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Abstract

Important challenges are faced during the manufacturing of graphene

nanoplatelet (GNP)/polymer composites, associated with material quality and

how to eliminate or reduce fabrication‐induced defects in the effort to improve

performance. In the present work, infrared thermography (IRT) is used to

measure void content and map void distribution, formed during fabrication

of GNP/epoxy nanocomposites. Taking into consideration the size of each pixel

(~100 μm), this method enables the non‐destructive detection of flaws with a

size of approximately 200 μm. Their effect on thermal conductivity of the

nanocomposite is studied by a 3D multiscale finite element analysis. Generic

and full‐field comparisons demonstrate a good agreement between measure-

ments and numerical predictions, validating assumptions and simplifications

made in the proposed model.
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1 | INTRODUCTION

Developing cost‐effective manufacturing methods and
reducing processing time are some of the most difficult
tasks in composite material science and technology. The
mass production of optimised nanomaterials with as
much reduced fabrication‐induced defects is desired.
Material shrinkage, particle contamination, non‐uniform
particle distribution, and trapped air are common factors
- - - - - - - - - - - - - - - - - - - - - - - - - -
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that could affect long‐term structural performance. The
air trapped in the form of bubbles of various sizes and
shape is a usual impurity often found in the manufactur-
ing of a relatively high‐particle content nanocomposite.
Air voids can be the result of poor degasification origi-
nated by the high viscosity of the nanofluid produced.
To decrease the material viscosity, it has been proposed
to add solvents like acetone during degasification and
to increase the temperature of the degassing chamber.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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er; D, domain area; e, normalised root‐mean‐square error; I(x,y), original
mental uncertainties; V f , filler volume fraction; V f

c, cavity/void volume

ty; ΔTmax, maximum temperature change; θ, dimensionless temperature;

threshold, threshold dimensionless temperature; ρ, density; Ω, surface
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However, the removal of the solvent by the end of the
process is not ensured, contaminating the final product,
while the chamber temperature is limited by the polymer-
isation temperature and the polymer pot life. Therefore, it
is necessary to eliminate or reduce the void content, but
more important is to quantify its effect on the thermo‐
mechanical response.

A nanocomposite structure characterisation usually is
conducted with the use of delicate optical methods. Scan-
ning electron microscopy (SEM) offers an insight into the
particle structure (size and shape), the formulation and
size of agglomerations, the quality of interface between
filler and matrix, and the fracture mechanisms occurring
in the material. It is feasible to create detailed images
accounting for the different response of the material and
its surface when hit by an electron beam; however, mate-
rial microstructure might not be representative of the
whole volume (macroscale), unless hundreds of images
are produced and examined, which is a time‐consuming
and high‐cost exercise. Charge contrast electron micros-
copy and conductive atomic force microscopy (AFM)
may also detect the dispersion of graphene nanoparticles,
but they both require the formation of conductive
graphene networks1,2 and suffer with the same issues
encountered with SEM analysis. Raman spectroscopy is
capable of identifying the edge effects/defects and chemi-
cal composition of the material by recording the presence
of specific chemical bonds. The nanofiller dispersion in
polymer composites was captured and presented by
Shijae et al3 by scanning the specimen with a Raman
beam. They collected 14 400 individual spectra over a
30 × 30‐μm2 area of the composite and achieved a lateral
resolution of 0.36 μm. Although a particle dispersion
map could be obtained, the full‐scale scanning of
structure/components is not feasible.

Recently, Gresil et al4 presented a quantitative disper-
sion characterisation method using noncontact infrared
thermography (IRT) mapping that measured the thermal
diffusivity of graphene polymer nanocomposites and
related the thermal diffusivity to a dispersion index. It
was suggested by the authors that the method is capable
to evaluate dispersion over a large area at reduced
effort and cost with an actual resolution of this thermal
mapping reaching 200 μm per pixel.

