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ARTICLE INFO ABSTRACT

Keywords: This study aims at improving shearography non-destructive testing (NDT) of deep defects in thick composites
Thick composite with thermal loading. Instead of conventional global heating (GH), the core idea is to apply novel spatially
E]?I\F/l; modulated heating (SMH) for shearography NDT. In this paper, the finite element method (FEM) has been used

to advance shearography towards a quantitative inspection tool for thick composites. Both GH and SMH have
been performed experimentally and modelled in Abaqus to evaluate the corresponding efficacies in the detection
of deep defects. SMH was achieved by using a halogen lamp with a Fresnel lens. The heat flux distribution on the
specimen surface was taken into consideration for defect detection, a factor which is rarely reported in shear-
ography inspection. Besides, the influence of different reference states on shearography NDT of deep defects in
thick composites has also been studied by looking into the defect-induced phase maps from shearography. The
results indicate that the proposed SMH can improve deep defect detection with shearography in thick composites
by 2 to 3 times that of GH. It should be addressed that a similar and defect-free reference sample is currently

Global heating (GH)
Spatially modulated heating (SMH)

necessary to compare with a defective one.

1. Introduction

Thick composite structures [1-4] have found increasing applications
in a diverse range of areas due to their excellent advantages of weight
savings, high strength, high stiffness, and resistance to corrosion and
fatigue. In the aerospace industry, carbon fiber reinforced composites
(CFRP) have been applied to wings and fuselages [1,2,5] as well as
primary loading-bearing structures [2]. For instance in the Airbus A380,
the thickness of the composite components at the wing root joint could
be up to 45 mm [6]. In the marine sectors, glass fiber reinforced com-
posites (GFRP) are seeing widespread applications in large-scale struc-
tures including ship superstructures, decks, and hulls [3,4]. As an
example, sandwich composites made from glass-fiber laminate skins
with polyvinyl chloride (PVC)-foam core are common in use for the
construction of large hull structures whose thickness can easily go to
more than 100 mm. In wind energy, glass fiber and carbon fiber rein-
forced composites are used in blades and foundations of offshore wind
turbines [2,7]. A prototype offshore wind turbine blade (100 m long)
made from fiber-reinforced composites can have a cross-section up to 76
mm thick [8].

Although successful applications of thick composites are extensive,
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nevertheless, various defects including delaminations and fiber
breakage may occur both during the manufacturing process and in
service due to material complexity. For example, residual stresses that
arise from resin shrinkage and uneven cure in manufacturing can lead to
delaminations, fiber-matrix debonding, fiber waviness, and matrix
cracking in thick composites [9]. Accidental impacts in service can also
cause internal delaminations and matrix cracking which are barely
visible from the impact surface [2,10]. Those defects, which can be at
the surface or near-surface, as well as deeply buried, may have signifi-
cant effects on the mechanical performance and the structural integrity
of thick composites [1,11]. Hence, non-destructive testing (NDT) of
thick composites is of significant importance for improving structural
safety and reliability. Some well-known NDT techniques, such as ultra-
sonic testing [5,12] and X-ray [13-15], have trouble performing an on-
site inspection, e.g. in the shipyard environment [11], and it can take a
long time to scan an entire structure (e.g. ship hull) [11]. Other common
NDT techniques, e.g. vibration analysis [16,17] and thermography
[11,18,19], have their limitations as well. Vibration analysis, including
low-frequency resonance and mechanical impedance techniques, suffers
from detecting defects in structures with high stiffness, which means
thick laminates or defects at significant depth are difficult or impossible
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to detect [1,2]. In thermography with thermal excitation, the ability to
detect deeply buried defects in thick composites is limited due to the
problems of rapid heat dissipation and non-uniform heating [1,2]. The
characterization limit of inspection depth with thermography in
polymer-matrix composite laminates appears to be less than 5 mm [1,2].
Overall, it is concluded that thick composite inspection remains an
appealing problem and is an important and challenging task to imple-
ment [1,2].

