTow® AS4 (continuous high strength, high strain
PAN-based carbon fiber). The fiber volume (V) in this
case is 58%. The constituent mechanical properties at
20°C, and referred to transversal direction, are shown
in Table 1.

The fiber properties are considered constant with
temperature in the selected range (—50°C/+ 150°C).
Young’s modulus and CTE of the matrix vary with
temperature according to the equations proposed by
Zhang®® for an epoxy resin (equations (1) to (3)),

Table |. Properties of the materials at 20°C (transversal
direction).

Property (20°C) Resin Fiber
Young’s modulus, E (GPa) 4.67 20

CTE (m/m-K) 58 x 107¢ 18x 107°
Conductivity (W/m-K) 0.15 24
Tensile strength, o, (MPa) 120 -

Shear strength, 7, (MPa) 80 -

v 0.37 0.2

Gic (J/m?) 679 -

Gic (Jim?) 1100 -

where 7, is the room temperature and 7, is the glass
transition temperature.

E(T)zE(mexp(—kl =T ) ()

T,— AT—T,

With: E(T,)=4.67GPa; T,=180°C; AT=30°C;
T,=20°C; k) =0.35667

CTE(T) = K(T — T,) + CTE(T,) )
TE, — CTE(T,
x = CTE - CTHE(T,) 3)
T, —T,
With: CTE(T,)=58x10"° m-m-K)™'; CTE=

139 x 107° m-(m-K) ™!

The rest of the matrix mechanical properties are con-
sidered constant with the temperature.

During the experimental investigation, 500 thermal
cycles between —50°C and 150°C, at 15°C/min and
Smin dwell time were applied on CFRP samples.
Cycles were performed by means of the test chamber
Angelantoni-ACS UHS1400 (Figure 1(a)). Figure 1(b)
shows the specifically designed system for the control of
the atmosphere composition.

Two different sizes of samples—25 x 35mm? and
180 x 18 mm>—were used in light optical microscopy
(LOM) and static tensile tests, respectively
(Figure 1(c)). The selected material was also AS4/
8552 prepreg with a [03/905]s stacking sequence and
nominal thickness of 2.21 mm. Applied curing condi-
tions were 3 h long cycle at 180°C, with a 7 bar pressure.

The thermal cycling test was performed applying two
different atmospheres. The first one represented a neu-
tral atmosphere (nitrogen gas) for isolating any effect of
oxidative agents. This condition was referred to as
inert. Dry air was used for the second atmosphere to
introduce effects related to material oxidation. It was
referred to as oxidative condition and applied in the
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Figure 1. (a) Environmental test chamber for thermal cycling tests, (b) controlled atmosphere system, and (c) samples for

experimental analysis.

same temperature range as for the neutral atmosphere.
Matrix oxidation was expected at high temperatures,
while matrix cracking occurred due to the mismatch
of thermal expansion coefficient. Coupling of both
effects produced the aging acceleration of CFRP.

Finally, loss of the mechanical properties was ana-
lyzed by the comparison of Young’s modulus variation
between simulation and experimental tensile tests,
before and after environmental aging. The equipment
used for the mechanical quasi-static tests was the uni-
versal testing machine Zwick Z100. Tests were per-
formed with a force control, applying a test speed of
2mm/min until the failure of the specimens was
reached. Young’s modulus was evaluated by means of
a calibrated extensometer.

Computational analysis

The study was performed by modifying two param-
eters: Young’s modulus (E£) and interphase thickness
(7). Three interphase thicknesses were used for the para-
metric analysis: 1%, 2.5%, and 5% of the fiber radius
(3.5um), each one related to three different elastics
modulus. Values of 12 GPa and 6 GPa represent inter-
phases with 60% and 30% of the transversal stiffness of
the fiber, respectively, whereas modulus of 0.01 GPa
represents a rubbery interphase. Poisson’s ratio and
CTE were estimated to be equal to that of the matrix.
However, the interphase strength was established as a
percentage of the resin values in order to consider
microscopic imperfections that affect matrix and fiber
bonding. Tensile and shear strength values were

80MPa and 25MPa, respectively. Therefore, the
whole investigation consisted of 27 case studies, con-
sidering different simulations of the initiation and fati-
gue steps.