In this work, 10.0‐wt% graphene nanoplatelet
(GNP)/epoxy specimens for IRT characterisation were
manufactured and tested with the flash method as
described in the standard American Society for Testing
and Materials (ASTM) E1461. The detected thermal
response (temperature field) is used to identify and
map the location, the size, and the shape of voids. Next,
a multidimensional/scale finite element (FE) model,
following a previous research,5-9 is presented to simulate
the steady‐state and transient thermal response of a
GNP/epoxy composite containing voids. It builds a repre-
sentative volume element (RVE), studying the effect of
the cavity on the local thermal response, and a larger‐
scale rectangular specimen to simulate experimental
thermal diffusivity obtained with the flash method. The
models of the composite specimens are analysed to obtain
both the effective and the distributed thermal properties.
Both generic and full‐field numerical results are com-
pared with corresponding experimental measurements
obtained for a 10‐wt% GNP/epoxy nanocomposite with
surface and subsurface voids, to validate the model
(CEN/CWA 16799).
2 | EXPERIMENTAL PROCESSES

2.1 | Materials

The samples were prepared by using GradeM25 GnP
graphene nanoplatelets acquired by XG Sciences (Lansing,
USA)10 in the form of powder. The nanoparticles have an
average thickness of 6 to 8 nm and an average length of
25 μm as presented in SEM image (Figure 1C) taken from
the surface of the specimen when fractured under tensile
loading. The particles' specific surface area was ranged
between 120 and 150 m2/g. A polymeric matrix made of
a low‐viscosity bisphenol‐A epoxy resin (Araldite LY564)
and a cycloaliphatic polyamine curing agent (Aradur
2954) with a mixing ratio of 100:35 (epoxy: hardener)
was supplied by Huntsman (Cambridge, UK)11 and
combined with the graphene nanoparticles.
2.2 | Manufacturing process

The manufacturing of GNP/epoxy nanocomposites is
based on shear‐mixing aided filler dispersion as presented
in Figure 1A. At first, the graphene powder was combined
with acetone solution with a concentration of 50 mg/mL
and was subjected to a sonication bath for 30 minutes
to dissolve any particle agglomeration. Afterwards, the
liquid epoxy was added to the solution and shear mixed
for 1 hour at 3000 rpm while heated at 80°C to improve
the fluidity. By the end of shear mixing, the residual
acetone was evaporated by hot stirring of the mixture
at 80°C. The mixture's mass was recorded during the
acetone evaporation, and by the time the mass being
constant, the acetone was considered to be evaporated
completely. Then, the mixture was left to cool down at
ambient temperature, and hardener was added, followed
by mechanical stirring at 1000 rpm for 5 minutes. The
nanofluid was degasified and injected to a silicone rubber
mould with a syringe. First, the material was cured at



FIGURE 1 A, Schematic representation of GNP/epoxy manufacturing process, B, 10.0‐wt% GNP/epoxy specimen, and C, scanning

electron microscopy (SEM) image on the fracture surface of 10.0‐wt% graphene nanoplatelet (GNP)/epoxy nanocomposite [Colour figure

can be viewed at wileyonlinelibrary.com]
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80°C for 2 hours, following a postcuring at 140°C for
8 hours. The fabricated specimens were 60 × 60 × 6‐mm3

rectangular plates. All the specimens were quality surface
grinded to the desired tolerances. The surface grinding
revealed the presence of voids (Figure 1B), suggesting
that the degasification of the 10‐wt% loaded specimen
was not complete because of the relatively high viscosity
of the material.
FIGURE 2 A, Schematic representation of infrared (IR) thermogr

nanoplatelet (GNP)/epoxy nanocomposite specimen (Figure 1B) [Colou
2.3 | Thermal diffusivity measurements

