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ARTICLE INFO ABSTRACT
Keywords: Quantitative Thermoelastic Stress Analysis (TSA) of laminated carbon fibre reinforced polymer (CFRP) structures
Thermoelastic stress analysis poses a significant challenge, as the stress induced temperature change, caused by the thermoelastic effect, is

Composite materials
Non-adiabatic behaviour
Finite element modelling
Model validation

influenced by heat transfer. Both in-plane and through the thickness heat conduction occurs, which is mainly
driven by the step changes in the stresses at the ply interfaces in a multidirectional laminate. In most materials
cyclic loading at sufficiently high frequencies minimises heat transfer. However, because of the large degree of
anisotropy in both the thermal and mechanical properties of CFRP, adiabatic conditions do not occur at
achievable loading frequencies. To understand the thermomechanical coupling in CFRP, a comprehensive
experimental evaluation of an existing meso-scale finite element (FE) model that is able to reproduce the
thermoelastic heat source ply-by-ply, is presented. Hence, a validated modelling framework is created that en-
ables quantitative TSA to be carried out on CFRP structural components. It is established that the model is able to
accurately predict the effects of different loading frequencies, layups, resin-rich regions and the effect of the
necessary matt black paint surface layer. The modelling approach is demonstrated through a challenging
experimental validation followed by application on a typical quasi-isotropic laminate. A practical application is
presented, where a CFRP component with unknown material properties is assessed to demonstrate the utility of
the modelling framework.
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1. Introduction AT = 71% (1861 + azA0)) (€D)]
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The thermoelastic effect [1] is a reversible physical phenomenon that

links linear elastic deformation to temperature changes. Thermoelastic where T, is the absolute mean temperature of the test specimen, p is the

Stress Analysis (TSA) is a well-established full-field, non-contact tech- density, G, is the specific heat at constant pressure, ay,a; are the co-
nique that exploits this thermomechanical coupling to enable quanti- efficients of thermal expansion (CTE) and Acy, Aoy the stress changes.
tative evaluation of the stress state of a solid under linear elastic AT is obtained using an image series obtained from an infra-red
conditions [2]. For an orthotropic material, the relationship between camera to provide a full-field visualisation across a region of interest
temperature change, AT, and stress state, was first established in the in a structure. A detailed review of the types of cameras used for TSA and
1980 s [3]. For fibre reinforced polymer composites AT can be expressed the image processing algorithms is provided in [4]. As an IR camera
in terms of principal material directions (1,2) parallel and transverse to views the surface of a component the stress perpendicular to the traction
fibre direction as follows [3]: free surface is neglected, hence Eq. (1) is expressed in terms of plane

stress. Eq. (1) is only valid when isentropic conditions prevail, usually
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achieved by cyclically loading the component at sufficient rate to
minimise heat transfer. In laminated composite structures AT in each ply
is dependent on the stacking sequence and materials used. To achieve
adiabatic conditions, cyclic loading is typically applied. For quantitative
analysis heat transfer should be avoided, but with carbon fibre rein-
forced polymers (CFRP), this can be difficult to achieve at realistic
loading frequencies (up to 30 Hz) [5-9]. Section 2 of the paper provides
a brief review of the complexity of applying TSA to CFRP structures.
Notwithstanding the challenges associated with heat transfer, TSA has
great potential in the analysis of CFRP components, as it can be deployed
with minimal set-up requirements and component preparation, as well
as its ability to provide, in a matter of seconds, full-field visualisation of
the stress distributions in operating structures. Therefore, the over-
arching aim of the present paper is to demonstrate that the previously
devised FEM (Finite Element Method) modelling framework [9] can be
used to support quantitative TSA of CFRP components. Hence, a detailed
experimental validation of the proposed modelling framework is
described, using test specimens manufactured from the very well char-
acterised IM7/8552 [10] CFRP material.

The surface resin rich layer (RRL) commonly found on composite
structures can be incorporated into the model [9], so the effect of
changing the RRL thickness on the thermoelastic response is examined
both experimentally and in the model. Uniquely, the validated model-
ling framework, presented in the paper, offers the opportunity to probe
the possibility of creating the “strain witness effect” [11,12] in CFRP
materials.

In previous investigations, e.g. [7,13] it has been noted that the
surface paint layer commonly applied in thermographic analyses has an
effect on the thermoelastic response from composite materials, which
changes with loading frequency. Hence, a further novel aspect of the
present investigation is incorporating the paint layer into the modelling
framework.

The key objectives and novel aspects of the work described in the
paper are:

e Provide a comprehensive experimental validation of the modelling
framework [9] incorporating for the first time the paint coating
utilised in thermographic studies (Sections 3 to 6).

Demonstrate how the validated FEM-model framework can be used
to generate the thermoelastic response of each ply in a laminate stack
and inform the surface measurements (Section 7).

Use the validated FEM-model framework to systematically study the
effect of the RRL and the paint coating (Section 8).

Conduct a study that demonstrates the utility of the validated FEM-
model by providing some application guidelines on a typical quasi-
isotropic layup and a CFRP coupon extracted from a structural
component, with a complex layup and unknown material system and
therefore uncharacterised material properties (Section 9).

2. Brief review of application of TSA to CFRP laminates

Eq. (1) is derived from the heat diffusion equation (HDE) [14,15]
where the balance between heat generation and mechanical work can be
expressed as:

. 003 . °H. .
pCFT—kVZT:Dm-&-Ta—;sij-i-TpaT—aE +4, (2)
where C; is the specific heat at constant strain, k is the thermal con-
ductivity, H is the Helmholtz free energy potential, ¢ is the internal state
variable, Dp, is the intrinsic mechanical dissipation, ¢; is the quantity of
heat transferred to the surroundings, and oj;, and ¢; are the stress and
strain tensors.

In Eq. (2) the term T%&U defines the reversible thermoelastic

coupling, which is the basis of TSA. The term Tpg;—H' represents
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additional internal heat sources associated with changes in the internal
variables, which along with Dy, can be neglected for small deformations
associated with linear elastic behaviour, i.e. well below that where
plasticity and damage can evolve. In TSA it is generally the case that the
temperature of the surroundings is very close to that of the specimen (AT
is ca mK), so ¢, can also be neglected. Additionally, if an infinitesimal
material volume is considered, the spatial heat conduction term kV2T
can be neglected, leaving only the thermoelastic coupling term T%éij.
By utilising the material constitutive equations that describe the
stress—strain and temperature relationships Eq. (1) is obtained. Noting
that a further assumption is made that the elastic constants are inde-
pendent of temperature, which is the case for CFRP materials at around
room temperature, i.e. the usual conditions for TSA. For cases where the
the elastic constants are sensitive to temperature, Wong et al. [16]
defined a thermoelastic parameter that depends on the applied mean
stress and the variation of the terms of the stiffness matrix with tem-
perature. The theory was validated through agreement between pre-
dicted and experimental results for two metal alloys. It was shown that if
the elastic constants are sensitive to temperature changes at room
temperature, it is identified by an additional component in the ther-
moelastic response that occurs at twice the loading frequency, which
was referred to as a ‘higher order’ thermoelastic response. The deriva-
tion of Eq. (1) from the thermoelastic coupling is well-established and
derived in detail in several publications, e.g., [2].

For TSA of CFRP laminated composite structures the heat conduction
term in Eq. (2) cannot be neglected. The individual plies that make up
CFRP structures inherently have a high degree of anisotropy because of
differences in the CTEs and the elastic constants [13]. In multidirec-
tional laminated CFRP structures, the anisotropy results in step changes
in AT that occur ply-by-ply, which drive heat transfer. Hence, the in-
dividual plies act as independent heat sources, producing variable
thermoelastic responses through the thickness [5-9]. Given the thin
thicknesses typical of CFRP prepregs plies (e.g., 0.127 mm for IM7/8552
[10]), the temperature response measured on the external surface is
influenced by significant through-thickness heat diffusion, even at
higher loading frequencies [5,7,17,18]. Significant effort has been
invested to interpret the thermoelastic response from CFRP composites
from experiments on a variety of laminated composite materials; these
were described in detail in [7]. In general, three different propositions
were made, based on classical laminate theory and strain compatibility
ply by ply, to identify the source of the thermoelastic response, as
follows:

o The global laminate response [6,7,19] is based on the overall me-
chanical and thermal response of the laminate. This is valid at low
loading frequencies (typically below 5 Hz), where the thermal
diffusion length allows heat transfer through the entire laminate.
Hence, an experimental calibration of the relationship between the
measured AT value and the stress experienced by the entire laminate
can be made, as demonstrated in [7,19]. The work described in the
present paper, provides a means of identifying the loading frequency
at which the global laminate response is generated and the potential
for quantitative TSA on structural scale CFRP components.

e The surface ply response [6-8,12,17,20,21] is based on the concept
that the AT comes from only a thermally isolated ply on the surface
of a component. Depending on stacking sequence, and with a rela-
tively thin surface resin layer, it is shown that it is possible to isolate
the surface ply response at moderate loading frequencies (e.g.,
around 10 to 20 Hz) in CFRP components. However, during many
composite manufacturing processes, a relatively thick surface resin
layer is generated, so the effect of the surface resin rich layer is
explored in detail. It is demonstrated that, with careful tuning of the
loading frequency, a response that is directly related to the stress in
the surface ply can be obtained. In the present paper the FEM model
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shows this is only possible for thin surface resin layers, re-
establishing the validity of Eq. (1).

The strain witness approach [6-8,12,22,23] stems from the exis-
tence of a resin rich surface layer, where the AT is based on the strain
from the surface ply being transmitted in to the surface resin layer.
Hence, the thermoelastic response can be calibrated in terms of the
strain in the surface ply. The assumption is that when the resin is
sufficiently thick there is no heat transfer to the surfaces. In the
present paper it is demonstrated that for CFRP laminates, depending
on stacking sequence, unrealistically thick surface resin layers would
be required to make the strain witness assumption valid. Moreover,
most of the studies have been conducted on specimens loaded in
uniaxial tension, where it can be assumed the ply by ply strains are
identical; this would not be the case where a component experiences
bending or multiaxial loading.

