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Abstract Ceramic Matrix Composites (CMC) are very
attractive for structural applications at high temperatures
or under temperature gradients. For these reasons, the
mechanical properties must be considered together with
the thermophysical properties. The aim of this work is
to demonstrate the thermal characterization capabilities
of IR thermography in multiscale damage assessment for
CMCs. A first device was developed for the thermo-
mechanical characterization at the level of fiber bundle.
The longitudinal effective thermal diffusivity was moni-
tored in-situ using the Angstrom method during a tensile
test. In a second device, we implemented flash methods
for the estimation of longitudinal and transverse diffu-
sivities during tensile tests of 2D woven SiC/SiC com-
posites. The macroscopic results corroborate the microscopic
ones, but they also give complementaryindications about com-
posite’s behavior. Morevover, these methods offered the
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possibility to map the distribution of transverse thermal
diffusivity.
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Introduction

Ceramic matrix composites (CMC), and more recently the
polymer based composites, are used in structural compo-
nents exposed to high temperatures or thermal cycling. For
instance, SiC/SiC composites are potential candidates for
nuclear fuel cladding [1-5]. This structural element is one
of the most important safety barrier. The selected mate-
rial must, in particular, allow the transfer of the generated
heat flux (from the nuclear reaction) to the cooling system.
Therefore, the thermal behavior of mechanically loaded
composites is of primary importance.

Ceramic Matrix Composites (CMCs) are multiscale and
architectured materials. The service conditions (mechani-
cal and thermal loadings, vibrations, etc.) generate several
crack networks. It is shown that cracking occurs sequen-
tially at different scales. The appropriate scales must be
defined with respect to the characteristic size of hetero-
geneities and the damage mechanisms [6]. In the light of the
cracking modes reported in the literature [7-12], two length
scales are relevant [11]:

First, the microscale is a necessary step to capture the
presence of fibers, the intratow matrix and the micropores.
In addition, the characteristic damage mechanisms at this
scale are the multiple matrix cracking and the fiber/matrix
debonding [9, 13, 14]. Then, the mesoscale exhibits addi-
tional structural features: waviness, stacking characteristics
and macropores. At this scale, transverse cracking and
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delamination [7, 11, 15, 16] are the relevant damage
mechanisms.

Several analytical and numerical models have been
developed to compute the thermal properties of CMCs both
at the microscale [17-19] and at the mesoscale [20-23].
Yet, these need reliable experimental data to validate the
simulation tools as well as to identify model parameters.
Infrared thermography is a suitable technique to investigate
the effect of damage on thermal properties at the appro-
priate scale. The adaptability offered by the recent infrared
cameras allows to design, at each scale, an experimental
setup capable of monitoring the evolution of thermal diffu-
sivity. For each experimental situation, we have to consider
the most appropriate model that describes the heat transfers.
The determination of the thermal diffusivity is achieved
after solving the inverse problem. For this purpose, sev-
eral methods were reported in the litterature. The original
flash method, initially developed by Parker et al. [24], was
then extended to various experimental conditions [25-28].
In addition, Mourand et al. [29] proposed a method for
the estimation of diffusivity distribution maps. The flash
method was also used to determine the in-plane thermal dif-
fusivity with a non-homogeneous heat generation [30-32].
As an alternative, we can consider the method proposed by
Angstrom [33] and further similar techniques [34-37] in
periodic regime to assess the longitudinal diffusivity.

The local disturbances induced by the cracks are revealed
by infrared imaging. Thermal contrasts are potentially used
in non-destructive testing of composites to detect delami-
nation cracks in laminates [38] and impact damages [39].
Only a few attempts were focused on the investigation of
the quantitative evolution of damage using thermal mea-
surements. Pioneering works in [40] on unidirectional com-
posites (RBSN/SiC ) and in [41] on laminated composites
have clearly demonstrated the effect of interfacial cracks
on the thermal diffusivity. In [42], authors used thermal
measurements to estimate the overall thickness of the air
layer resulting from the delamination. The experimental
results given in [21, 32, 43, 44], for multidirectional rein-
forced composites, showed that the measurement of thermal
diffusivity during mechanical testing can be used to moni-
tor the progression of damage. Sheikh et al. [45] reported
a decrease in the global transverse thermal diffusivity of
several CMCs under mechanical loading.