The thermal diffusivity field was measured by the flash
method as described in the standard12 ASTM E1461
(Figure 2A). The thermal diffusivity (α) of the sample
was obtained by IRT. An external heat source comprising
two flash lamps excited the front face of the sample with
a combined pulse of approximately 6 kJ for 10.6 ms, while
aphy and B, thermal diffusivity mapping of 10.0‐wt% graphene

r figure can be viewed at wileyonlinelibrary.com]
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an IR camera (Thermosensorik GmbH, Germany) was
recording the thermal radiation of the rear surface. The
thermal diffusivity was calculated for each pixel of the
field according to the procedure described in ASTM
E1461‐13 and Parker et al,12,13 once the signal of each
pixel was numerically denoised. In detail, the signal
denoise was conducted with an eight‐grade symlet wave
function performing a six‐level wavelet decomposition.

According to ASTM E1461 standard,12 ideally, the
calculated values of α for different values of x should all
be the same. It was experimentally found that if the
thermal diffusivity values calculated at 25%, 50%, and
75% of maximum temperature change, ΔΤmax, lie within
±2%, the overall accuracy is probably within ±5% at the
half‐time increase. It could be seen in Figure 3A that
when the original signal is used, the thermal diffusivity
decreases with increasing x and does not agree with the
criterion set from the standard. This could be attributed
to the calculations performed in the original signal. It
can be seen in Figure 3B that when the original signal
is fitted by a polynomial function, the fitting curve is
taking into account peaks of the signal oscillations,
distorting the response curve. Therefore, the thermal dif-
fusivity is not calculated properly for various percentages
of temperature changes. In contrary, the denoised signal
represents more accurately the response. By denoising
the signal with the six and eight levels of decomposition,
the thermal diffusivity calculated for every percentage
of temperature change lies between ±2% of half‐time
increase thermal diffusivity when the six and eight levels
of decomposition are applied.

Finally, the thermal diffusivity distributed over the
specimen surface of the 10‐wt% GNP/epoxy nanocompos-
ite is shown in Figure 2B. The IR camera resolution
resulted to pixels with a length of 100 μm.
FIGURE 3 A, Effect of decomposition levels on thermal diffusivity

between the denoised and polynomial fitted signal [Colour figure can b
3 | NUMERICAL ANALYSIS

3.1 | Voids mapping

The temperature fields measured during the IR thermog-
raphy measurements were used to identify the voids. The
voids could be easily spotted in the temperature field
developed during the transient response by exhibiting sig-
nificantly higher temperature compared with the rest
field as it was presented in Figure 4A. To detect the initial
size and shape of the voids, an appropriate snapshot of
the temperature field was chosen. In our case, the
selected snapshot was at time 0.25 second, equal to the
average half‐time of the specimen transient response.
During this moment, the temperature field has risen to
the half of its final value, allowing clearly distinguishing
any inhomogeneities.

To identify the air voids, the dimensionless
expression of the temperature field was employed

θ ¼ θmax − θ
θmax − θmin

� �
, and a threshold of θthreshold ¼ 0.69

was chosen such that all the pixels with values below
that threshold may represent the voids. At this stage,
both surface and internal cavities could be detected.
The surface cavities can be easily distinguished in the
thermal diffusivity map by the significantly lower
thermal diffusivity in their perimeter as a result of the
edge effect.

The mapping of the cavities is shown in Figure 4B.
Studying the voids mapping, it was found that their con-
tent was 3.07%. Taking into consideration the size of each
pixel (~100 μm), this method enables the detection of
defects with lateral size of approximately 200 μm. The
resolution could be further improved by focussing the
IR camera closer to the specific region of interest of
as a function of temperature rise percentage and B, comparison

e viewed at wileyonlinelibrary.com]
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FIGURE 4 A, Evolution of temperature field as function of time (pixels' colour intensity is recorded) and B, void mapping for the 10.0‐wt%

graphene nanoplatelet (GNP)/epoxy specimen [Colour figure can be viewed at wileyonlinelibrary.com]
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the specimen. The minimum distance between the IR
camera and the studied object is limited by the focal
length of the camera.
3.2 | Multiscale FE model