In [7] the validity of each of the formulations and approaches and
their limitations was investigated for GFRP and CFRP specimens loaded
in uniaxial tension. The results showed that for GFRP laminates, heat
transfer was limited and the source of the thermoelastic response was
the surface resin layer [7,11]. Conversely, the CFRP laminates were
affected by heat transfer for the laminates where step changes occurred
in the ply-by-ply stresses. Here, a clear transition from the global lami-
nate response at low loading frequencies (5 to 15 Hz) to the surface ply
response for higher loading frequencies (15 to 30 Hz) was observed. In
contrast, for lay-ups where the ply-by-ply stresses were uniform, there
was no discernible change in thermoelastic response with loading
frequency.

The first attempts to model the non-adiabatic behaviour in CFRP
composites were reported in the early nineties, with analytical models
being proposed in [5] and [18]. These methods were based on the finite
difference solution of the one-dimensional heat diffusion equation,
incorporating internal thermoelastic heat sources. The discretised so-
lution enabled the prediction of through-thickness thermal behaviour
and its dependence on loading frequency. However, these analytical
approaches rely on simplifying assumptions such as infinite plate ge-
ometries and uniaxial loading conditions, which limit their applicability
to real-world composite structures.

Recently [9], a FEM-based approach has been introduced that allows
the 3-D heat conduction developed during cyclic loading to be incor-
porated into predictions of AT, enabling the evaluation of complex ge-
ometries. In the model the analytical derivation of the thermoelastic
source term is performed locally and neglects the spatial heat conduc-
tion (kV2T). However, if in the numerical implementation the FE mesh
is sufficiently refined and solved over a small time discretisation, the
heat diffusion term in Eq. (2) is included in the FEM model. As the
modelling framework is used in the present paper details of its imple-
mentation are provided in Section 5.

In [9] the FEM model was verified against the 1-D conduction model
developed in [5] for uniaxial tension stress states. Clearly an experi-
mental validation is desirable, but this depends on a detailed knowledge
of material properties, whereas in the numerical verification the same
material properties could be used in both the analytical and FEM
models. To reduce uncertainties in the FEM model, in the present paper
the very well characterised CFRP IM7/8552 [10] is used to manufacture
test specimens. Despite being well characterised there is still significant
variation in the properties of IM7/8552. A detailed examination of the
variation in the properties of IM7/8552 from many literature sources is
reported in [13]. It was found that the CTEs provided the greatest source
of uncertainty in predicting the thermoelastic response. Hence, in [13]
an inverse approach is devised that enables identification of the CTEs by
using TSA results from multi-directional composites. The material
property values given in [13] including the derived CTEs, are used in the
validation study detailed in the present paper and summarised in the
following section of the paper.
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A key motivation for the work described in the present paper is the
recent advances in infrared (IR) sensor technology that have increased
the application range for TSA’s. Low-cost microbolometer-based sensors
[4,24-26] have made the proposition of multi-camera TSA financially
viable for large structural tests. The validated modelling framework
proposed in the following sections of the paper will provide a means for
rapid quantitative evaluation of structural behaviour, including serving
as a tool for understanding the effect of heat transfer in TSA studies of
large scale CFRP structures. In structural applications loads can only be
applied at low frequencies, so adiabatic conditions cannot be achieved.
An example of the application of the FEM-model is provided in [27],
where the thermomechanical coupling of a steel T-joint under multiaxial
fatigue loading was studied. Non-adiabatic behaviour was triggered by
the combination of the relatively low loading frequency (1 Hz) and the
non-uniform stress distribution, both in plane and through the thickness
of the structure, due to the simultaneous application of compression,
bending and shear. As the relevant material properties for steel are well
known, the application of the FEM-model was a relatively straightfor-
ward prospect. A comparison of the AT derived from the TSA and the
FEM model showed good agreement for the loading frequencies used in
the experiment. However, there was little thermal conduction occurring
in the experiment and small discrepancies between the experimental
and numerical data sets were attributed to paint coating. The findings of
[27] have prompted the further investigations, described in the present
paper, utilising the validated modelling framework into the effect on the
thermoelastic response of (i) a variety of CFRP stacking sequences with
complex heat transfer, (ii) of varying the RRL and (iii) the inclusion of
different paint coating thickness.

3. Test specimens and materials

Panels of IM7/8552 carbon fibre/epoxy prepreg [10] (nominal ply
thickness of 0.127 mm) were manufactured in an autoclave following
the recommended cure cycle and vacuum bagging procedure. Three
cross-ply configurations [0/90]3s, [90/0]3s, and [+45]3s, and two
multidirectional laminates [0/0/0/45/-45/0]s and [0/45/-45/0/0/0]¢
were produced. The cross ply and multidirectional panels were manu-
factured using different manufacturing techniques to provide different
surface resin layer thicknesses. The [0/90]3s, [90/0]3s, and [+45]3s
panels were manufactured with only peel ply on the bag side of the
laminate, so that a thin surface layer was produced on the mould side
without the peel ply imprint, following the procedure implemented in
[7]. The panels are characterized by a “smooth” side, with low RRL
thickness, and a “rough” side, where the peel ply sits, with a thicker and
irregular RRL. It has been noted, e.g. [7], that the peel ply imprint, in
addition to modifying the thermoelastic response, has a deleterious ef-
fect in DIC, as the regular pattern causes aliasing to occur during the
image correlation. Moreover, the rough pattern causes reflections,
which exacerbate the effect of motion in TSA. It is therefore absolutely
vital that the test specimens have a smooth surface. Hence the [0/0/0/
45/-45/0]s and [0/45/-45/0/0/0]s panels were produced with a caul
plate on the bag side of the lay-up. While the use of the caul plate has the
advantage of generating two smooth surfaces, it does not allow for the
excess resin to redirect to one of the surfaces. Therefore, the two smooth
surfaces have a thicker surface resin rich layer (RRL). Test specimens
were cut from the panels as rectangular strips with dimensions given in

Table 1
Test specimen geometry and RRL thickness.

Layup Geometry (L x W x T) [mm] RRL Thickness [pm]
[0/90] 3 220 x 20 x 1.62 1.73 £1.10

[90/0]3 220 x 20 x 1.62 1.73 +£1.10

[£45]35 220 x 20 x 1.62 1.49 +1.32
[0/0/0/45/-45/0]; 220 x 25 x 1.62 37.88 + 4.48
[0/45/-45/0/0/0]; 220 x 25 x 1.62 17.70 + 6.88
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Table 1.

Optical microscopy was used on small samples cut from the plates, to
assess the thickness of the RRL for each specimen. Given the critical
influence of the RRL on the thermoelastic response, it is essential to
model this layer with the highest possible accuracy. For each specimen,
10 measurements were taken at different locations across the sample,
and the average RRL thickness was determined. The average RRL
thicknesses and their standard deviation measured from each tested
specimen, and used later as input in the model, are also reported in
Table 1. As the RRL is very thin for the cross-ply laminates, the distri-
bution of the fibre in the resin has a strong influence on the thickness of
the RRL and hence the large values of the standard deviation. It can be
seen that the multidirectional laminates have a very large resin rich
layer compared to the cross ply laminates. The RRL on the [0/0/0/45/-
45/0]s specimen is more than twice as thick as the [0/45/-45/0/0/0]5,
the reasons for which are unknown. In these cases the standard devia-
tion is much less than that of the cross-ply laminates. The end result is
that two specimens were produced that provide a good basis for inves-
tigating the effect of varying RRL. It also demonstrates how the RRL can
vary in two nominally identical manufacturing processes.

Although IM7/8552 is well characterised there exists a large varia-
tion in properties reported in the literature. In [13], an extensive survey
and analysis was carried out and properties were down selected to define
an inverse procedure for establishing the CTEs of IM7/8552 from the
thermoelastic response. The material properties used in the present
work are identical to those used in [13] and are listed in Table 2,
specifying whether they were experimentally determined or taken as an
average from the literature values [7,28-33] when direct experimental
characterisation was not feasible. Two sets of CTEs are provided in [13],
one using the inverse procedure on unpainted specimens over a fre-
quency range of 0.5-30 Hz, and the other considering only low loading
frequencies (0.5-5 Hz) from painted samples; these are referred to as
CTEs; and CTEsy, respectively, throughout the remainder of the paper.
Interested readers are referred to [13] for a more detailed description of
the material properties and the inverse procedure for obtaining the CTEs
and to the curve fitting for obtaining the through thickness thermal
conductivity, k3. The properties of the 8552 epoxy resin, used to model
the RRL are given in Table 3.

4. Experiments for model validation

Five specimens were tested in uniaxial cyclic tension-tension using
an Instron Electropuls E10000 electrodynamic testing machine. The
applied stresses over the laminate cross-sectional area are given in
Table 4, which were tailored to the stacking sequence and laminate
thickness, ensuring each specimen remained below the First Ply Failure
(FPF) load. The experimental protocol described in [7] was replicated,
using a greater variety of laminate stacking sequences. A broader range

Table 2
Material properties for IM7/8552[13].
Property Value Source
Young’s modulus E; (GPa) 161.33 + 5.89 Measured [13]
Young’s modulus E, (GPa) 10.29 + 1.33 Measured [13]
Poisson’s ratio v, 0.32 £+ 0.0125 Measured [13]
Shear modulus G;, (GPa) 5.15 + 0.25 Literature [7,28-33]
Shear modulus G3 (GPa) 4402 Literature [7,28-33]
CTEs; (az, a2) (10° K™ —0.085 + 0.003, Inverse procedure [13]
29.05 + 2.59 unpainted specimens
CTEs; (a1, @2) (10° K™ —0.073 £ 0.006, Inverse procedure [13]
27.5 + 2.23 painted specimens
Thermal conductivity k; (W 4.89 £ 1.12 Literature [7,28-33]
mK
Thermal conductivity kz = 0.615 + 0.13 Curve fitting [13]
ks(WmK™
Density (kg m 3) 1569 + 22.1 Literature [7,28-33]
Specificheat C, (Jkg ' K™')  884.53 + 45.1 Literature [7,28-33]
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Table 3

Material properties for the 8552 epoxy resin[13].
Property Value
Young’s modulus E (GPa) 4.38 + 0.47
Poisson’s ratio v 0.36 £+ 0.03
Shear modulus G (GPa) 1.45 + 0.04
CTE a, (10°K™) 49.4 +6.99
Thermal conductivity k (W m KD 0.25 [34]
Density (kg m~3) 1251 + 69.53
Specific heat C, (J kg ' K1) 1110 + 55.5

Table 4
Load amplitude and frequency for each test specimen.