Since the selected unit cell (Figure 2(a))) shows two
directions of reflection symmetry, just a quarter of it is
analyzed (Figure 2(b)), imposing symmetry conditions
on the initiation step, where no crack propagation is
expected inside the matrix. However, in the case of
the fatigue steps, the complete cell was considered
(Figure 2(c)) to allow a wider range of possibilities for
the crack path simulations (i.e. cracks initiated in a
quarter of the cell growing to an adjacent one).

Loads and boundary conditions must be representa-
tive of a thermal fatigue problem. As shown in Figure 3,
for both crack initiation and fatigue steps, the displace-
ment in the x-direction is not allowed for the nodes
located at the left-edge (P-S), and the displacement in
the y-direction is not allowed for the bottom edge
(P-Q). The right (Q-R) and top (R-S) edges remain
parallel respectively, to the left and bottom ones in
order to guarantee the periodicity of the cell. The dis-
placement values, imposed at the top and right edge of
the model, depend on the fiber volume fraction, length
of each edge, and applied temperature.”

The element selected for this analysis is a 4-node
bilinear plane strain quadrilateral with a reduced inte-
gration (CPE4R in Abaqus® software). After the con-
vergence analysis, modifying the number of the
elements used, the average element size was
1.73x 1072 um. Larger elements were used for the
fiber part, where no damage is expected.
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Figure 2. (a) Unit cell configuration considered for the thermal fatigue problem, (b) mesh used for crack initiation, and (c) meshing

for thermal fatigue steps (inert and oxidative).
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Figure 3. Boundary conditions applied.

The X-FEM analysis was structured in three differ-
ent steps as described in the following.

Damage initiation step

It is a static analysis, applying one thermal cycle to
study how the model parameters affect the crack nucle-
ation process. The results are evaluated by means of
two variables: one related to the size of the crack
through a damage ratio parameter (B), calculated as
the ratio between the number of damaged elements
and the number of elements at the interphase; and the
second with the initiation temperature (temperature at

which first cracked element appears). The latter is eval-
uated as the temperature increment, when the stress
field perturbation is detected in any of the two paths,
as shown in Figure 4. The paths are concentric with the
separation line between the matrix and the interphase.
The separation distance depends on the parametric
case, being selected as +0.06 um for the 2.5% and 5%
cases, and 40.015 um for the 1% case.

In this initiation step, a cohesive approach was used
to simulate the crack behavior. The quadratic nominal
stress criterion, for two-dimensional problems, was
selected for crack initiation (equation (4)), and a
linear traction-separation law (defined through fracture
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Figure 4. Matrix and interphase paths for temperature of
damage initiation evaluation.

energy) is proposed for damage evolution within

the step™
ANk
= {5+l @

where the nominal traction stress vector ¢ consists of
two components (three in 3D problems): 7, is the com-
ponent normal to the likely cracked surface, and ¢ is
the in-plane shear component on the likely cracked sur-
face. 7,° and 1,° represent peak values of the nominal
stresses. Crack opening modes I and II are simulated in
this study. Damage is assumed to initiate when the
function defined in the above expression reaches a
value of 1. The law of damage evolution and the trac-
tion-separation behavior describe the rate at which the
cohesive stiffness is degraded.

Inert fatigue step

For the fatigue analysis, up to 500 thermal cycles are
simulated, or interrupted when the stabilization criteria
is reached. In this study, the stabilization is considered
when the model evolution (in terms of von Mises stres-
ses) becomes stable and no changes occur in the stress
field. Those changes are monitored by a control or rep-
resentative element, which is lying on the straight line,
connecting the center of two contiguous fibers at a dis-
tance of 0.2 um from the interphase—matrix separation
line (Figure 5).