The aim of this work is to demonstrate the thermal char-
acterization capabilities of IR thermography for multiscale
damage assessment of fiber reinforced ceramic matrix com-
posites. For this purpose, we developed two setups, one for
the level of fiber bundle and the second one for the woven
composite. From this experimental study, we highlighted
the key insights in the interpretation of thermography anal-
ysis. These data are also useful for designing SiC/SiC fuel
cladding.

SEM

Material
Two suitable composite specimens were prepared.
Minicomposite Test Specimens

Minicomposite test specimens (Fig. 1(a)) were made of
single yarns consisting of approximately 500 commercial
silicon carbide fibers (Hi-Nicalon S). The Pyrocarbon
(PyC) interphase of few tens of nanometres and the silicon
carbide matrix were deposited via Chemical Vapor Infiltra-
tion (SiC CVI). The properties of the constitutive materials
are given in Table 1.

Figure 1(b) shows the different phases and the porosity
inherent to the CVI process of matrix deposition. The matrix
thickness ranges from 2—-3 um at the core to 8—10 pm at the
rim. The cross sections of minicomposites are elliptical with
an average area of 0.14 mm?. The average fraction of fiber
(Vy = 0.38) was estimated by image analysis.

Woven Composite Test Specimens

The composite consists of 11 plies of plain fabrics
(Fig. 1(b)) manufactured via Chemical Vapor Infiltra-
tion (SAFRAN Group). A layer of pyrocarbon interphase
(100 nm thick) and the SiC matrix were deposited on the
fiber preform (Hi-Nicalon S). The final composite plate was
3 mm thick.

The fractions of fiber, matrix and porosity were deter-
mined using image analysis. The results are summarized in
Table 2. In addition, it was found that the average number of
fibers is approximately 500 per bundle, and that the average
filament diameter is 12.7um (£2.7).

Moreover, the overall fraction of porosity was estimated
to be 30 % by means of several porosimetry techniques
(water, ethanol, mercury, and helium-based picnometry). It
should be noted that this is quite high. Authors in [7, 9, 16,
50] reported volume fractions of porosity in the range of 10
to 15 % for similar composites.

Table 1 Selected properties of SiC fibers and SiC matrix (at 25 °C)
from ¢ [46], © [47], ¢ [48] and ¢ [49]

Hi-Ni-S SiC matrix
Diameter (um) 134 -
Young’s modulus (GPa) 408 ¢ 4004
Strain to failure (%) 0.63 ¢ -
Density (g.cm™) 3@ 2744
Thermal conductivity (W.m~1.K 1) 18% 67°
Specific heat capacity (J.kg~'.K~1) 700 € 690 ¢
Thermal diffusivity (mm?.s~1) 8.6 4.4
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Fig. 1 Micrographs of the
Ceramic Matrix Composite
materials (SiC/SiC) under
investigation

Experimental

Two experimental setups (Fig. 2) were developed in order
to investigate simultaneously the thermal and the mechan-
ical behaviors of minicomposite and composite specimens.
In the following, both experimental setups are described in
detail.

Table 2 Volume fractions of the constituents of the woven ceramic
matrix composite (SiC/PyC/SiC) under study

Microporosity Fiber Matrice Mesoporosity
Intratow 0.03 0.42 0.55 -
Global 0.02 0.29 0.39 0.3

(c) Woven scale

Tensile Tests
On minicomposite specimens

Tensile tests were performed using an electromechani-
cal testing machine (MTS). Metallic cylindrical tabs were
attached at specimen’s ends. The spacing distance (gage
length) was 30 mm. Specimen strains were measured using
two inductive sensors (LVDT). Tensile tests were carried
out under quasi-static conditions with a crosshead displace-
ment rate of 0.05 mm/min. Testing procedure also included
loading-unloading loops to monitor the decrease in the
elastic modulus. The crosshead was kept immobile during
thermal measurements. It is worth noting that the testing
machine was also equiped with two acoustic emission sen-
sors to check that damage did not progress in the time
period during which thermal diffusivity measurement was
performed.