Layup Cyclic Stress Target strain Loading frequencies [Hz]
Mean + amplitude []
Amplitude
[MPa]
[0/90] 5, 104.78 + 89.06 1750 1.1,3.1,5.1,7.1,10.1, 121,
[90/0135 94.30 + 81.20 1590 15.1, 20.1, 22.1,25.1, 27.1, 30.1
[+45]3 52.39 + 39.29 4250
[0/0/0/ 123.46 £ 111.11 2050 0.5,1.1,2.1, 3.1, 4.1, 5.1,
45/- 6.1,7.1,8.1,9.1,10.1, 12.1, 15.1,
45/0] 17.1,20.1,22.1,25.1, 27.1, 30.1
[0/45/- 123.46 £ 111.11 2050
45/0/
0/01s

of loading frequencies (0.5-30.1 Hz - see Table 4) was employed to
increase the number of data points and improve the robustness of the
frequency-dependent analysis. The choice of using only balanced and
symmetric laminates in the validation study is that these generate a
variety of heat transfer conditions without the added experimental
complexity of dealing with out-of-plane distortions that introduce un-
certainty in the experimental results. Moreover, balanced and symmet-
ric laminates are used in the vast majority of composite structures.

Digital Image Correlation (DIC) [35] was used to obtain the strain
amplitude value, to input in the numerical model, instead of relying on
nominal load values from the testing machine. Note that the values
given in Table 4 represent the target values; the actual measured values
are provided in Table Al. Thus removing a significant source of uncer-
tainty from the models. The smooth side of the specimens were imaged
using a combined DIC and TSA setup. Previous studies have demon-
strated that a thin white speckle pattern on a black background does not
significantly influence the thermoelastic response [7]. Hence, a thin
layer (ca. 10 um) of matt black paint was applied to the specimen sur-
face, followed by white speckles deposited using spray paint, for the DIC
analysis. The infra-red image series for the TSA was captured using a
Telops FAST M3K thermal camera equipped with a 50 mm lens. The
camera operated at a frame rate of 383 Hz, acquiring 6000 images per
test. The M3k camera has a Noise Equivalent Temperature Difference
(NETD) below 18 mK. The system calibration is performed by the
manufacturer and periodically verified in-house using a calibrated
temperature controlled black body.

Specimen motion was corrected by tracking four aluminium fiducial
markers, with a different emissivity to the paint, positioned at the cor-
ners of the specimens [36]. A subpixel image registration was employed
to correct the displacements in each frame using the imwarp function in
MATLAB. After which, the corrected thermal images were processed
pixel by pixel using an in-house least-squares lock-in procedure by
applying a least squares fit to the following expression [4]:

T(x,y,t) = To + 0.5AT(x,y, t)cos(2xfot + ¢) 3)
where fj is the loading frequency, ¢ is the phase of AT with respect to the

applied load (acquired using the IR camera and time stamped with each
captured IR image) and t is time.
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A commercial MatchID [37] stereo DIC system was employed to
synchronise image capture and process the data, enabling full-field
displacements measurements of the specimens. A pair of FLIR Blackfly
white-light cameras, each equipped with a 12 Mpx sensor and 25 mm
lenses, were used to acquire the images. The white light images were
recorded under the same cyclic loading conditions employed for the TSA
analysis, but with a camera frame rate of 10 Hz, with a total of 316
images captured. The strains provided by the DIC were processed by
employing a lock-in DIC (LIDIC) approach [38] by fitting to Equation
(3), where temperature is replaced by strain. Hence, full-field strain
fields were obtained under cyclic loading conditions, without the need
of an accurate synchronisation and triggering with the load signal.

Fig. 1 presents the full-field thermoelastic response for the different
CFRP configurations at various loading frequencies (1.1, 5.1, 10.1, 20.1,
and 30.1 Hz). For the [0/90]ss specimen shown in Fig. 1 (a), the
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thermoelastic response in the 0° ply is lower than in the 90° subsurface
ply due to differences in stiffness, CTEs, and stress distributions; since
AT/Ty is greater in the 90° subsurface ply, heat is transferred to the
surface at lower loading frequencies. However, as the frequency in-
creases, the response becomes more adiabatic, and thermal conduction
from the subsurface to the surface is limited. The patterns observed in
the full-field plot at low and high frequencies differ: at low frequencies, a
combination of longitudinal (0°) features from the surface ply and
horizontal (90°) features from the subsurface ply can be identified. As
the frequency increases, these horizontal patterns are no longer visible
due to limitations in heat transfer through the thickness. It is important
to note that the effect of the distribution of the fibre in the resin, as
discussed in section 3, is very evident at all loading frequencies as a
result of the thin RRL and the large difference between the thermoelastic
response from the resin and the fibre in the 0° orientation.

%107
b % 35
o 3
: 25
2 %
=
=
e 15<
J.. 1
L X 05
I
101Hz  20.1Hz  30.1Hz 1.1Hz 51Hz  10.1Hz 201Hz  30.1Hz
%10
2
15
1 |:°
'_
i
05
s, i 0
201 Hz  30.1Hz
%10 %10
: ' 15 15
(d BT
| 1 1
. ] 5
05 05
! 0 el B e 5 {
1.1Hz 51Hz  10.1Hz 201Hz 30.1Hz 1.1Hz 51Hz  10.1Hz 201Hz  30.1Hz
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R. Cappello et al.

For the [90/0]3s specimen shown in Fig. 1 (b), AT/T, decreases at
low loading frequencies, because heat is being transferred from the
surface ply to the subsurface ply. Both longitudinal and horizontal
patterns are again visualised at low frequencies and only horizontal at
high frequencies. At 1.1 Hz, the initial amplitude is the same for both
cross-ply specimens, with AT/Ty ~ 2 x 10" indicating that sufficient
time is available for heat diffusion, and hence the thermoelastic response
is homogenised throughout the laminate. As the frequency increases,
AT/ Ty rises due to the reduced heat transfer from the 90° surface ply to
the underlying subsurface layer. Although the RRL is thin, the distri-
bution of fibres in the resin is not as evident as the [0/90]3s specimen,
because the thermoelastic response from the 90° fibre orientation is
closer to that of the resin.

For the [+45]sg specimen in Fig. 1 (c), the stress induced tempera-
ture change is identical ply-by-ply and consequently adiabatic behav-
iour prevails. However, differences in the AT/T, distributions are
observed across the tested frequencies. At 1.1 Hz, AT/T, appears to be
practically homogeneous across the surface. At 5.1 and 10.1 Hz, distinct
45° patterns emerge, aligned with the fibre orientation, but once again
not as evident as the [0/90]ss specimen, because the thermoelastic
response from the 45° fibre orientation is closer to that of the resin. At
20.1 and 30.1 Hz, a temperature gradient becomes noticeable in the
lower-right corner of the specimen, which becomes more pronounced
with increasing frequency, which could be attributed to viscoelastic
heating of the resin.

AT/Ty is shown for the [0/45/- 45/0/0/0]s and [0/0/0/45/-45/0]s
specimens in Fig. 1 (d) and (e) respectively. At 1.1 Hz there is little
evidence of fibres, indicating that the response is homogenised through
the laminate because of heat transfer. For the [0/45/- 45/0/0/0]s
specimen from 5.1 Hz there is clear evidence of both the surface ply and
the 45° subsurface ply in all the images. For the [0/0/0/45/-45/01s
specimen the response is more homogeneous as a result of the three
0° plies at the surface. However, at almost every loading frequency the
45° plies are revealed, demonstrating the ability of TSA to detect sub-
surface features. It is clear from Fig. 1 (d) and (e) the response is more
homogeneous across the specimens as a result of the thicker RRLs, but
the 0° plies are more apparent in Fig. 1 (e) as the [0/45/-45/0/0/0]1;
specimen had the thinner RRL.

To provide a clear illustration of the effects described above a spatial
average of AT/T, was determined over approximately 13,700 datapoints
taken from the central section of the test specimens, along with the
corresponding standard deviation. Fig. 2 shows the spatial average of
AT/Tp and phase for all the stacking sequences studied. The values of
AT/T, are of the order of 10™*. This level of fidelity is achieved through
the lock-in processing, which enables temperature differences to be
resolved that are of the order 1 mK [24]; as Ty is around 293 K the re-
ported AT/Ty are small but measurable. For the [0/90]3s specimen and
[90/0]3s specimen shown in Fig. 2 (a) and (b), the general variations
with frequency described above are well defined and echo the trends
observed in [7], with a clear transition from non-adiabatic conditions to
adiabatic conditions occurring at around 20 Hz. The phase plots are
interesting, despite the negative CTE value for «; the phase value is
consistently around 175 degrees for the [0/90]35 specimen, up to 20 Hz
after which the value increases to 180°. In contrast for [90/0]3s spec-
imen the values are consistent at 180°. In [13] it was shown that the
phase in a UD 0° lay-up was closer to zero. In the cross ply configuration,
the constraining effect of the subsurface 90° ply induces a positive
transverse stress in the 0° ply. Thus rendering the bracketed term in Eq.
(1) positive, which produces a negative temperature change and a 180°
phase shift between the load and temperature; this is discussed in more
detail in section 6. The greater scatter in the response from the [0/90]35
specimen confirms that the variation in the RRL is more significant for
this configuration than the [90/0]3s. An important outcome from the
tests on the [0/90]3s and [90/0]ss specimens is that the results replicate
exactly the findings of [7], which were conducted in a different labo-
ratory, using a different test machine and IR camera. The outcome
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confirms the repeatability and reproducibility of the findings despite a
different set of environmental conditions.