3.2.1 | Effective thermal response

The multidimensional/scale FE model, following the
previous research of Manta et al,5-9 consisted of an RVE
micro‐scale model, which predicted the effect of the air
cavity on the local thermal response, and a full‐square
macroscale model for the calculation of the full thermal
TABLE 1 Material properties used in representative volume element

Phase

Thermal Properties

Density
ρ (kg/m3)

Thermal Condu
(W/mK)

Air 1.39 0.0257

Nanocomposite

Pure epoxy4 1130 0.19

5‐wt% GNP/epoxy8 1136 0.41

10‐wt% GNP/epoxy8 1142 0.64

Abbreviation: GNP, graphene nanoplatelet.
diffusivity field. The simulation models were developed
in the commercial FE package ANSYS 16.2. The RVE
comprised a spherical‐shaped air bubble of diameter d
and the thermal properties of air at ambient temperature,
surrounded by nanocomposite material to form a cube
(Figure 6C,D). Although voids and imperfections might
exhibit various shapes, voids resulting from trapped air
were found to be spherical as it could be noted in
Figure 4B (their 2D projection is a circular disk). The
thermal conductivity and diffusivity were obtained from
the analysis of the equivalent structure. The material prop-
erties used in the RVEmodel are presented in Table 1. The
RVE structure was meshed with two different types of
(RVE) model

ctivity Thermal Diffusivity
(m2/s)

Heat Capacity
(J/kgK)

1.68 10−5 1099

1.57 10−7 1078

3.19 10−7 1131

5.08 10−7 1103

http://wileyonlinelibrary.com


1446 MANTA ET AL.
thermal solid elements (eight‐node SOLID87 and 10‐node
SOLID70), and their effect on the RVE thermal diffusivity
mapping (−local thermal diffusivity distribution around a
void) was studied in the next chapter 3.2.2.

Given a specific volume fraction, the size of the air
void had no effect on the thermal conductivity and diffu-
sivity of the RVE, as revealed by the parametric analysis
performed Figure 5A. However, the increase in the num-
ber of cavities results in decrease in the nanocomposite's
thermal properties (Figure 5B,C). In this case, the calcu-
lated effective thermal diffusivity was in good correlation
with the corresponding experimental average one.
3.2.2 | Thermal diffusivity field around a
cavity

To study the thermal diffusivity field obtained in the RVE
level, it is necessary to consider the effect of the element
used—therefore meshing mapping. For cavity volume
fraction of 2.5%, the thermal diffusivity mapping of two
RVEs—one built by eight‐node Solid87 and one built by
10‐node tetrahedral Solid70—was calculated and pre-
sented in Figure 6A,B, respectively. It should be noted that
Solid70 elements are more accurate in the discretisation of
a spherical geometry, as being second‐order tetrahedral
FIGURE 5 A, Effect of air‐cavity diameter on the thermal conductivity

volume fraction on thermal conductivity; C, thermal diffusivity of pure

nanocomposite [Colour figure can be viewed at wileyonlinelibrary.com]
elements, compared with first‐order brick elements
(Solid87), which are clearly quite weak in describing a
spherical geometry. In this case, the RVEwasmeshed with
cubic elements, and the elements whose centroid coordi-
nates lied in the sphere are chosen to represent the air
cavity (Figure 6C). Comparing the thermal diffusivity
mappings, it could be seen that the Solid87 was able to
recreate more accurately the thermal diffusivity mapping
of a spherical air cavity. In the case of Solid70, a “cross‐
shaped” region appeared, which was not relevant to any
observation of surface cavities known to the researcher
(Figure 6B). This difference observed between the Solid70
and Solid87 thermal diffusivity mappings could be attrib-
uted to the different shape function of the elements and
their number of integration points, which affect the accu-
racy of the solution and the solution error propagation.
The tetrahedral elements had a second‐order shape func-
tion and four integration points compared with the brick
elements with the linear shape function and eight integra-
tion points. In addition to this, the field contour imprinted
the meshing map. This could be attributed to the nodes
located in the middles of elements edges. Therefore, the
node grid created by the use of Solid70 was not suitable
for our application, and the Solid87 was preferable despite
not being able to mesh a sphere accurately.
of pure epoxy for a range of void content (1%‐40%); B, effect of void