Among the different kinds of NDT techniques, shearography [20-22]
is an optical metrology method that is used to characterize surface strain
components under loading. It offers the advantages of full-field mea-
surement, non-contact inspection, and high sensitivity to deformation
change. This technique has been used for qualitative inspection of de-
laminations, debonding, and other defects in thin composite materials
[23-26]. It reveals defects in an object by looking for defect-induced
deformation anomalies in the surface strain field. The surface strain
field is obtained by comparing two deformation states of the test object.
The reference status can be measured before loading, during loading, or
after loading, and the signal status is usually measured after loading.
Excitation methods used during shearography testing include thermal,
vacuum, pressure, vibrational, microwave and impact excitations
[21,27]. In this study, we focus on thermal loading [25,28-30] because
of its advantages of being non-contact, its versatility, cost-effectiveness,
and convenience for on-site inspection. Conventionally, global heating is
applied to deform the object [25,28]. The distribution of heat flux over
the surface of the test object is rarely considered in the shearography
inspection. In literature, the finite element method (FEM) has been used
to assist in the shearography NDT, which has enabled the prediction of
thermal deformation during the inspection. In some cases, thermal
loading was simulated by applying a temperature in the model to study
shearography NDT of isotropic materials [25,28]. More recently, con-
stant heat flux was used as an input of thermal loading for shearography
inspection of an anisotropic wooden panel [31] as well as a CFRP plate
[32], where heating was assumed to be uniform or locally uniform.
However, in reality, the heat flux on the specimen surface can vary with
location, which may affect defect detection. Moreover, for shearography
NDT of thick composites, especially when detecting deeply buried de-
fects (e.g. defect depth of 25 mm and more), the performance of con-
ventional global heating may be less desirable. This is because the
limitation of the thermal excitation method in thermography (i.e. rapid
heat dissipation and non-uniform heating) also exists in shearography
with conventional heating, which can affect inspection results. There-
fore, a modulated heating process can be necessary in order to improve
deep defect detection in thick composites.

It can be noted that the aforementioned studies with shearography
were limited to thin isotropic or composite plates; few studies are
available on shearography NDT of thick composites with thermal
loading [33-35]. Our recent study has broadened the application of
shearography with thermal loading to composites with thicknesses up to
50-60 mm [34], where the artificial defects are from 5 to 20 mm in
depth which are represented by flat-bottom holes which can be detected
in a 51 mm thick marine GFRP laminate. Nevertheless, deep defect
detection was not studied in detail and the heat flux was assumed to be
uniform in this modelling.

This work aims at improving the detection of deeply buried defects in
thick composite laminates. For that, FEM-assisted shearography with
spatially modulated heating (SMH) and conventional global heating
(GH) have been conducted and investigated. A flat-bottom hole is used,
following a standard practice [23-25], to indicate the major defect in a
51 mm thick GFRP laminate. Section 2 introduces the test GFRP panel,
shearography theory and the experimental system. Section 3 presents
the FEM model for predicting the thermal-mechanical response of the
thick GFRP laminate during the inspection. Results and discussions are
presented in Section 4. First in Section 4.1, we validate the model by
comparing experimental and numerical results of the test GFRP panel
subjected to GH and SMH, respectively. Afterward, we present defect-
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Defect
(D60-Z25)

(a) Front view (b) Back view

Fig. 1. The test GFRP specimen for shearography NDT (defect marked in a
black dotted circle in (a)).

induced responses subjected to these thermal excitations in Section
4.2. The selection of the reference status on shearography NDT of the
deep defect in the thick composite is discussed in Section 4.3. Conclu-
sions are given in Section 5.