At the end of the analysis, the loss of the cell stiffness
is related to the number of cracks by means of an
equivalent displacement parameter. It is calculated by
using the displacements at nodes of non-fixed edges

Suey = /u + Suf, Q)

8u, evaluates the displacement of the edge RS, and du,
is the displacement of the edge QR (as defined in

REPRESENTATIVE

/ ELEMENT

Figure 5. Element in which the von Mises stress at maximum
temperature is evaluated in the fatigue analyses.

Figure 3) at the increment of maximum temperature
of the last cycle. The equivalent displacement param-
eter is given as an indication of the cell degradation.

In the fatigue steps, simulation of the cracks is per-
formed using the X-FEM procedure, evaluating the
critical equivalent fracture energy release rate G,
through the Benzeggagh-Kenane relation.*’ Crack
growth is characterized by means of Paris law (equation
(6)), using enriched elements with a propagating direc-
tion normal to the direction of the maximum tangential
stress (MTS)

da .
d_]\f = C3 AG (6)

where constants ¢; and ¢, are taken to be 1 x 10~° and
2.5, respectively.®? G esn and G, were selected as 1%
and 85% of G,

Oxidation fatigue step

This analysis is similar to the inert one, but includes the
oxidative effect as a variation on the matrix Young’s
modulus. This variation is calculated using the
following™

E(f) = 5479 — 1460 - ¢ >89 107 (7)

In this study, the effect of the exposure time was eval-
uated considering the investigation performed by
Lafarie-Frenot et al.>* in 2006, who found that 500 h
of isothermal aging of an epoxy resin may be equivalent
to 500 thermal cycles in terms of weight reduction.
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Equation (7) is valid for the Cytec® 977-2 resin. In
order to adapt it to the resin used in this analysis, the
following procedure was implemented. First, E£(¢) of the
oxidized 977-2 resin was calculated at each cycle time;
the value of E at t=0 (E,.f) was then subtracted from
the oxidized 977-2 modulus, obtaining the difference,
for each cycle, between the oxidized and nonoxidized
resin modulus. This difference (in terms of percentage)
was then used to modify, cycle by cycle, the unoxidized
E, s value of the 8552 resin, obtaining, for each value of
time, the oxidized 8552 resin modulus at 20°C (keeping
the same temperature dependency).

For the purpose of the oxidation analysis, the 500
thermal cycles were subdivided into 10 blocks of 50
cycles each. The value of E was calculated for the first
cycle of each block, and kept constant for the following
49 cycles. Therefore, the elastic modulus is dependent
on temperature and time (step) [E=f(T,step)]. The div-
ision in blocks is essential for decreasing the computa-
tional cost of analysis, which would have become
prohibitive in case of indexing the elastic modulus
with respect to each cycle.

Finally, the stiffness variation of every unit cell
(from each model considered) is calculated as a percent-
age between the original cell and the aged one.
This variation is compared with the reduction of the
material’s Young’s modulus through the experimental
tests.

Results

According to the microscopy experiments carried out
on different samples, the cracks start to develop within
the first five cycles. Therefore, since oxidation is not
relevant at this step of the process, damage initiation
during the first static cycle is thought to approximate
well with the real behavior of the material.

Additionally, simulated cracks must grow from fiber
to fiber, always surrounding them and not breaking,
as is observed experimentally in the samples exposed
to the thermal cycling (Figure 6).

From the damage initiation step, as noticeable in
Figure 7, the role of the interphase is determinant.
Soft,

rubbery interphase avoids cracks, thus no

Figure 6. (a) 10x and (b) 100x microscopy results of a sample exposed to 200 thermal cycles under oxidative conditions. Dry air:

150°C/=50°C.

Temperature for Damage Initiation

90 -

85| * L

85 848

O 80} ¥
o 75|
< ¥ E=6GPa
® 70 ¢ E=12GPa
g 65
5
~ 60} i %5 56.7

55 »

=0 1 25 5

t [% fibre radius]

Figure 7. Temperature for damage initiation.
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damage was detected in these cases. The stiffer the
interphase, the lower the crack initiation temperature.

Damage initiation temperature is always in the range
of 56-59°C in case of the interphase stiffness of 12 GPa,
and always in the range of 80-85°C in case of 6 GPa.