epoxy, 5.0‐wt%, and 10.0‐wt% graphene nanoplatelet (GNP)/epoxy

http://wileyonlinelibrary.com


FIGURE 6 Element effect on the finite element (FE) meshing map and thermal diffusivity mapping around the cavity for cavity V f
c = 2.5%.

In A and B, are the thermal diffusivity maps obtained with the use of (E) Solid87 and (F) Solid70, respectively. The meshed volume is shown in

C and D, as created by the Solid87 and Solid70, respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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In Figure 7, the local thermal diffusivity fields of a cav-
ity for a range of cavity volume fraction V f

c (5.0%‐40.0%)
are presented. It could be seen that by increasing the
V f

c, the thermal diffusivity decreases and the minimum
of the field is found in the centre of the cavity, if
the model's edge effects are excluded. Moreover, the
model's edge effects tend to decrease in amplitude with
increasing V f

c.
3.3 | Full‐field validation of thermal
diffusivity

3.3.1 | Data compaction

The thermal response of the RVE was used to predict the
thermal diffusivity mapping of a specimen with voids.
The thermal diffusivity field was categorised into two
types—one containing the pure nanocomposite and the
other the voids only. For each field, the nanocomposite
and cavities volume fraction field was obtained. Next,
from each field, the distribution of the material properties
(C, K, ρ) was created and ultimately combined in a single
algebraic matrix to be used as an input data to the analy-
sis. The thermal conductivity was found at each midplane
node, while the time‐dependent temperature of these
nodes was used to calculate the full thermal diffusivity
field of the FE model.

The validation of computational mechanics models
can be achieved by employing the CEN/CWA (CEN
Workshop Agreement) 16799 standard.14 The methodol-
ogy integrates sophisticated full‐field comparison tech-
niques along with the quantification of measurement
uncertainties into a rigorous and effective validation
technique, which decides on the acceptance or not of a
computational mechanics simulation model.15 This
technique comprises FE analysis, full‐field experimental
results, data reconstruction and compression using image
analysis techniques, and, finally, a decision on the valida-
tion of the model based on the comparison of the differ-
ence between the numerical and experimental results
and the experimental uncertainties.

http://wileyonlinelibrary.com


FIGURE 7 Thermal diffusivity field around a cavity for different cavity volume fractions, V f
c A, 5.0%, B, 10.0%, C, 20.0%, and D, 40.0%

obtained by finite element (FE) analysis [Colour figure can be viewed at wileyonlinelibrary.com]
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According to the CEN standard, any data field I(x,y)
can be fully described by a vector containing a small
number (a few decades) of orthogonal moments (Zernike,
Tchebycheff, Krawtchouk, etc). As the reconstruction of
an image using an infinite number of shape moments
is practically impossible, approximate successful recon-
struction may be achieved by retaining only the highest
magnitude moments and their corresponding shape
FIGURE 8 A, Original disc image and B, its reconstructed one with Z

at wileyonlinelibrary.com]
polynomials omitting all the others. An example of
image reconstruction is presented in Figure 8, where the
region (i) of the experimental thermal diffusivity map
(as presented in Figure 10) is reconstructed with Zernike
moments. The accuracy of the reconstruction may be
assessed by employing mathematical equations (norms).
The most commonly used expressions are the normalised
root‐mean‐square16 (NRMS) error (1) and the correlation17
ernike moments (region i of Figure 10) [Colour figure can be viewed