2. Specimen description and shearography
2.1. Specimen description

A 300 x 300 x 51 mm> GFRP laminate of E-glass/vinylester with the
layup of [0/+45/90/—45]60 is shown in Fig. 1. It is a representative test
specimen for composite ship construction. The front and the back views
of the thick GFRP laminate are shown in Fig. 1(a) and 1(b), respectively.
The front surface of the specimen [Fig. 1(a)] was sprayed with remov-
able white paint to increase the scattered light for the shearography
inspection. To reliably simulate the major defect in the thick composite,
a flat-bottom hole was made from the back surface of the specimen
[Fig. 1(b)] to represent single delamination. The diameter and the
remaining thickness of the hole are 60 and 25 mm, respectively, indi-
cating that the artificial defect is 60 mm in size (D) and at 25 mm depth
(Z). 1t should be noted that the defect size and depth are representative
for deeply buried defects in marine composites. The material properties
in different directions (e.g. Young’s modulus, shear modulus, Poison’s
ratios, and thermal conductivities) can be found in [34].

2.2. Shearography theory and the instrument

During the shearography inspection, a laser beam was expanded to
illuminate the surface of the specimen, creating a speckle pattern. By
using a shearing device [Fig. 2(c)], the scattered laser light from two
neighboring points on the specimen surface interfere at the camera to
produce the interferogram. The shearing device enables temporal phase-
shifting for obtaining the optical phase (¢) of the recorded speckle
interferograms.

As mentioned in the introduction, shearography measures the
displacement derivatives by comparing two deformation states of the
specimen:

5¢(x7y) :¢'(x»y)7¢(x:Y) (1)

where ¢ and ¢ represent optical phases at pixel (x, y) of the two
deformation states, and §¢ represents their phase difference. For a
shearography system with the main sensitivity to the out-of-plane
deformation [Fig. 2(a)], the phase difference (5¢) can be related just
to the out-of-plane strain components (i.e., ow/dx and dw/dy) [20,36].
Taking the shearing direction parallel to the x-axis as an example, the
phase difference can be written as:

_ 4z dw(x,y)

5 (x,y) T o 5x(x, y) @
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Fresnel lens

Spatially modulated
heating with a
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(b)

Fig. 2. Experimental shearography system for thick composite inspection: (a) an overview of the shearography instrument with conventional global heating (lamps
1, 2) and spatially modulated heating (lamp 3), (b) spatially modulated heating with a Fresnel lens, (c) shearography instrument incorporated with the IR camera.

where 1 is the wavelength of the laser and 6x is the amount of shearing in
the x-direction.

Based on Egs. (1) and (2), the phase difference (6¢) can be retrieved
pixel-by-pixel, producing a phase map corresponding to the reference
status, and then, the strain component (dw/0dx) can be evaluated.

The in-house built out-of-plane shearography system with build-in
FLIR A655 infrared (IR) camera is shown in Fig. 2. The choice of
focusing on the out-of-plane surface displacement derivative was made
as the out-of-plane deformation of delaminations and flat-bottom holes
are expected to be predominant. The instrument details and its appli-
cation for material characterization were previously reported in
[34,37]. A Torus 532 CW laser (Laser Quantum, wavelength of 532 nm,
operating at 200 mW optical power) was used to illuminate the surface
of a specimen. The field of view (FOV) of the camera is about 300 x 300
mm? for a specimen at a distance of 1 m from the shearography in-
strument. Three halogen lamps operating at 500 W of electrical power
were each used to apply a thermal loading to the specimen. For the GH
mode, two symmetrically placed lamps [lamps 1 and 2, Fig. 2(a)] were
at a distance of about 1 m from the test piece to heat it globally. The
distance between the two lamps was about 0.8 m. For the SMH mode,

Front view

only the third lamp [lamp 3, Fig. 2(b)] with a Fresnel lens (#32-685 by
Edmund optics) was used to modulate the distribution of the heating
profile on the object surface. The dimensions of the Fresnel lens are 170
x 170 mm? and its effective focal length is 254 mm. The distance be-
tween lamp 3 and the specimen was about 0.6 m. It can be noted that by
adjusting the angles of the lamps and the position of the Fresnel lens, the
uniformity of heat distribution was controlled, and then monitored by
the IR camera. In this study, due to the illumination setup with the
Fresnel lens and heating at an angle, the shape of the SMH was elliptical
[Fig. 4 (d)]. The measured transient temperature with the IR camera
during the inspection was further used for estimating the heat flux dis-
tribution on the specimen surface as an input for simulating thermal
loading in Abaqus, which will be discussed later in Section 3.2.