With the interphase thickness of 2.5% of the fiber
radius, the difference in damage initiation tempera-
ture—between cases of 6 GPa and 12 GPa—is 22.2°C.
This difference amounts to 28°C and 28.1°C whether
the interphase thicknesses are 1% and 5% of the fiber
radius, respectively. This suggests that the thickness of
the interphase does not have a significant influence on
the initiation temperature.

On the other hand, as seen in Figure 8, the damage
ratio parameter () shows that a larger initial damage is
reached in the 6 GPa interphase cells than in the 12 GPa
ones (with an average value of damage ratio of 0.265
and 0.159, respectively). Figure 9 illustrates the cells
status after the crack initiation step for the cases of
study with E=6GPa and t=2.5%, and E=12GPa
and t=15% (highest and lowest damage parameter cal-
culated, respectively).

Focusing on the fatigue steps, the value of the inter-
phase thickness appears to have a strong correlation
with the crack propagation phase. Cells with an inter-
phase thickness of 1% of the fiber radius develop
microdamage as debondings in the small areas, which
stabilize after a few cycles (in the order of 10-20 cycles)
and do not propagate further. Cells with an interphase
thickness of 2.5% and 5% develop large cracks, which
propagate until the edge of the cell, or the surface of a
contiguous fiber. As a general assumption, comparing
the same values of the interphase thickness, the crack
propagation is faster in a cell with a stiffer interphase.
In neutral environment, in order to reach the

stabilization criteria, cracks require 88 cycles
(t=2.5%), and 65 cycles (1=5%), whether the inter-
phase stiffness (E) is 12 GPa and, respectively, 115 and
120 cycles if E=6GPa.

Figure 10 shows a comparison between the equiva-
lent displacement of the cell in different cases of the
study, in oxidative and neutral environment.

Additionally, the percentage of variation of such
value (y), for a unit cell simulated in the oxidative
atmosphere ((Stgg;;) relative to the one in the neutral
atmosphere (du,), is reported in Table 2. This variation
is defined as follows

®)

Figure 9. Damaged elements with interphase of: (a) E =6 GPa,
t=2.5% and (b) E=12GPa, t=5%.

Ratio of damage at the interphase

0.5
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Figure 8. Damage parameter at the interphase.
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Equivalent Displacement
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Figure 10. Equivalent displacement evaluated considering inert and oxidative atmosphere.

Table 2. Variation of u.q, between
oxidative and inert environment.

Combination of [E (GPa); t (%)] v (%)

[12; 1] 0.256
[6; 1] 0.289
[12; 2.5] 2.085
[6; 2.5] —1.850
[12; 5] 2.729
[6; 5] 1.055

The results suggest that a bigger damage is achieved
in the oxidative environment. The very small variation
in cases with 1=1% can be explained by the fact that
the interphase debondings do not evolve as large matrix
cracks, and the final damage is limited.

In the case of E=6GPa and t=2.5%, the equiva-
lent displacement shows a different behavior, being
higher in the inert than in the oxidative atmosphere.
This is assumed to be due to the different crack paths
achieved in the two environments. In the neutral atmos-
phere, a large part of the matrix section gets encircled
by two intersecting cracks (“A’” and “B”, see Figure 11)
and does not contribute to the overall cell stiffness. This
crack behavior does not correspond with the real one,
as is observed in the microscopic analysis.

Figures 12 and 13 show variation (in percentage) of
the equivalent displacement parameter (or loss of stiff-
ness) for each type of cell in the six cases of the study.
It was calculated with respect to the equivalent dis-
placement of a unit cell, with the same interphase par-
ameters (£ and 7), but without enriched elements
activation for the simulation, and therefore without
fatigue damage.

IESSSTELEOREEERnT]
bhhEE RaganTTn Es
H

T
THT

B

Figure I1. Detail of the cracks path in case of E=6 GPa and
t=2.5%, in neutral environment.