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 10 Experimental thermal diffusivity mapping of 10‐wt%

graphene nanoplatelet (GNP)/epoxy with the numbering of areas

studied under full‐field validation [Colour figure can be viewed at

wileyonlinelibrary.com]
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coefficient (2), where I(x,y) andbI x; yð Þ are the original and

the reconstructed fields, respectively, and bI ¼ ∫∫ΩbIdA
∫∫ΩdA

,

I ¼ ∫∫ΩIdA
∫∫ΩdA

.

e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∬
D
I x; yð Þ−bI x; yð Þ
��� ���2dxdy
∬
D
I x; yð Þj j2dxdy

vuuuuut (1)

corr bI; I� �
¼

∫∫Ω bI −bI� �
I −bI� �

dAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∫∫Ω bI−bI� �2

dA

� 	s
∫∫Ω I−I


 �2
dA

h i (2)

The experimental and numerical thermal diffusivity
field was described with Zernike moments. Even though
a large number of Zernike moments were used (400),
the reconstruction error, as calculated by the NRMS
error, was no less than 10% (Figure 11A). Usually, image
decomposition with Zernike shape moments results in
a smoothened data field. In this case, however, data
smoothing could not be achieved, as Zernike reconstruc-
tion had the opposite effect; it actually increased the data
noise (Figure 9). Such phenomenon was more evident in
the reconstruction of the experimental field (Figure 9B)
compared with the numerical one (Figure 9D). This could
be attributed to the fact that orthogonal polynomials are
able to describe mappings whose spatial evolution is uni-
form and in the form of shape patterns. Therefore, the field
FIGURE 9 Reconstruction of the A,

experimental and C, numerical thermal

diffusivity field for the 10.0‐wt% graphene

nanoplatelet (GNP)/epoxy specimen with

Zernike polynomials as presented in B,

and D, respectively (colour map units:

10‐7 m2/s) [Colour figure can be viewed at

wileyonlinelibrary.com]
was partitioned into smaller regions of simpler patterns.
The experimental thermal diffusivity mapping of the
10‐wt% GNP/epoxy specimen along with the areas studied
under full‐field validation is shown in Figure 10. The
regions of interest are carefully selected such that they
contain critical features of the surface patterns. Regions
were described with Zernike moments and compared on
the basis of the linear correlation plot. The reconstruction
error of each area was assessed using both the NRMS error

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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and the correlation coefficient (Figure 11A). It could be
noticed that the reconstruction efficiency was greatly
improved resulting in considerably lower errors. The
FIGURE 11 A, Reconstruction errors of the numerical and experimen

the normalised root‐mean‐square (NRMS) error and B‐D, linear correla

numerical studied areas [Colour figure can be viewed at wileyonlinelibr
regions of interest were compared on the linear correlation
plot (Figure 11B‐D), and all the points were found to lie in
the area defined by the experimental uncertainties
tal field for every studied area using the correlation coefficient and

tion plots for the comparison between the experimental and

ary.com]

FIGURE 12 Subsurface cavity under

study. It can be easily distinguished from

the surface cavities by the lack of edge

effects on its perimeter [Colour figure can

be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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u = 0.35 10−7 m2/s, proving the simulation method to be
valid. The estimation of experimental uncertainties is
based on the ASTM E1461 standard,12 defining the overall
accuracy probably within ±5.0% at the half‐time rise. In
this uncertainty quantification though, the effects of side
thermal phenomena and specimen's geometrical uncer-
tainties were not considered.
FIGURE 13 Reconstruction of the experimental thermal diffusivity fie

(colour map units: 10‐7 m2/s) [Colour figure can be viewed at wileyonli

FIGURE 14 Reconstruction of the numerical thermal diffusivity field

map units: 10‐7 m2/s) [Colour figure can be viewed at wileyonlinelibrar
3.3.2 | RVE—Subsurface cavity