For the [+45]35 specimen, shown in Fig. 2 (c), the average response
is practically constant apart from a small decrease evidenced at low
frequencies. However there is considerable scatter in the data as the
frequency increases, caused by the localised heating evidenced in the
full-field images of AT/Ty. The phase values remain constant at 180° up
to around 15 Hz, after which an increase is observed, consistent with the
possible onset of viscoelastic behaviour; this is also discussed in more
detail in section 6. Tests were also conducted on identical [+45]sg
specimens in [7] but with a lower load, these followed the same trend as
the present study but without the departure in standard deviation at the
larger loading frequencies. This result also confirms to some extent the
reproducibility of the results.

For the [0/0/0/45/- 45/0]s specimen shown in Fig. 2 (d) the ther-
moelastic response initially increases up to 4 Hz and then the response
decreases. For the [0/45/- 45/0/0/0]s specimen shown in Fig. 2 (e),
there is an initial decrease in thermoelastic response up to a frequency of
around 4 Hz, followed by a marked increase in the response. In contrast
to the cross ply specimens the phase is not close to 180°, but closer to
zero, indicating a dominance of the 0° plies. Here the constraining effect
of the 45° is insufficient to generate a large transverse stress, hence the
negative a; controls the response. For the [0/0/0/45/- 45/0]g specimen
the phase values settle at around —50°. For the [0/45/- 45/0/0/0]s
specimen the phase decreases initially and then increases followed by a
rapid decrease, settling at around —100°. It should be considered that
both specimens have a very thick RRL and that this is strongly influ-
encing the phase alongside the thermal interactions between surface and
subsurface plies. The FEM model can provide a detailed insight and
interpretation of the behaviour, which will be discussed in more detail in
section 6.

5. Numerical modelling framework

The FEM model mesh used for all the laminate types, shown in Fig. 3,
was constructed in Abaqus standard (implicit) using 3640 C3DS8T ele-
ments (coupled temperature displacement) and 4725 nodes. A repre-
sentative length (10 mm) of each of the specimens was modelled,
making use of mid-plane symmetry, to support computational effi-
ciency. The five laminate stacking sequences given in Table 1 were
simulated ply by ply, with 4 elements per ply as shown in Fig. 3 (b); the
same number of through thickness partitions were also employed for the
RRL and the paint layer. This was sufficient to provide a detailed rep-
resentation of the through thickness temperature gradients, while
keeping computational times reasonable. Material properties were
assigned to each component of the model as provided in Tables 2, 3 and
5. Even though the well characterised IM7/8552 CFRP material was
selected to validate the model, there remain uncertainties in the material
property values as indicated by the standard deviations provided in
Tables 2, 3 and 5. The rigorous approach adopted in [13] to establishing
the material properties means uncertainties are minimised. The most
uncertain material parameter, a;, with a variation of over 200% found
from several literature sources reported in [13], was identified in [13]
with a precision of less than 10% (see Table 2). Clearly these un-
certainties will have an effect on the predicted values of AT/Ty and the
phase angle.

The RRL was modelled as a uniform layer using the average thickness
value given in Table 1, as it would be computationally very expensive to
replicate the variations in the RRL reported in Table 1. Incorporating the
paint is a new feature of the model framework, it does not contribute to
the structural response but is known to cause thermal damping. The
paint was assigned a thickness of 10 pm, which is typical for TSA [39],
and was treated as a passive thermal layer to simulate the thermal
damping, with small mechanical properties. In preliminary studies, the
thin RRL at the ply interfaces were included and found to have no effect
on the surface response, so to reduce computational expense these were
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Fig. 2. AVG AT/T, and phase for (a) [0/90]3s specimen, (b)[90/0]ss specimen, (c) [+45]ss specimen, (d) [0/0/0/45/- 45/0]s specimen, (e) [0/45/- 45/0/0/

0]s specimen.
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u(t) = Asin(2Zrfyt)

ult) = Asin(2rft)
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Fig. 3. (a) Longitudinal and (b) through thickness representation of the FEA simulation in Abaqus.

Table 5
Properties for simulation of matt black paint [40].

Property Matt black paint
Thermal conductivity k (W m K1) 0.7

Density (kg m’3) 1153

Specific heat C,, (J kg 'K Y 1500

neglected. The simulated temperature variation across the surface of the
model is uniform. However, there are discrepancies towards the edges,
so values for all the models were taken from a node in the centre of the
specimen, marked in red in Fig. 3.

The loading and constraints are shown in Fig. 3; extension was
permitted in the x-direction, i.e. in the loading direction, whilst con-
straints were applied at the traction free edges. The loading was defined
using the strains obtained experimentally from the DIC. All the tests
were carried out in load control, with the target loads given in Table 4,

EXPERIMENTS

Experiments + model inputs

but because of inadequacies in the test machine control, particularly for
larger displacements and loading frequencies, the actual applied strain
was different for each of the 72 tests listed in Table 4; for completeness
the spatially averaged strains are provided for each test, at each loading
frequency, in Table Al. To obtain the displacement input into the FEM
model, each average strain value was converted to a displacement, using
the representative length prescribed in the model as the gauge length, /.
Thus the displacement applied for each simulation can be expressed as a
function of time, as follows:

e(t)/ = u(t) = Asin(2xfyt) 4

where A is the displacement amplitude obtained from the x-direction
strains (see Table Al).

Eq. (4) was applied to each of the tests detailed in Table 4, so that for
each of the 72 cases the model could be cyclically loaded in an identical
manner to the tests. A total of 3 loading cycles were simulated. A

SIMULATIONS

Specimen manufacturing
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l sequence
(Table 1)

A 4

Model definition ]

!

RRL measurement

(Table 1)
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A

/ (Table 4)
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DIC: strain
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(Eq. (4))
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Fig. 4. Diagrammatic representation of the FEM model framework and its experimental validation.
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schematic of the modelling framework is shown in Fig. 4, alongside the
equivalent steps in the experimentation. Fig. 4 shows how the experi-
mentally derived strains provide input to the model and how the
experimentally obtained AT/Tp is used to validate the model. The
modelling framework is illustrated step by step, starting with the model
definition described above. A strain-based formulation [9] was imple-
mented in a user-defined subroutine to establish the 3D thermoelastic
heat source in each ply at the element level as follows:

pCeAT = To[(Cual + Clgaz + Clgag)A&‘] + (Cglal + ngag
+ Caza3)Aey + (Cz10q + Cp02 + Cazas)Acs ] 5)

where Ag; are the peak-to-peak strains, a; are the coefficients of thermal
expansion in the principal material directions and Cj are the stiffness
tensor components; all expressed in contracted notation.

Fig. 4 shows how the thermoelastic heat source is determined
incrementally at each time step of the analysis, thereby incorporating
heat diffusion, kV2T term in the numerical implementation, enabled by
the spatial and temporal finite element discretisation. Utilising Eq. (5)
means thermal diffusion is accounted for both in-plane and through the
laminate thickness. However each ply is treated as a homogeneous
anisotropic layer so interactions between the fibre and the resin are not
modelled. The model does not include intrinsic dissipation or the in-
ternal energy terms given in Eq. (2) but it does include ¢, i.e. convective
interactions with the surroundings. A more detailed description of the
model implementation is given in [9].

Fig. 4 shows that the derived temperature changes from the model
are processed using the same lock-in procedure as the experiments. To
ensure stability a full load cycle is required [9], so the temperature
variation from the first cycle is excluded. The final step in Fig. 4 is the
validation which is described in the next section of the paper.

6. Model validation

The experimental results presented in section 4 were used as the
basis for validating the FEM-model framework. As the RRL was
modelled as a layer of uniform thickness it was considered sufficient to
conduct the validation using the spatial average of AT/Ty (as described
above) and phase derived from the experimental data. Agreement be-
tween experimental and numerical results was deemed satisfactory if the
simulated values fell within the standard deviation of the experimental
data. As mentioned earlier, two sets of CTEs provided in [13] are
employed (CTEs; and CTEsy). Simulations were conducted both with
and without the 10 pm paint layer for CTEs; while when CTEs; are
employed only the configurations with paint were considered. The effect
of a + 20% variation in both the density and specific heat values given in
Table 5 was investigated. This had little effect on the thermoelastic
response at low frequencies and provided only a 10% increase/decrease
at higher loading frequencies for a 10 um paint thickness. The com-
parisons between the FEM model output and the spatial average from
the experiments is presented in the following sections. For each lay-up,
the thermoelastic response and the phase is plotted against loading
frequency for four cases:

e The spatial average and standard deviation of the experimental data,
is plotted in red;

e The FEM model results without the inclusion of the paint layer, using
CTEs,, are plotted in blue;

e The FEM model results with the paint, using CTEs;, are plotted in
green;

e The FEM model results with the paint, using CTEsy, are plotted in
yellow.
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6.1. Cross ply specimens