Table 3 illustrates extreme cases, in terms of stiffness
degradation, of the unit cells status after the simulation.
The case of E=12GPa and ¢=5%, which is
the one showing the larger damaged area, shows the
biggest difference in 6u,, values between neutral and
oxidative environments (7.21% in oxidative, 4.38% in
neutral).

The 6u,, variation values for cases with t=1% are
very close to each other, and always in the range of
3.81-4.38% for both interphase elastic moduli and
environments. This could be explained by the fact
that both unit cells reach a similar damage status
(small debonding in the interphase region).

Case with parameters of E=6GPa and r=2.5%,
due to the aforementioned reasons, shows a different
behavior from the general trend (Su,, variation is
5.96% in neutral environment against 3.99% in the
oxidative one).
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Experimental vs Numerical results - Inert
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Figure 12. Equivalent displacement variation considering inert atmosphere.

Experimental vs Numerical results - Oxidativo
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Figure 13. Equivalent displacement variation considering oxidative atmosphere.

Table 3. Cell status after thermal cycling simulation.

Model parameters Inert atmosphere Oxidative atmosphere

E=12GPa/t=1%

(continued)
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Table 3. Continued

Model parameters

Inert atmosphere

Oxidative atmosphere

E=12GPa/t=5%

E=6GPa/t=2.5%

Experimental tensile test results are also showed
and compared in terms of loss of stiffness. After 500
thermal cycles, a stiffness reduction of 7.1% and 5.2%,
are reached in oxidative and inert atmosphere, respect-
ively. Numerical results cannot be directly correlated
with the experimental ones (effects such as different
oriented layers or matrix shrinkage are not considered
in this finite element study). However, it is possible to
compare and observe that, at least for cases of
E=12GPa, t=5%, and E=6GPa, r=2.5%, both
results are in good agreement with the experimental
ones. A significant variation of the measured
Young’s modulus between samples tested in oxidative
and inert atmospheres is reflected by a significant vari-
ation of the equivalent displacement increase between
the two cases.

Conclusions

Several conclusions can be extracted from the presented
study:

(1) Extremely soft interphase acts as a “dumper”,
reducing and homogenizing the stress field in the
matrix; thus no crack initiation is observed in this
kind of cells.

(i1) Cracks appear in unit cells with an interphase stiff-
ness of 1/2 and 2/3 of the fiber stiffness.

(iii) In this study, 7, is assumed to be 180°C.
Temperature for crack initiation is calculated
below 90°C for all the considered cases in the
first thermal cycle applied. Experimentally, crack
initiation occurs within the first five cycles applied,
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therefore, concentration of stresses due to the CTE
mismatch, and not the matrix oxidation, may have
caused the crack initiations.

(iv) Thicker and stiffer interphase promotes a lower
crack initiation temperature and a faster crack
dynamic.

(v) The damage level observed after 500 cycles in the
oxidative environment is higher than the one
observed after 500 cycles in the inert environment.

Comparison of the experimental and numerical tests,
in terms of loss of stiffness, suggests that the most real-
istic couple of interphase parameters is £ =12 GPa and
t=5% for both inert and oxidative atmosphere (disre-
garding the case with £=6 GPa and t=2.5%, due to
the unrealistic path of cracks).

Finally, for future developments and more thorough
comparisons between the experimental tests and the
numerical simulations, additional research should be
focused on:

(a) Incorporation of time-dependent matrix and
interphase strength reduction (due to the
oxidation reactions). Experimental work should
be performed on thin sheets of Hexcel® 8552
resin (i.e. tensile testing according to the ASTM
D882 “Standard Test Method for Tensile
Properties of Thin Plastic Sheeting); and on
matrix—fiber bonding interphase at different
levels of oxidation.

(b) Developing a 3D model of unit cells, including
shrinkage effects caused by matrix oxidation,
which induce additional local stresses on both
matrix and interphase.>>-*¢

(c) Following the step (b), developing a meso-
scale model to implement the effect of the CTE
mismatch among the layers of different orienta-
tion. Detailed XFEM 3D model of the plies
would be too computationally expensive, and a
procedure of homogenization of the layer
properties evolution with the aging time should
therefore be applied (i.e. through field variable
functions).
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