The shearing device [Fig. 2(c)] was based on a Michelson interfer-
ometer with temporal phase-shifting achieved by a piezo-electric actu-
ator PSH 4z from Piezosystem Jena. The five-step phase-shifting
algorithm was selected due to its resulting accuracy [20]. Phase maps
were sin/cos filtered with iterative circular averaging and median filters
with a radius of 6 pixels and an aperture of 5 x 5 pixels respectively,
further unwrapped with the branch-cut method [38]. The shear distance

Back view

300 mm

: 100 mm

51 mm

Fig. 3. Overview of the established 3D FEM model in Abaqus: (a) front view, (b) back view, (c) mesh.
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Fig. 4. Diagram of conventional global heating and spatially modulated heating as the Abaqus inputs of thermal loading: (a) thermal excitation, (b) diagram of
conventional global heating and spatially modulated heating, (c) thermal response measured with the IR camera, (d) experimentally-determined heat flux for global

heating and spatially modulated heating.

(6x) was calibrated over the FOV according to [37,39] and was found to
be 7.8 £+ 0.5 mm (mean =+ std).

3. FEM model

FEM has been used to model both global heating and spatially
modulated heating as the inputs of thermal loading with Abaqus.
Considering that the layup of the test composite laminate ([0/+45/90/
—45]60) has repeating substructures, equivalent properties including
effective laminate moduli [40-42] and effective laminate conductivities
[43] can be determined for thick composite modelling to save compu-
tational time. The calculated equivalent thermal and mechanical prop-
erties of the test GFRP laminate for modelling can be found in [34]. In
this section, the thick composite laminate model and the characteriza-
tion of heat flux distributions of global heating and spatially modulated
heating from measured transient temperature are reported.

3.1. Thick composite laminate model in Abaqus

The FEM model (in Fig. 3) was established in Abaqus CAE software.
The front and the back views of the 3D model geometry are shown in
Fig. 3 (a) and 3(b), respectively. It is important to note that an ideal
mechanical boundary condition such as fully clamped is rather difficult
to achieve in experiments as the thickness of the specimen is significant

(~50 mm). Therefore the test panel was freestanding on the optical table
during the shearography test, and to simulate this actual mechanical
boundary condition, the displacement along the y-axis on the bottom
surface is fixed [Fig. 3(a)]. To simulate thermal boundary conditions
between the thick composite and environment, we chose a small value of
heat transfer coefficient (2 W-m_Z-K_l) for the model as the airflow in
the lab is relatively small. The mesh of the model is shown in Fig. 3(c).
There are 60 elements in the through-thickness direction (one element
per equivalent layer). In the area with the defect, the mesh size is around
2 x 2 mm?, while in the healthy region, the mesh size is around 4 x 4
mm? to make the computational time with high-performance computing
(HPC) cluster reasonable. The C3D8RT element [44,45] was selected for
the FEM model because of its advantages of saving computational time
and its capabilities in coupled temperature-displacement analysis. The
outputs include temperature and displacement. To validate the model,
the simulated temperature will be compared with the transient tem-
perature measured with the IR camera as well as thermocouples at
representative locations. It can be mentioned that the out-of-plane
displacement cannot be compared with shearography results (phase
maps) directly, therefore a Matlab code has been developed to calculate
simulated phase maps from the FEM displacement data. This can be
realized by calculating the out-of-plane displacement derivative from
the out-of-plane displacement (gap length: 2 mm) and then transferring
the obtained displacement derivative data into Eq. (2). The
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Fig. 5. Comparison of transient temperature between experiments (EXP) and simulations (FEM): (a)-(c): transient temperature for GH right after the 10th cycle of
heating, measured by experiments, predicted by FEM, and the corresponding difference. (d)-(f) transient temperature for SMH right after the 10th cycle of heating,
measured by experiments, predicted by FEM, and the corresponding difference. (g)-(h) transient temperature at the front and the back of the hole center with time for
GH and SMH, respectively (Front measured with the IR, back measured with TCs). [Temperature unit in °C]