SEM
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Fig. 2 Experimental setups for
the mechanical and thermal
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On composite specimens

An electromechanical tensile machine with hydraulic grips
(Instron 4505) was used. Metallic tabs (length=25 mm,
width=19 mm) were affixed to the ends of 118 x 19 x3 mm?>
specimens. Quasi-static conditions with a displacement
speed of 0.05 mm/min were applied. The deformations
of composite were measured using two mechanical exten-
someters placed on both sides of the sample. The gage
length was 25 mm. Again, testing procedure also included
loading-unloading loops to monitor the decrease in the elas-
tic modulus. Acoustic emission sensors revealed that the
damage did not progress in the time period during which
thermal diffusivity measurement was performed.

Thermal Diffusivity Measurements
Principle

Unsteady thermal conditions are appropriate for the estima-
tion of the thermal diffusivity from temperature evolution.

SEM

7
(b)
The heat source have to be applied in order to maxi-
mize the heat transfers during the thermal measurement.
For this purpose, the specimen geometry, the material ther-
mal properties and the equipment characteristics (spatial
resolution, acquisition frequency, etc.) must be taken into
account. An interesting approach consists in the evalua-
tion of the characteristic times based on the Fourier number

(Fo, (1)):

Qe te

d?

C

Fo =

ey

When Fo = 1, ¢, is the time period during which heat
passes through a medium of thickness d, and thermal dif-
fusivity a.. It indicates the time period for measurement
of the transient thermal properties, which has to be consis-
tent with the acquisition frequency of the infrared signal.
The magnitudes of the characteristic times (¢.) associated
to the heat transfer in the different directions are given in
Table 3.
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Table 3 Magnitude of characteristic times (z.) associated to the heat
transfers in the directions parallel (||) and perpendicular (L) to the fiber
reinforcement (d, and a. are the corresponding length and thermal
diffusivities)

II L (minicomposite) L (composite)

d. 1 cm 100 pum 3 mm
ac 10 mm?2s~! 1 mm2s~! 1 mm?2s~!
tc 10s 1us 1s

First, only small temperature differences can be expected
across the minicomposite’s section (~ 100um), even in
the case of strong gradients, and this would lead to a poor
signal/noise ratio. Nevertheless, at this small length scale,
periodic steady state is reached rapidly and the Angstrom
[33] method is suitable.

Then, at larger length scales (woven composite) the peri-
odic methods become less pertinent. For composite plates,
the flash methods are well-suited because the transverse and
the in-plane diffusivities can be simultaneously estimated
[32]. In addition, the maps of transverse thermal diffusivity
can also be obtained.

Application to the minicomposite test specimens

The selected method was initially proposed by Angstrom
[33] and then adapted by several authors [34-37]. It con-
sists in creating a local oscillating heat source and then
processing the temperature profile along the axial direction.
When the periodic steady state is reached, a damped out of
phase thermal wave propagates through the solid medium.
The estimation procedure of the longitudinal thermal diffu-
sivity, which is detailed in Appendix A.l, is based on the
evaluation of the damping and phase shifts.

The local modulated heat source is provided by a laser
beam of 532 nm wavelength emitted by a diode (1 Watt).
The laser beam is powered by a signal generator that pro-
duces sine waves at the selected frequency. Then, the laser
beam passes through a lens to be focused on a diameter of
about 100 um at the specimen’s surface. The thermal exci-
tation system (diode and lens) is mounted on a three axes
precision positioning stage to control the position of the
spot. Thus, the heat source is generated at the center of the
minicomposite specimen mounted in the grips of the tensile
machine.

An infrared camera (Titanium 520 M from FLIR) cap-
tures the infrared signal (IR) emitted by the outer surface
of the specimen. It has 320x256 InSb sensors and it is
equipped with a 50 mm objective with an extension ring to
reduce the spatial resolution to a size of about 80 um. The
infrared images are recorded at 100 Hz. Then a dedicated
software (Altair-LI also supplied by FLIR) is used to com-
pute the maps of damping and phase shift. The reference

phase is assumed to be given by the signal generator that
is connected to the appropriate Lockin input of the camera.
Finally, at each loading step, the apparent in-plane thermal
diffusivity is estimated according to the procedure described
in Appendix A.1.