Air bubbles and cavities of special interest could be simu-
lated separately at RVE level, and their thermal diffusivity
map could be compared with the corresponding experi-
mental one. When the cavity was below the surface of
the specimen, the thermal diffusivity mapping obtained in
ld of subsurface cavity (inlet of Figure 12) with Zernike polynomials

nelibrary.com]

of subsurface cavity (Figure 7C) with Zernike polynomials (colour

y.com]

http://wileyonlinelibrary.com
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Figure 7 would be used for the full‐field comparisons.
Surface cavities are surrounded by a region of extremely
low thermal diffusivity in their perimeter (below
10−8 m2/s) as a consequence of the geometry change on
the specimen surface. The subsurface cavities could be
distinguished from the surface cavities by the lack of edge
effects on their perimeter. Such a case is presented in
Figure 12. With regard to the measurement uncertainties,
the average thermal diffusivity of the studied region was
5.24 ± 0.35 10−7 m2/s, and by comparing with Figure 5C
for the thermal diffusivity of 10.0‐wt% nanocomposite
with cavities, the cavity volume fraction was estimated
to be 20.0 vol%. Therefore, the experimental mapping
was compared with the one obtained for the 10.0‐wt%
nanocomposite containing an air cavity of 20 vol%
(Figure 7C). The region was easily reconstructed with 15
Zernike moments achieving low reconstruction errors
(Figures 13 and 14), since the field exhibited a specific
pattern (high correlation coefficient) with a uniform scale
without extreme scale changes (low NRMS error). As it
has already been noted through every field reconstruc-
tion, the reconstruction errors of the numerical fields
were lower than the ones of the experimental fields, as
there was no noise in the numerical fields to be recon-
structed. The fields were compared in the linear correla-
tion plot (Figure 15), and all the points were found to lie
in the area defined by the experimental uncertainties,
proving the simulation method to be validated.
FIGURE 15 Linear correlation plot for the full‐field comparison

of the numerical and experimental thermal diffusivity mapping

obtained for the subsurface cavity [Colour figure can be viewed at

wileyonlinelibrary.com]
4 | CONCLUDING REMARKS

In this research work, a 10‐wt% GNP/epoxy nanocompos-
ite specimen with voids was prepared, and a novel
characterisation technique for analysing voids was devel-
oped. These defects or flaws occurred because mainly of
ineffective degasification, as a result of high viscosity,
the existence of air trapped, and residue of solvent during
the curing process; both can affect the mechanical prop-
erties and lifespan of the composite. The specimen ther-
mal diffusivity was obtained using IRT. The voids were
detected and mapped by processing the temperature
fields. The average cavity volume fraction was estimated
to around 3%, while the average field thermal diffusivity
was calculated as 5.03 10−7 m2/s. The effect of voids to
both the thermal diffusivity and conductivity of the nano-
composite was numerically analysed through a multiscale
model, comprising an RVE and a larger specimen in mac-
roscale. Both the RVE and the macroscale model of the
specimen accurately simulated the corresponding experi-
mental full thermal diffusivity fields. For the purpose of
comparisons, the CEN/CWA 16799 standard was used.
Initially, the reconstruction of the full field was not par-
ticularly successful; therefore, the reconstruction error
was high, and the Zernike moments were not able to rep-
resent efficiently the map. Then, the field was partitioned
into regions of interest, which were described with
Zernike moments and compared separately. As a result,
the reconstruction efficiency was significantly improved.
The regions of interest were compared in the correlation
plots, and all points were within the validation limits as
defined by the experimental uncertainty of 0.35
10−7 m2/s. Moreover, full‐field comparison was per-
formed between the thermal diffusivity map of a void
beneath the surface and its numerical simulation in
RVE level. It was discovered that the simulation was
able to predict reliably the local thermal diffusivity of a
subsurface cavity. It may be stated that the developed
numerical methodology is validated and capable to non‐
destructively detect void content and void distribution
and also evaluate the thermal response of nanomaterials
in the presence of fabrication‐induced defects.
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