experimentally-determined calibrated shear distance over the specimen
surface (Section 2.2) was implemented to obtain more accurate simu-
lated phase maps. In this paper, the phase is chosen as a unit for com-
parison because it is the primary output from the shearography
experiments.

3.2. Characterization of heat flux distributions of global heating and
spatially modulated heating

The specifics of the thermal loading are given here. The test panel
was heated from the front (defect-free side) by the halogen lamp(s). The
heating scenario [Fig. 4(a)] is chosen as 10 cycles of 60 s heating and 7 s
cooling, followed by a cooling phase (900 s), as preliminary analysis
showed this gave a thermal penetration depth of about 25 mm (defect
depth). The heating cycle was determined experimentally to get
resolvable phase maps taken between the cycles. The transient tem-
perature at the back of the hole center was measured with a thermo-
couple (TC) and the temperature rise was found to be several degrees
Celsius. The related results will be reported later in Section 4.1.

Cyclic heating is selected in this paper over continuous heating to
prevent overheating of the lamps. These gaps in the heating also allow
intermediate speckle interferograms to be captured without over-
exposing the camera with the light of the lamps. These intermediate
measurements will be used later to evaluate various reference states
[Fig. 4(a)] on defect detection in Section 4.2. Conventional global
heating and spatially modulated heating [Fig. 4(b)] were simulated in

Abaqus as well as were applied to the specimen in experiments for
analysis and comparison. The transient temperature on the specimen
surface was measured with the IR camera for characterizing full-field
heat flux distribution as the input of thermal loading in Abaqus.

We assume, that the heat flux of each heating cycle is the same as the
positions and angles of the lamps are fixed. So the transient temperature
of the first heating cycle [Fig. 4(c)] was used for estimating the heat flux
distribution on the specimen surface. For heat conduction in a thick
composite laminate, the transient temperature T;(x,y,t)(for a short
period) at each pixel (x, y) in the IR camera can be represented by the
analytical solution of the semi-infinite solid with surface heat flux [46]:

i

1) = i 2060 () @
pKz

where T; is the initial temperature of the plate (20 °C, representing room
temperature in the lab), g(x, y) is the heat flux at pixel (x, y) on the front
surface by the halogen lamp(s), and t is the heating time of the first cycle.
Considering that the transient temperature in time can be measured with
the IR camera, and the material properties including density p, the
specific heat c,, and the thermal conductivity in the through-thickness
direction k, are all known [34], the only unknown parameter is heat
flux q(x,y), which can therefore be estimated by a curve-fitting process
[34]. With a loop to characterize heat flux pixel-by-pixel, the heat flux
distribution over the specimen can be obtained. The estimated heat flux
distributions by global heating and by spatially modulated heating are
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shown in Fig. 4(d). It can be seen that global heating was characterized
as uniform heating with the variation of heat flux from 285 W/m? at the
center to around 123 W/m? at the corner. The calculated uniformity of
global heating is about 60%. Besides, as shown in Fig. 4(d), the heat is
more concentrated for spatially modulated heating than for global
heating. The maximum heat flux from spatially modulated heating is 3
to 4 times as large as that from global heating, while the average heat
flux is about 40% of that from global heating. Because of this, it is ex-
pected that higher local deformations can be detected with spatially
modulated heating. When the heating location of the region where en-
ergy is concentrated is close to the defect edge, it is expected that a
strong defect signal will be obtained, which can therefore improve
defect detection.