Fig. 5 (a) and (b) show AT/Ty and phase for the [0/90]3s specimen
and Fig. 5 (c) and (d) show AT/Ty and phase for the [90/0]35 specimen. It
is evident that the FEM model successfully captures the response of both
the cross ply specimens, showing good agreement with the trend of the
experimental data across the entire frequency range, for both the CTEs
pairs considered. The inclusion of the 10 pm paint layer in the simula-
tions, produces AT/Ty values that match the experimental results, with a
slightly better agreement when CTEs; are employed in the FEM model.
As mentioned above, the phase plots for both the cross-ply laminates
show a response that is close to 180°. This is because a transverse stress
is generated in the surface ply as a result of the different Poisson’s ratios
of the 0° and 90° plies, which is sufficient to provide a positive AT.
Recalling Eq. (1), even for materials with negative CTE, if
|a1 Aoq| < |azAoz|, the overall thermoelastic response will be 180° out of
phase with the applied load. Hence, the maximum thermoelastic
response in the 0° and 90° plies in the load cycle are in-phase with each
other, significantly reducing the thermal gradient between the plies,
which favours the onset of adiabatic behaviour. The phase reported by
the model for [0/90]3s specimen only agrees with the experiment at the
lowest loading frequency, whereas the phase for the [90/0]35 specimen
is captured by the FEM model. The reason for the small difference in
phase shown in Fig. 5 (b) may be attributed to variations in thickness of
the surface RRL caused by the distribution of fibres in the resin that are
not captured by the model, with in plane conduction occurring at the
lower loading frequencies between the fibres and the resin. The varia-
tion in RRL is evidenced in Fig. 1 (a) by the marked changes in the
response that correspond to the 0° surface ply fibres, indicating that
there are regions on the specimen surface that are dominated by either
the fibre or resin response. In contrast the [90/0] 35 specimen has a much
more uniform response (see Fig. 1(b)) and consequently smaller stan-
dard deviations in the experimental results shown in Fig. 5 (c).

6.2. Angle ply specimen

A comparison of the experimental and numerical results for the
[+45]3s specimen is provided in Fig. 6 (a) and (b). An offset is apparent
between the experimental and numerical derived AT/T, values. Unlike
the cross ply specimens, where an excellent agreement was found when
simulations included the paint layer, in this case the best agreement is
with the unpainted case. Furthermore, in the phase plot a significant
departure occurs between the experimental values and the simulation at
15 Hz. As the same material properties yielded accurate predictions for
[0/90]3s and [90/0]3s specimens, the differences cannot be attributed to
inaccurate material input to the FEM model. Instead, two plausible ex-
planations emerge: i) the onset of viscoelasticity, and likely to occur at
higher loading frequencies, particularly with resin dominated behav-
iour, or ii) the presence of higher order thermoelastic effects [16] as
described in section 2, neither of which are accounted for in the FEM
model.

Studies conducted by Dunn et al. [41] demonstrated that second-
order thermoelastic effects can arise in + 45° CFRP laminates. Specif-
ically, they investigated the influence of mean strain on the thermo-
elastic response of various CFRP configurations, finding that such effects
were significant only for 4 45° specimens. Their results revealed a linear
dependence of the first harmonic of the thermoelastic response on mean
strain. The mean stress that was applied to the [+45]3s specimen is
provided in Table 4, which equates to a mean strain of approximately
2800 pe. According to [41] this could lead to an increase in AT/Ty of up
to 30-40%. However, since the exact material system used in their study
is uncertain, a direct numerical match cannot be established. Nonethe-
less, the order of magnitude of the mismatch observed in the present
study aligns with the findings in [41], strongly indicating that higher-
order effects could be the source of the difference and should not be
neglected when analysing + 45° specimens. To investigate further and
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correct the numerical results accordingly, a series of additional tests
were performed with varying mean stress, while keeping the cyclic
amplitude fixed at 46.3 MPa. The mean load was incremented from
61.72 MPa to 92.6 MPa in 7.7 MPa steps. Tests were conducted at three

frequencies (1.1 Hz, 10.1 Hz, and 20.1 Hz), providing a total of 15 data
points. The results of a linear regression of the spatial average of AT/Ty
for all three loading frequencies are reported in Fig. 7 (a). Hence, a
correction factor was determined by taking the ratio of the predicted

10
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thermoelastic response at 61.72 MPa mean stress to the extrapolated
value at 0 mean stress:

ATms—6172

= =1.177
ATys—o 0.0277

©

Fig. 7 (b) shows the agreement between the FEM model and the
experimental data is significantly improved with the inclusion of the
correction factor given by Eq. (6). It is important to note for laminates
with arbitrary ply orientations, a correction factor may be required at
each loading frequency.

While higher-order effects provide a plausible explanation for the
magnitude discrepancy, the observed phase shift (see Fig. 6 (b)) at
higher frequencies suggests that viscoelastic effects may also play a role.
Specifically, at frequencies above 15 Hz, the increasing thermoelastic
phase delay indicates a progressive deviation from purely elastic
behaviour. As AT is directly related to volumetric strain, any delay in
strain evolution, such as that caused by viscoelastic behaviour, would
produce a corresponding phase shift, as well as an increase in the mean
temperature of the sample. The [+45]3s specimen is shear dominated,
and this causes the viscoelastic heating, i.e. straining the specimen more
means there is more shearing. Hence the application of larger loads
result in increased strain rates across all frequencies, thereby amplifying
possible viscoelastic heating and changes in the thermoelastic response
with the mean stress [16,41]. Fig. 7 (c) shows the spatially averaged Ty
values plotted against frequency, which shows Ty increases only slightly

11

for all except the [+45]3g specimen. The small increases with mean
stress could be attributed to intrinsic dissipation. However the marked
increase in Ty of about 10 K for the [+45]ss specimen, can only be
attributed to the shear-dominated behaviour causing heat generation.
Interestingly tests on identical [+45]3s specimens at a lower load [7],
did not exhibit evidence of viscoelastic behaviour. These findings
highlight the need to extend the current modelling framework to include
viscoelastic behaviour, higher order thermoelastic effects and intrinsic
dissipation, which is not trivial. The higher order thermoelastic formu-
lations available in the open literature are based on simplified as-
sumptions, such as isotropic material behaviour and simple uniaxial
stress states [16,41]. Furthermore, higher order thermoelastic effects
depend on the variation of elastic constants with temperature, which are
not well-characterised and readily available for CFRP materials.

6.3. Multidirectional specimens

Fig. 8 (a) shows a comparison of the AT/T, from the FEM model and
the experiment for the [0/0/0/45/-45/0]s specimen. In the initial part of
the curve, at a very low loading frequency, the response is mostly
homogenised across the thickness of the laminate. At medium loading
frequencies (2 to 6 Hz), the three adjacent 0° plies near the surface act as
a barrier to heat transfer, preventing heat from diffusing into the + 45°
plies within the laminate. As a result, the surface plies dominate the
response, leading to an increase in AT/T) for the initial part of frequency



R. Cappello et al.

10

(a)

AT/T, [-]

(c)

AT/T, [-]

10 15 20 25 30
Loading Frequency [Hz]

—e— Modelling (CTEs;) —de— Modelling + paint (CTEs;)

Phase [deg]

Phase [deg]

Composite Structures 389 (2026) 120384

(b)
25 A
ol 3
—25 -

—50 -
—75
—100 -
=125 1
—150 A1
=175 A

30

(d)

25 4

0-
—-251+4
—50
—75
—100 1
—125 1

—150 A

=175 A

10 15 20 25 30
Loading Frequency [Hz]

Modelling + paint (CTEs;) —}— Experimental results

Fig. 8. (a) ATDT and (b) phase variation with loading frequency for [0/0/0/45/-45/0]s. (c) AT—OT and (d) phase variation with loading frequency for [0/45/-45/0/0/0].

range. However, as the frequency increases beyond 5 Hz, heat transfer
reduces and the influence of the RRL becomes more pronounced. The
RRL has a positive CTE, which favours a response that is out of phase
with load cycle, in contrast the negative CTE of the 0° plies favours a
response that is in phase with the load cycle. As the loading frequency
increases, the RRL generates a reduction in the overall thermoelastic
response at the surface. The numerical model accurately captures the
trend of the experimental results, including the frequency at which the
change in the heat transfer direction occurs. Hence, the predictive
capability of the FEM model is further confirmed in the presence of a
thick RRL. To aid interpretation, the change in AT/Ty ply by ply is dis-
cussed in detail in the following section. A comparison of the phase shift
from the FEM model and the experiments with loading frequency for the
[0/0/0/45/-45/0]s specimen is provided in Fig. 8 (b). At low fre-
quencies, the phase is close to 0°, indicating a dominance of the 0° plies.
As the frequency increases, the phase gradually shifts, reflecting a
transition to a resin-dominated response, caused by the thick RRL. This
is supported by the results of [13], where identical stacking sequences
were used in specimens made from IM7,/8552, with a much thinner RRL
of 8 um. Hence, in [13] the reported phase values were much closer to
zero.

Fig. 8 (c) shows a comparison of the experimental and FEM model
AT/ Ty values for the [0/45/-45/0/0/0]s specimen, confirming that the
model can capture the complex heat transfer characteristics. The
response of the [0/45/-45/0/0/0]s specimen contrasts with the [0/0/0/
45/-45/0]; specimen as a result of the interplay between the surface
0° ply, the subsurface + 45° plies, and the RRL. At low frequencies,
significant heat transfer with the subsurface + 45° plies takes place,
reducing the contribution of the surface 0° ply to the thermoelastic
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response. Since the RRL thickness is significant (~18 pm), heat is
transferred away from the surface 0° ply up to ~ 4 Hz, where the
smallest response occurs. As the loading frequency increases, heat
transfer diminishes and the response increases. The phase plot shown in
Fig. 8 (d) supports the explanation, initially, the phase drops to a min-
imum, suggesting a reduction in the influence of the 0° ply. However, at
higher frequencies, the phase continues to decrease indicating a regime
where the response is dominated by the RRL, even though adiabatic
conditions are not reached.