Application to composite test specimens

We developed a setup capable of monitoring both in-plane
(a) and transverse (al) diffusivities. This was achieved
by implementing two variants of the Flash method. The
front face of composite samples was heated using a flash
lamp (600J) while the thermal response was recorded at
the rear face using the same Infrared camera as in the first
setup. Either homogeneous (transverse diffusivity [29]) or
spatially periodic (longitudinal diffusivity [30]) heat irradi-
ation was generated. A transparent film was placed between
the flash lamp and the specimen as a barrier against the
convective heat transfer. Then, a grid-like mask with peri-
odic openings was added for the estimation of the global
in-plane diffusivity (a}c" ) A randomly distributed heat can
be alternatively used [31], particularly to get maps of in-
plane diffusivity. The interest of the periodic pattern lies
essentially in the fact that a unique frequency is emphasized.

The grid period was chosen depending on the specimen
thickness, the transverse and the in-plane diffusivities [32].
The optimal period may not be constant during the test
because of the damage progress.

We performed the diffusivity measurements under con-
stant load: at each load step two experiments were per-
formed for the determination of @}’ and three for a;’. The
recording frequency of the infrared camera was 150 Hz
and the spatial resolution was about 250 um. The infrared
signals were then processed as described in Appendix A.2.

Multiscale Analysis of Damage

In this section, we examine in detail the thermal and the
mechanical results to end up with an original interpretation
of the processed infrared data. Since the mechanical behav-
ior of the materials under study is documented enough,
the mechanical tests were used to infer meaningful data
about the damage scenarii. On this basis, we propose to
assess the sensitivity of the IR thermography to the various
well-known damage modes.

Elastic Damageable Behavior
Under thermomechanical loadings, the Ceramic Matrix
Composites display an elastic damageable behavior. The

physical mechanisms responsible for the nonlinearity in the
mechanical behavior are cracks that form in the matrix or

SEM
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at the fiber/matrix interphase. The damage scenario may
depend on the texture, the loading mode, the nature of fiber,
the interphase and the matrix.

For both the minicomposite and the woven composite
specimens, the tensile stress-strain curves (Fig. 3) exhibit
the features of the well-known elastic damageable behavior
of CMCs [8, 9, 13, 50-52]. The examination of the tensile
tests revealed several relevant observations:

— The stress-strain curves show different stages that can
be associated to the sequenced damage process. The
first stage is the linear elastic domain of deforma-
tions for strains smaller than 0.1 %. The linear domain
ended at slightly smaller strains for the woven com-
posite specimens because of the size effects. Then, a
non linear domain with upward curvature is indicative
of increasing compliance associated to the transverse
matrix cracking (for strains smaller than 0.35 %). A sec-
ond linear domain, indicative of constant compliance, is
attributed to the deformation of fibers. For strains close
to the ultimate failure, a non linear domain with upward
curvature is indicative of fiber failures.

— Also, the loading-unloading cycles demonstrate a
decrease in the material stiffness. It is worthy noting
that the ratio of elastic modulus to initial modulus is a
classical damage indicator.

— The loading-unloading cycles also highlight the pres-
ence of residual strains and hysteresis loops. These
are both indicative of dissipative mechanisms such as
cracking and friction at fiber/matrix interfaces.

Key Insights in the Interpretation of Thermography

As cracks form, part of the energy provided to the composite
material is dissipated:

— 1in the creation of new surfaces
— in fiber/matrix friction (heat sources).

In theory, both dissipation modes could be detected using
infrared thermography. The creation of new surfaces results
in a thin insulating layer (contact resistance and air) which
subsequently reduces the thermal diffusivity. The friction
phenomena could lead to an increase in temperature. In the
following, we evaluate the sensitivity of the thermal dif-
fusivity to the different cracking modes. In addition, we
highlight the main useful information inferred from the
thermography analysis.