It is clear that in all cases, apart from the + 45° specimen, the nu-
merical model successfully replicates both the AT/Ty and the phase
trends, confirming its ability to describe the complex interplay between
heat transfer mechanisms and material properties. The RRL clearly has a
strong effect on both AT/Ty and the phase, including the RRL in the
model is essential to interpret the complex heat transfer conditions it
generates, that are clearly dependent on the subsurface lay-up. One
interesting outcome is that, even with a thick RRL (e.g. 38 um) a general
strain witness scenario approach seems unlikely for CFRP laminates,
which is explored further in the next sections of the paper. The inclusion
of the paint layer in the model is justified as this significantly improves
the agreement with experimental results.

7. Simulation of subsurface response

A key advantage of the FEM model is that it can predict the response
for each ply in the laminate, and hence aid the understanding of heat
transfer. Additionally, when using TSA to assess subsurface damage the
FEM model can aid in identifying a loading frequency to probe damage
evolving in certain plies. Hence, the modelling framework is used to
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obtain AT/Ty and the phase ply-by-ply. The [0/45/-45/0/0/0]s spec-
imen was selected as a representative case, because it has an interme-
diate RRL thickness and the off-axis plies close to the surface generate a
complex response. Simulations were conducted both without (Fig. 9 (a,
¢, e, g)) and with (Fig. 9 (b, d, f, h)) the RRL, allowing for a direct
comparison of the through-thickness thermoelastic response. The plots
present the through-thickness ply-by-ply AT/Ty (blue curve) and phase
(red curve) extracted at 4 loading frequencies, where x = 0 denotes the
mid-plane of the laminate. To allow a visualisation without any heat
transfer effects, i.e. according to Equation (1), Fig. 9 (a) and (b) gives the
results for an idealised adiabatic condition generated at a loading fre-
quency of 1 MHz. Fig. 9 (c) and (d) shows the results for 0.5 Hz, Fig. 9 (e)
and (f) for 7.1 Hz and Fig. 9 (g) and (h) for 30.1 Hz. Only results from the
simulations without the paint layer are reported, as a detailed para-
metric study on the influence of the paint is presented separately in
Section 8.1.

Fig. 9 (a) and (b) show the adiabatic case, where the response from
each ply and the RRL are fully isolated. It is very clear that due to the
negative a; of the 0° ply, the thermoelastic response results in a phase
value of zero and that the response from + 45° plies and RRL provides a
phase value of 180°. The idealised response from the RRL is much
greater than that of the 0° ply, meaning that for non-adiabatic conditions
heat transfer would occur from the RRL into surface ply. The heat
transfer is amplified, because the maximum temperature in the load
cycle in the 0° ply, occurs when the RRL generates its minimum tem-
perature (i.e. 180° out of phase). As expected, the + 45° and —45° plies
generate an identical AT/Typ, but with a smaller value than the 0° ply,
meaning that for non-adiabatic conditions heat will be transferred from
the 0° plies into the + 45° plies. Hence, here the response from the RRL
is the greatest. Fig. 9 (a) and (b) provide a very useful starting point in
understanding the heat transfer paths that occur at the lower loading
frequencies and aids in interpretation of the role of the RRL in TSA of
CFRP composites.

For the lowest frequency of 0.5 Hz (Fig. 9 (c) and (d)), it is apparent
that the thermoelastic response from each ply is similar, indicating a
large degree of homogenisation resulting from significant heat transfer
and a global laminate response. The phase differences between plies
indicate variations in the timing of peak temperature changes, and at a
low loading frequency these are small, providing further evidence for
the homogenisation. Interestingly the phase is close to zero indicating
the dominance of the 0° plies. The concept of homogenisation is a sig-
nificant finding in the context of TSA on large structures, where only
very low loading frequencies can be applied. It is also interesting that the
RRL has little effect on the surface response, which at this frequency is
much less than the adiabatic case. However, the response is sufficient to
make measurements, so adopting the calibration procedure described in
[19] to evaluate stresses would be possible. Moreover, the results in
Fig. 9 (c) and (d) provide an explanation for the findings of [19], where
it was shown for tests on CFRP sandwich panels at low frequency, the
most effective type of calibration was based on the global laminate
response.

In Fig. 9 (e) and (f) it can be seen that at a loading frequency of 7.1 Hz
the response from each ply is different, since the thermal diffusion
length decreases. Here the inclusion of the RRL results in a significant
reduction in the thermoelastic surface response, because heat is being
transferred from the RRL into the 0° ply. Heat is also transferred from
the 0° plies into the + 45° plies, with the response from the 0° plies
being significantly less than the adiabatic case.

In Fig. 9 (g) and (h) it can be seen that with a 30.1 Hz loading fre-
quency, the response from each ply becomes more isolated and tends
toward the adiabatic case. In fact without the RRL the surface response is
practically identical to the adiabatic case, even though heat is still being
transferred from the 0° plies into the + 45° plies. There is an increase in
the surface response with the inclusion of the RRL, even though heat is
transferred from the RRL into the 0° ply. It is very clear that the negative
CTE of the 0° ply plays a critical role in the evolution of the surface
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response. This is evident in the phase value shown in Fig. 9 (h), which
even at 30 Hz is not close to 180°, indicating the adiabatic conditions
shown in Fig. 9 (b) have not been achieved. Hence, a detailed parametric
study of the effect of the RRL thickness on the surface response is pre-
sented in the next section of the paper. It is clear that the RRL alters the
surface response, but it has little influence on the deeper plies, which
means at the lower loading frequencies there is a potential for TSA to
probe subsurface defects.

8. Parametric study of the influence of the RRL and paint
coating

The numerical results presented in Figs. 5, 6, 7, 8 and 9 have
confirmed that both the RRL and paint layer can significantly influence
the measured thermoelastic response. The analysis in section 7
demonstrated that adiabatic behaviour is only achieved if the phase is
either 180°, indicating a negative AT/ Ty, or is 0°, indicating a positive
AT/Ty. Moreover, even if AT/Ty appears to be asymptotic as the loading
frequency changes, this alone is not an indication of an adiabatic ther-
moelastic response. To systematically explore this premise, a parametric
study was devised, where the thicknesses of both the RRL and the paint
coating were evaluated, to investigate their impact on the thermoelastic
response and phase shift. Both multidirectional laminates ([0/0/0/45/-
45/0]s and [0/45/-45/0/0/0]s) were selected for this analysis and two
types of simulation were performed using the FEM model:

1. The paint thickness was varied from 0 to 50 pm, considering a RRL of
10 pm, since it represents a realistic thickness often encountered in
practical applications.

2. The RRL thickness was varied from 0 to 125 pm (i.e., the same
thickness as a ply and regarded as the largest feasible thickness to be
generated during typical manufacturing processes), without the in-
clusion of the paint layer coating.

8.1. Effect of paint layer thickness

Fig. 10 (a) to (d) show AT/Ty and the phase plotted against loading
frequency for both multidirectional laminates for the range of paint
coating thicknesses. The “thermal lag” [39] or damping effects of the
paint layer are evident with a significant reduction of AT/Ty with both
values of paint thickness. There is also a clear reduction in response with
loading frequency accompanied by progressive phase delay, known as
“thermal drag down” [39] caused by the reduction in thermal diffusion
length as the rate of change of the temperature increases. These findings
confirm earlier work that demonstrates experimentally or analytically
that the coating should be as thin as possible. Moreover, a uniform paint
coating is essential as regions of excessively thick coatings can result in a
significant underestimation of the thermoelastic response. As CFRP
materials are characterised by a low thermoelastic response in the di-
rection of the fibres, the effects of the paint on both configurations are
marked with a 50% reduction in response at around 20 Hz. The results
suggest that low loading frequencies should always be used to minimise
the effect of the paint and justifies the use of unpainted specimens in
[13] for estimating the CTEs. However, it is important to note that paint
layers are not load bearing, so their presence does not affect the through
thickness heat transfer. Instead, the paint introduces a thermal damping,
which scales AT/Ty, whilst introducing a small phase shift. It is also
important to note that when DIC is used simultaneously with TSA, as
was the case for the validation studies described above, great care
should be taken in the application of the speckle pattern so as not to
introduce localised thicker regions of paint.

8.2. Effect of RRL thickness

Fig. 11 (a) and (b) show the effect of RRL thickness with loading



R. Cappello et al. Composite Structures 389 (2026) 120384

-4 -4
(a) 10 [0, 45, -45, 0, 0, 0] 1000000.0 Hz (b) 10 [0, 45, -45, 0, 0, 0] 1000000.0 Hz
T T
254 —@= AT . . . . ~¥— phase 254 —@= AT . . . . % phase
T : : : : 2 150 Te : : : : 2 150
20 : : : : : 100 20 - 100
: F50 . F50
- o o
g 1.5 Lo § g 1.5 Lo §
= & = &
< & < 2
1.0 r0 & 1.0 r=30 &
L —100 L —100
0.5 0.5
F—150 L —150
0.0 0 ply 0 ply 0 ply -45 ply © 45 ply 0 ply [SRRL L —200 0.0 Oply :0ply -45 ply; 45 ply 0 ply l —200
00 01 02 03 04 05 06 07 08 09 0.0 0.2 0.4 0.6 0.8
-4 -
(C) 10 [0, 45, -45, 0, 0, 0] 0.5 Hz (d) 10 [0, 45, -45, 0, 0, 01 0.5 Hz
T T
2.5 AT . . . . —¥— phase 2.5 AT . . . . —¥— phase
R : : : : 2 150 R : : : : 2 150
20 : : : : : F 100 204 : : : : : F 100
. . . . F50 . . . . . F50
: : : : = . : : : : : 5
o 1.5 S o 1.5 S
= ° 9 E o 2
< @ < @
I < ] ] ] ] I <
1.0 4 50 & 1.0 4 : : : : 50 &
L —100 L —100
0.5 : : : : 0.5 :
: : : : L -150 : : : : : L -150
00 10PY “0ply :Oply :-45ply:45ply -0ply [SRRL | _500 00 10PY “0ply “Oply --45ply-45ply -0ply |SRRL L 500
00 01 02 03 04 05 06 07 08 09 0.0 0.2 0.4 0.6 0.8
. _ s 05 f) . o
(e) 10 [0, 45, -45, 0, 0, 0] 7.1 Hz ( 10 [0, 45, -45, 0, 0, 0] 7.1 Hz
 §  §
2.5 AT . . . . —¥— phase 2.5 AT . . . : —¥— phase
Rl : : : : P L aso o : : : : PIe€ L aso
20 : : : : : 100 20 - : 100
: : : : : 5o 5o
1.5 g o515 g
(o] Bl | E 27 | E
= ° 3 B o g
< 8 < 8
1.0 =50 & 1.0 t-50 £
L —100 L —100
0.5 0.5
L —150 L —150
0.0 0 ply 0 ply 0 ply -45 ply 45 ply 0ply [SRRL L —200 0.0 0 ply 0 ply 0 ply -45 pIyE 45 ply 0 ply RL L —200
00 01 02 03 04 05 06 07 08 09 " 0.0 0.2 0.4 0.6 0.8
" _ A o o
(9) 10 [0, 45, -45, 0, 0, 0] 30.1 Hz (h) 10 [0, 45, -45, 0, 0, 0] 30.1 Hz
T T
254 —@= AT : : : : —¥— phase 2.5 AT : : : : —¥— phase
T : : : : 2 150 o : : : : ? - 150
20 : : : : : [ 100 20 S C 100
Fs0 . 50 _,
1.5 g 1.5 - g
o D | E (e} Mol | E
= ° 5 E : o
< 2 < : ©
L < - L <
1.0 50 T 1.0 1 : 50 T
L —100 : L —100
0.5 0.5 1 :
L -150 : L ~150
0.0 0 ply 0 ply 0 ply -45 ply 45 ply 0 ply |SRRL L —200 0.0 0 ply 0 ply 0 ply -45 pIyE 45 ply 0 ply [SRRL L —200
00 01 02 03 04 05 06 07 08 09 0.0 0.2 0.4 0.6 0.8
Thickness [mm] Thickness [mm]
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45/-45/0/0/0], case with paint thickness varying from 0 to 50 pm.

frequency on AT/Ty and phase for the [0/0/0/45/-45/0]; cases. Like-
wise, Fig. 11 (c) and (d) show the effect of RRL thickness with loading
frequency on AT/Tp and phase for the [0/45/-45/0/0/0]s cases.
Included in Fig. 11 (a) and (c) are two dotted lines which represent two
of the models described in [7]; one is the calculated response from the
isolated “surface ply” and the other when the response is only from the
resin, i.e. “strain witness”. It is clear that changes in RRL can signifi-
cantly modify the thermoelastic response at the surface, in particular, it
appears to control the frequency at which the peaks and troughs in the
plots of AT/Ty and phase occur. Interestingly, for both thinner (<20 pm)
and thicker (>100 pm) AT/Ty becomes constant as the frequency in-
creases, but for 40 and 80 pm AT/ Ty continues to increase, even at 50 Hz.
However, it is only for the [0/0/0/45/-45/0]; case without a RRL where
AT/Ty converges to the calculated surface ply response as frequency
increases. Importantly, even the very thick RRLs do not converge to the
strain witness model, even at a frequency of 50 Hz. An examination of
the phase plots in Fig. 11 (b) and (d) show that for both lay-ups only the
cases where the RRL is 0 or 10 pm, the phase converges to a value close
to 0° as the loading frequency increases, indicating that in these cases
the response is mostly dominated by the surface ply. For RRLs thicker
than 40 pm the indication is that the phase is converging to 180° as the
frequency increases indicating that the RRL governs the thermoelastic
response, but AT/Ty continues to increase, even at 50 Hz the phase only
converges close to 180° for unrealistically thick RRL of 100 and 125 pm.
It is clear from this that the interaction between the plies and
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particularly the introduction of the + 45° plies close to the surface re-
sults in a thermoelastic response that does not fit any of the previously
proposed models [7], even at loading frequencies up to 50 Hz. The
indication is that heat transfer is occurring and that adiabatic conditions
will not be achieved unless much greater loading frequencies are
applied. Hence, it is demonstrated that the phase values extracted from
the FEM model indicate when sufficiently close to adiabatic conditions
have been achieved. More importantly the FEM model enables an
assessment of the experimental conditions for adiabatic condition to
prevail, and moreover if such an experiment is feasible.

To aid further interpretation it is useful to present the results from
Fig. 11 as the in-phase (X) and out-of-phase (Y) components of the
thermoelastic response i.e.:

X = AT x cos(¢); Y = AT x sin(¢) )
where ¢ is the phase angle.

The X- and Y-components of the response are shown in Fig. 12 for
both multidirectional laminates. A zero Y-component indicates adia-
batic conditions and then the X-component is AT as given by Eq. (1). The
X-component plots clearly show the response for each RRL thickness,
with the [0/0/0/45/-45/0]s case increasing to a peak value and then
decreasing and the [0/45/-45/0/0/0]s case reducing to a minimum
value and then increasing. For the RRL thickness > 100 pym the X-
component response from both laminates is similar, with a rapid
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reduction in value followed by levelling out to a low value close to the
strain witness response. For [0/45/-45/0/0/0]s case (Fig. 12c) the X-
component response is more complex at the lower loading frequencies
because of the position of the + 45° plies closer to the surface.

The analysis of the Y-component reveals that, for the [0/0/0/45/-
45/0]s laminate, adiabatic conditions are approximately attained
beyond 15 Hz in the absence of an RRL, and only at 50 Hz when the RRL
is 125 pm thick. In contrast, the [0/45/-45/0/0/0]s laminate does not
achieve fully adiabatic conditions under any of the tested configura-
tions, except at 50 Hz with the thickest RRL. The results confirm that the
stacking sequence close to the surface of CFRP laminates, alongside the
thickness of the RRL, play a crucial role in the surface thermoelastic
response. Most importantly the concept of using the resin rich layer as a
strain witness in CFRP to negate non-adiabatic behaviour is unlikely to
be successful, for three reasons: (i) the complex interactions that occur
between the resin and the plies at realistic loading frequencies and (ii)
very thick RRLs are required, which would not be practical or cost
effective to generate on actual structures, and (iii) in examples where
out-of-plane bending occurs, the strain at the surface ply does not
correspond to that of the surface of the RRL, so in instances such as
monitoring damage evolution, where the degree of out of plane bending
changes, even qualitative comparisons cannot be made. The most
important outcome is that a FEM model, that captures the stacking
sequence, ply thickness and RRL is an essential tool to interpret the
thermoelastic response for a general CFRP lay-up.

9. Case studies and applications
9.1. Application #1: Simulation of a quasi-isotropic layup

A laminate with a stacking sequence of [0/90/45/-45]s was selected,
since quasi-isotropic layups are typically employed for composite
structures. The aim is to demonstrate the insight the FEM-model can
provide, when designing a TSA-based testing campaign for a composite
component. Hence, an achievable range of loading frequencies was
selected (up to 10 Hz) and RRL thicknesses of 5, 10, 15, and 20 pm,
typical of those found on as manufactured components, alongside a zero
thickness as a baseline case. A tensile-tensile cyclic loading, with peak-
to-peak strain of 2000 pe was applied to a strip of dimensions 20 mm
wide by 8 mm long; the ply thickness and material properties were for
IM7/8552 as described in section 2. Fig. 13 (a) shows AT/Ty plotted
against loading frequency, as with the cross ply lay-ups described in
section 3 it can be seen that heat is transferred from the 90° ply into the
0° ply, because AT/T, reduces with loading frequency. It is evident that
the RRL layer thickness only causes a small reduction in AT/Ty as the
response is dominated by heat transfer away from the surface. The phase
plots are shown in Fig. 13 (b) and show at the lowest frequency the
phase is 175° indicating that the homogenised global response is
dominated by the 45° and 90° plies. As the loading frequency increases
the phase values reduce, with an indication that the case without the
RRL may be tending to a 0° phase value at sufficiently high loading
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frequencies. The RRL has a strong effect on the phase value as in each of made of thin plies, the model demonstrates that adiabatic conditions
these cases for adiabatic conditions to prevail the phase would need to cannot be obtained. There are two options for quantitative analysis: (i)
be 180°. Hence, at realistic loading frequencies for CFRP structures follow the approach in [19] and calibrate in terms of stress at a given
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loading frequency, noting that damage will modify the heat transfer
locally or (ii) conduct tests at the lowest frequency to ensure a homo-
genised response, that may provide a more consistent response
following the introduction of damage. In both cases if the material
properties are known the model can provide the calibration. The latter
(ii) is yet to be demonstrated and further work is required to establish if
using the homogenised response would enable quantitative stress anal-
ysis, particularly for cases where damage is evolving. However, devel-
oping a means of conducting quantitative TSA on CFRP structures at low
loading frequencies would have the advantage of avoiding the onset of
viscoelastic behaviour, and would align with achievable loading fre-
quencies for large structural tests.

9.2. Application #2: C-spar demonstrator

The second application aims at assessing the predictive capabilities
of the proposed modelling approach in a more realistic and challenging
context using a realistic substructure in the form of a C-spar, which was
to be developed as a demonstrator for the CerTest project [42]. The C-
spar was not manufactured in house, instead came from a campaign of
manufacturing trials where the record of the materials used had been
discarded, although the lay-up was known to be [45/-45/45/-45/45/-
45/0/90/0/90/0/90];. As the exact material system was unknown a
micrograph of the structure, shown in Fig. 14 (a), was taken, which
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confirmed the stacking sequence, the ply thickness and the thickness of
the resin rich layer. It can be seen the ply thicknesses are non-uniform:
approximately 170 um for the 90° plies, 303 um for the 0° plies and 250
um for the 45° plies. This is typical for a composite component, for
instance the 90° plies at the mid plane have nested, but the cross ply
interfaces are unable to nest. Rather than model each ply thickness
separately, for demonstration purposes an average value of 254 ym was
used in the model. The approximation of ply thickness may have an
effect on the heat transfer, but it was considered acceptable as the
thickness of each ply varied. The RRL was also measured as 20 pm and
used in the model. Importantly, it is clear from the ply thickness the
material is not IM7/8552. To demonstrate the utility of the model, as
there will be many cases where the material properties are unknown, it
was decided to use the IM7/8552 material properties quoted in Table 2
and both coefficients of thermal expansion pairs, CTEs; and CTEs; used
previously. This will have an effect on the quantitative values extracted
from the model, but the onset of adiabatic behaviour can be confirmed in
a qualitative sense. The paint coating was also incorporated in the
model.