In-plane thermal diffusivity
Figure 4(a) depicts the evolution of the normalized thermal

diffusivity for the minicomposite and the woven compos-
ite specimens during a tensile test. In both cases, the global
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Fig. 3 Tensile stress-strain curves for the minicomposite and the
woven composite specimens

longitudinal thermal diffusivity decreases with increasing
applied strain. Interestingly, the minicomposite and the
woven composite display a similar behavior.

— The thermal diffusivity remained constant during the
linear elastic domain.

—  Then, the diffusivity experienced a drop in the deforma-
tion domain ranging from the end of the elastic domain
to about 0.35 %. For the minicomposite, a single mode
of matrix cracking was observed. It consists of cracks
perpendicular to the loading direction and distributed
along the fiber axis. For the woven composite, sev-
eral cracking modes were reported in the literature and
observed using post-mortem microscopy. In addition to
the cracks in longitudinal tows, which are equivalent to
matrix cracks in minicomposites, the woven composites
develop two types of transverse cracks in the trans-
verse tows [23]: Type-1 cracks perpendicular to loading
direction while type-2 cracks are in-the-plane. Weavi-
ness and the presence of various transverse cracks can
explain that the composite diffusivity was more affected
than the minicomposite’s one.

— After matrix cracking saturation, the thermal diffusiv-
ity remained barely constant until the ultimate fracture.
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Fig. 4 Evolution of the global thermal diffusivity of the minicompos-
ite and the woven composite (normalized using the diffusivity of the
undamaged material %) measured during a tensile test

In this regime, the predominant phenomena are the
sliding at fiber/matrix interfaces and the interlaminar
debonding for the woven composite. The experimental
results show that the in-plane thermal diffusivity was

not affected by these damage modes because, in this
case, crack lips were parallel to the heat flux.

— The fiber breakage is the stochastic degradation mech-

anism responsible for the ultimate fracture of the mini-
composite and the composite specimens. It was not
possible to capture the effect of the fiber ruptures on the
thermal diffusivity since it is an unstable phenomenon.
Nevertheless, the thermographic images at failure show
that the heat sources were only generated within the
longitudinal tows (loading direction). This observation
confirms that the final failure of composite results from
the breakage of fiber tows.

Transverse thermal diffusivity

Interstingly, the characterization of the transverse thermal
diffusivity allowed us to investigate damage from both
global and local viewpoints.

Figure 4(b) depicts the decrease in the global in-plane
and transverse thermal diffusivities of the woven composite
specimens during a tensile test. Yet, two main differences
need to be discussed.

First, the experimental data demonstrate that the trans-
verse thermal diffusivity was significantly more affected
than the longitudinal one. Figure 4(b) shows that a) expe-
rienced a steeper drop and 80 % decrease at the end of the
test, against 40 % for a)’. The experimental results provide
interesting observations regarding the spatial distribution
of the transverse thermal diffusivity: Fig. 5 depicts the
local variation of a?’. In particular, the maps highlight that
the transverse damage is highly heterogeneous for applied
stresses higher than 100 MPa.

In addition, it appears that the transverse thermal diffu-
sivity kept decreasing even for strains higher than 0.4 %

Fig. 5 Evolution of the
transverse thermal diffusivity
maps during tensile test: | 1.02
Tllustration of the initiation and I
the propagation of the
delamination in woven SiC/SiC
composite specimens
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Fig. 6 Scanning electron microscopy images of the interply
delamination

while the longitudinal one remained barely constant in
the same deformation range. This confirms that, in this
regime, the preponderant phenomena are related to inter-
faces degradation (interlaminar and interlaminar interfaces)
and sliding. In fact, Fig. 5 clearly evidences the initiation of
a delamination crack which propagates in a parallel direc-
tion to the load until the ultimate rupture. Furthermore, the
micrograph in Fig. 6 shows evidences of delamination. This
highlights the size of the contact area between plies. It is
worth noting that these interfacial damage modes do affect
the transverse diffusivity whereas the in-plane one was not
sensitive to these mechanisms.

From a global point of view, the experimental results can
be discussed with respect to the composite architecture. In
particular, it appears that the initial material anisotropy con-
tributes to further damage-induced anisotropy in the thermal
behavior.