For the experimental work a simple rectangular strip (200 mm x 20
mm x 6.12 mm) was extracted from the web of the C-spar. The strip was
loaded in load control to the same range of loading frequency reported
in Table 4, with a load of 5 + 4.5 kN, corresponding to a peak-to-peak
strain variation of 1300 pe. Fig. 14 (b) compares full-field

numerical  experimental

'l‘ a

0.030

0.025

0.020

0.015

AT [K]

0.010

0.005

0.000

250
200 A
@ 150 -
>
©
[}
(%)
2100 1
a
50 A —&— modelling + paint (CTEs;)
modelling + paint (CTEs;)
—}— experimental results

0 - T T T T T T
0 5 10 15 20 25 30

Loading Frequency [Hz]

Fig. 14. (a) Micrograph of C-spar material, Comparison of FEM-model and experimental data from C-spar specimen (b) AT/T, full-field maps at 10 Hz, (c) Spatial

average of AT—OT and (d) Spatial average of phase.
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experimental and numerical results at 10 Hz; similar results were ob-
tained at the other loading frequencies. The 45° surface ply is evident in
the full-field experimental maps shown in Fig. 14 (b); this is not repli-
cated by the numerical model as a homogeneous anisotropic ply mate-
rial is assumed. The full-field experimental results show that AT/Tj is
greatest in the central region, with a marked reduction towards the
specimen edges, which, despite the estimated material property values
and averaged ply thickness, are replicated by the FEM model. The dis-
tribution of AT/Ty results from the layup, and the constraining effect of
the interior 90° plies causing a transverse stress on the + 45° plies at the
outer surface. The result is a distortion of the + 45° plies and a reduced
stress as the transverse normal stress decays to zero at the specimen
edge. Hence, Fig. 14 (c) and (d) presents the spatial average variation of
AT/Ty and phase with loading frequency, over the central section of the
specimen (area inside dotted black box).

Fig. 14 (c) shows that AT/T, becomes constant at approximately 10
Hz, indicating the onset of adiabatic conditions. Furthermore, there is
very good agreement when CTEs; are used, while a small offset is
observed for CTEs;. The predictions fall within the experimental stan-
dard deviation, confirming that even with estimated properties and
approximate laminate architecture the FEM model can provide reason-
able predictions of the thermoelastic response. The standard deviations
are larger than evidenced in the preceding sections, this can be attrib-
uted to the surface roughness of the specimen and surface in-
homogeneities in the fibre resin distribution. For this particular stacking
sequence it can be concluded that the specimen could be loaded at any
frequency above 10 Hz to obtain an adiabatic response. Interestingly the
phase plot of Fig. 14 (d) shows a departure from a constant phase of
around 180° at 25 Hz that is not captured by the model, similar to that of
Fig. 6 (b). This indicates that for this lay-up any loading frequency above
20 Hz should be avoided. The offset in the FEM model results may be
attributed to the same mechanisms identified in the [+45]35 specimen,
even though the applied strains are significantly less (around 30%).

The case study has demonstrated the predictive power and robust-
ness of the FEM model for interpreting TSA results from real CFRP
components with complex layups and uncertain material data. It has
shown that the model is useful even when an average ply thickness is
employed and the material properties used as model inputs are for a
typical carbon fibre composite, rather than the exact material choice.
The ability to extract a simple test specimen has been vital in proving the
model provides realistic results and could be applied to a wide range of
stacking sequences to identify at which loading frequency the specimen
should be tested. Moreover, if the loading frequency is restricted to a
certain range the model enables a better understanding of the thermo-
dynamic conditions generated by the loading. The ability to estimate the
onset of adiabatic conditions corroborates the applicability of the
modelling framework to aerospace structural composites. This is a sig-
nificant outcome, since it supports its use in TSA-based structural as-
sessments, predictive validation, and virtual testing workflows, even
when detailed material characterisation is impractical or unavailable.

10. Conclusions

A comprehensive experimental validation of a FEM modelling
framework that simulates the effect of ply by ply heat transfer on the
thermoelastic response has been presented. The modelling framework is
particularly applicable to CFRP laminated composite materials. The
validation study demonstrated that the model accurately captures the
complex heat transfer in multidirectional laminates. The validation
comprised 72 experimental cases achieved through a variety of laminate
stacking sequences and by changing the cyclic loading frequencies to
generate different heat transfer scenarios. It was demonstrated that the
FEM model framework could incorporate the resin rich surface layer
generated during manufacturing. The model was also able to simulate
the thermal damping effect of the paint coating used to provide a uni-
form emissivity in infrared thermography.
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Once validated, it was demonstrated that the modelling framework
was able to predict the thermoelastic response from the subsurface plies,
providing a means of interpreting the experimental results from the
surface over a range of loading frequencies. The model revealed how the
thermoelastic heat source and heat transfer gradients evolve through the
laminate thickness with differing loading frequencies. It was demon-
strated that the phase plays an important role in determining the onset of
adiabatic conditions. A particularly important result is that the model
demonstrates that fully adiabatic behaviour generated only by the
thermoelastic coupling is achieved when the phase value is either 0 or
180°.

The validation study revealed that for resin dominated stacking se-
quences, such as the [+45]s;, some model refinement is necessary,
which includes incorporating the effect of intrinsic dissipation and the
temperature dependence of the elastic constants. The latter will require
a detailed experimental characterisation of the material behaviour. The
applied strains used in the study of the [+45]3; were relatively large, and
it was shown that viscoelastic effects occurred at around a loading fre-
quency of 16 Hz; it is unlikely that such high loading frequencies and
strains would be used during testing of actual composite components. In
most cases the spatial averaging of the experimental data was sufficient
to account for the inhomogeneity of the distribution of the fibres in the
resin. However an avenue for further refinement of the FEM modelling
framework would be to account for this in the model, the key challenge
being maintaining computational efficiency.

The validated FEM modelling framework enabled a parametric study
of the effect of the paint coating. This confirmed that the paint attenu-
ates the thermoelastic response by introducing a phase delay caused by
thermal damping. In contrast, a parametric study of resin rich surface
layer thickness, showed that it fundamentally modifies the through-
thickness heat transfer characteristics. Furthermore, it was demon-
strated that even very thick surface resin rich layers do not act as a strain
witness in CFRP materials. To eliminate effects of heat transfer to the
surface, an unrealistically thick resin rich surface layer (> 125 pm)
would be required. Instead, the results of the parametric study suggest
that using a homogenised global response from specimens loaded at low
frequencies may be a more practical alternative for TSA on actual
structural components. However, this is yet to be demonstrated on
specimens where the in-plane stress field is varying, such as at holes for
fastener locations and situations where damage is evolving.

Two case studies were presented, the first demonstrated the appli-
cability of the FEM model framework on an industrially relevant quasi-
isotropic laminate ([0/90/45/-45];). A key outcome was that for low
loading frequencies the thermoelastic response is largely insensitive to
RRL variation. It was shown that adiabatic conditions cannot be ach-
ieved at loading frequencies of less than 20 Hz for laminates with plies
having ~ 125 pm thickness. The results demonstrate strongly that the
FEM model framework is required to understand the thermodynamic
condition of a structure and conduct an experiment where reliable and
quantitative data could be obtained under low-frequency loading con-
ditions in realistic composite structures. The second case study estab-
lished the utility of the FEM model in understanding the response from a
component with unknown material properties. The model replicated the
response of a coupon extracted from a real CFRP component, with
uncharacterised material properties.

Future work that utilises the FEM modelling framework is as follows:

e Investigating configurations such as open hole structures where
additional in-plane heat transfer occurs, as well as non-uniform stress
fields in each ply,

e Supporting the identification of the evolution of subsurface damage
using TSA, by using the FEM model to identify a loading frequency
where the surface response is dominated by a subsurface ply.

e Calibrating the use of the homogenised response at low frequencies
and applying to large CFRP structural tests.
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Appendix 1

Table Al
Average longitudinal strain from each test and layup from dic.

Loading frequency [Hz] Avg. strains for each test and layup [pe]
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[0/90]35 [90/0]3s [+45]3, [0/45/-45/0/0/01s [0/0/0/45/-45/0]5
0.5 - - - 2050 1926
1.1 1770 1509 4257 2049 1924
2.1 - - - 2049 1926
3.1 1600 1511 4189 2051 1921
4.1 - - - 2050 1922
5.1 1497 1499 4154 2047 1911
6.1 - - - 2044 1905
7.1 1489 1523 4132 2040 1899
8.1 - - - 2036 1891
9.1 - - - 2031 1876
10.1 1494 1546 4112 2029 1870
12.1 1513 1600 4075 2011 1844
15.1 1614 1630 4037 1987 1797
17.1 - - - 1968 1770
20.1 1634 1692 4013 1937 1701
221 1592 1731 3996 1925 1721
25.1 1643 1690 3928 1790 1673
27.1 1684 1657 3941 1905 1610
30.1 1633 1686 3950 2021 1551
Data availability [9] Cappello R, Pitarresi G, Catalanotti G. Thermoelastic stress Analysis for composite

Data will be made available on request.
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