Conclusion

The thermal properties of ceramic matrix composite under
mechanical loading were successfully investigated. The
conclusions from this study are as follows:

— This work is demonstrative of the capability of Infrared
Thermography for the study of damage progress at
various pertinent length scales.

— It was shown that the use of thermography can pro-
vide a better understanding of the damage mechanisms.
This approach is also able to capture anisotropic and
highly heterogeneous evolution of damage, which can
be related to the composite architecture (fiber’s orienta-
tion).

—  The experimental data confirmed that the minicompos-
ite test specimens represent a relevant intermediate level

SEM

to study the damage of CMCs and particularly to predict
the composite ultimate failure.

—  The flash methods were found to be the most promis-
ing techniques. The thermal diffusivities (maps) as a
function of load can be used as inputs in the quan-
titative analysis of the generated heat sources. Also,
the diffusivity-damage relationships, identified in this
work, can serve as tools for the monitoring of structures
under in-service conditions.
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Appendix A: Infrared Signal Processing
A.1 Lock-In Thermography

Angstrom [33] measured the thermal diffusivity of a long
and homogeneous isotropic metallic bar. A periodic heat
flux was generated and the temperature was measured at the
specimen surface. Assuming one-dimensional heat transfer,
this experiment can be described by the partial differen-
tial equation in equation (2) with the boundary and initial
conditions given in equation (3):

T  hp 19T

R Y A 2
0x2  A.S a, ot @

Where £ is the convective heat transfer coefficient, p is
the perimeter, S is the cross-sectional area, A, and a, are
respectively the longitudinal thermal conductivity and the
diffusivity.

t=0 T(x,t)=0
x=0 —iGE = ¢+ Agosin (0t + ) 3)
X — 00 T(x,t)=0

The local heat flux is described by the following quantities:
¢, 1s the offset, A¢, is the amplitude, w is the pulsation
and ¢, is the reference phase. For the purpose of thermal
diffusivity identification, the focus is only on the periodic
components (7*(x, t)) given in equation (4):

T*(x,t) = A(x)cos (ot + @(x)) 4)

The amplitude and the phase difference of the wave are
respectively given by equations (5) and (6):

A(x) = Agexp (—z,x) )

P(x) = Qo — ZiX (6)
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where the product of terms (z;, z,) is denoted z, (equa-
tion (7)):

w

2a,

Ir =ZiZr = (7
Then, for several experiments conducted at different pul-
sations (k experiments), the previous scalar (equation (7))
turns to a vectorial expression (equation (8)):

1
Ly =—% 8
Zr=5-9 ®)

where £2 and Z, are the vectors associated to w and z .
Finally, the longitudinal thermal diffusivity is calculated
using the least squares method [37]:

1
Q(QT.Q)’l.QT.ﬁ

€))

ay =

A.2 Flash Methods

The following paragraphs describe the methods imple-
mented for the estimation of the transverse thermal diffusiv-
ity maps and the global in-plane thermal diffusivity.

Transverse thermal diffusivity

This work proposes first to consider simple estimation
methods for the transverse diffusivity mapping. Such meth-
ods consist in validating the implementation of 1D heat
transfer models through the thickness, in the case of uniform
flash irradiation. Assuming unidirectional heat transfers, the
temperature evolution, at a given position of the rear face
(x,y,z=e), is a function of the local transverse thermal dif-
fusivity a,(x,y) and other parameters (the heat capacity Cp,
the density p, the energy density Q(X,y), etc.). In the ideal
case, the sample (thin plane plate) is assumed to be ther-
mally insulated and with an initially uniform temperature
field. Then, the temperature response to a thermal pulse,
at a location (x,y) equivalent to a pixel, is given below
(equation (10)):

O(x,y)

T]Dx, ,Z2=e,t) =
(x,y ) 2Cre

x f(t,a (x, ) (10)

where f (1, a;%) is as follows:

"= —n?72qv¢
f (t, a;") =142 Z cos(n)exp e—ZZ (11
n=1

Figure 7 depicts the evolution of the average temperature at
the rear face of the woven composite specimen under tensile
test for increasing applied stresses (0 MPa to 240 MPa). In
the reference [29], the authors proposed to estimate the local
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Fig. 7 Evolution of the average temperature at the rear face of the
woven composite specimen under tensile test: from the left to the right
0 MPa, 140 MPa, 180 MPa et 240 MPa

thermal diffusivities using a first order asymptotic expan-
sion (equation (12)) for diffusivities close to the average
transverse diffusivity denoted aj:

D aTlD
T(x,y,1) ~T'"P(z=e,1,az)+ (a (x,y) —ak) FyRm )
z aly

(1)

Equation (12) can be written as a linear system of equations
as given in equations (13) and (14). This linear system is
solved at each pixel (x, y).

9

T(x,y,1) ~ t,a¥ LJ:L . pCpe
(x,y,1) [f( aly) da? )azO] [pg,e_(a?(x’y)_a%)}
13)
Ye(x,y) = X*(x, y) - B(x, y) (14)

The matrix B%(x, y) is then estimated using the least squares
method (equation (15)).

—1
By = () Xww) (@) ey as)

The local transverse thermal diffusivity is finally estimated
according to equation (16):

ﬁz(z)(x,y)

16
ﬁz(l)(x,y) ( )

al(x,y) =aj+

In-plane thermal diffusivity

In order to estimate the global in-plane diffusivity, a sec-
ond flash method with non-uniform irradiation was imple-
mented. The front face of the composite was irradiated at
spatially periodic bands. The resulting spatial distribution

SEM
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Fig. 8 (a) Profiles of 14
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and the evolution of the infrared signal collected at the rear
face are depicted in Fig. 8. Philipi et al. [30] proposed a
robust method to estimate the global in-plane thermal diffu-
sivity. It is based on the assumption that the in-plane and the
transverse heat transfers are uncorrelated. It is worth noting
that this assumption is not necessarily valid for multilayered
composite material with elementary layers made of differ-
ent materials (or different orientations). However, Maillet et
al. [53] showed that the assumption holds for the material
under study, which was made of identical layers with con-
tact resistances. Then, in the Fourier-Laplace space, the rear
face temperature can be written as follows equation (17):

L o0
@(wn,z=e,p)=/ / T(x,z=e,t).
0 0

cos(apx).exp(—pt) dtdx (17)

where L is the length of the composite along the x axis, and
o, is defined as follows:

nmw
oy = —

2 (18)

where n is an integer.
It is shown in [30] that the solution of equation (17) can
be written as follows (equation (19)):

O z=e.p)=H(p+alal) (19)
with
H(p) = Oap =0,z =c¢e, p) (20)

With 7 (an,z = e,t) being the fourier transform of
T(x,z = e,t), the inverse Laplace transform of equa-
tion (19) is then given in equation (21):

T(an,z=e,t)=T(an=0,2=c¢e,1).exp (—a;"a,zlt)
21

SEM

1015 20 2
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25 30 3 40 .% 15 2
Time (s)

(a) (b)

Fourier transform of the temperature field obtained during
a flash experiment is plotted in Fig. 9(a). Then, the in-
plane thermal diffusivity a) can be estimated by solving the
following linear relation given in equation (22):

In ( T(otn,z=e,t)
T(a, =0,z=e,t)

) = —a%a’t (22)

which can be put in the classical form as follows (equa-
tion (23)):
Y@ =

X*® B (23)

Index n

(a) Fourier transform of the IR signal

Linear portion
(thermal diffusivity
estimation)

05 1 15 2 25 3

T(on,z=e,t
o) i (lemz=e
T(an =0,z =c¢,t)
plane thermal diffusivity is estimated from the linear portion of
this curve.

) calculated for n=4. The global in-

Fig. 9 Analysis of the fourier transform of the IR signal measured at
the rear face of the woven composite specimen
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where Y* is derived from the infrared signal, X* is equal to
—oz,zlt (for n=4), and B* is the parameter to identify.

IBX

-1
—af = (X*O)X0) KOO e

Figure 9(b) depicts the evolution of Y*. The global in-
plane thermal diffusivity (ay’) was calculated according
to equation (24) in the time window when Y* decreased
linearly.
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