It should be addressed that Eq. (3) is a simplified solution without
considering 3D heat transfer within the thick composite and heat
transfer between the composite and environment, resulting in under-
valued heat flux. In order to overcome this issue, a magnitude factor was
introduced to modify the calculated heat flux distribution and this was
estimated to be about 1.35 for this study.

4. Results and discussions

In this section, experimental and numerical results for shearography
NDT of the deep defect are presented. First, a comparison between the
experimental results and the numerical ones of the test GFRP panel
(Fig. 1 and Fig. 3) for transient temperature and phase maps are reported
in Section 4.1. Then the defect-induced responses subjected to GH and

SMH are presented in Section 4.2. The impact of the reference status on
shearography NDT of thick composites is discussed in Section 4.3. In
experiments, it can be noted that the sets of phase-shifted speckle in-
terferograms were recorded continuously with the shearography in-
strument. All these sets were processed and built up, generating the
phase map that reveals the development of the out-of-plane displace-
ment gradient over the inspection time. The unit of phase is radian, and
in this instrument-specimen geometry (Fig. 2), 1 rad corresponds to
about 5.4 pe.

4.1. Comparison in temperature and phase between experiments and
simulations

This section describes the model validation for temperature changes
using experimental results. Fig. 5(a) and 5(b) are 2D plots of transient
temperature for GH (right after the 10th cycle of heating) measured with
the IR camera and predicted by FEM, respectively. The corresponding
difference is shown in Fig. 5(c). Fig. 5(d)-5(f) are 2D plots of transient
temperature for SMH measured with the IR camera, predicted by FEM,
and the corresponding difference, respectively, the time instant is right
after the 10th cycle of heating as well. It can be noted that the initial
temperature of the specimen before heating is around 20.0 °C, which
was subtracted from the data in the figure. The maximum temperature
increase by SMH (~30 °C) is about 2.5 times as large as that by GH
(~12 °C). The difference between experiments and simulations is
+1.0 °C for GH and +1.5 °C for SMH, respectively. This comparison
shows a good agreement in transient temperature between the
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experimental results and the FEM ones. For GH the temperature is uni-
form with variation (10.2 £ 1.9 °C), while for SMH the temperature is
more focused due to the more concentrated heat flux. Fig. 5(g) and 5(h)
show the transient temperature at the front and the back of the hole
center with time for GH and SMH, respectively. The solid lines indicate
transient temperature from experiments, and the dotted lines indicate
those from simulations.

The model comparison of simulated phase maps with measured
phase maps is given here. The initial status before heating and the final
status right after the 10th cycle of heating were applied to build up total
phase maps for comparison as they are representative states during the
inspection. Fig. 6(a) and 6(b) are total phase maps (for GH) measured
with shearography and simulated by FEM, respectively. The maximum
phase values from the experiment and simulation are both close to 60
rad, which indicates a good agreement between the experimental results
and the FEM ones for GH. The corresponding difference is shown in
Fig. 6(c). The difference between experiment and simulation is around 6
rad at the center and +16 rad near the edge for the total phase range
—100 to +60 rad. Fig. 6(d) and 6(e) are total phase maps (for SMH)
measured with shearography and predicted by FEM, respectively. The
maximum phase values by experiment and by simulation for SMH are
also close to each other (~60 rad). The corresponding difference is
shown in Fig. 6(f), where the difference between experiment and
simulation is around —10 to +20 rad near the modulated heating area
and —16 to —10 rad near the right edge for the total phase range —80 to
460 rad. For both GH and SMH, it is shown that the difference between
experiments and simulations near the edge area is a bit large. This may
be because it is close to the edge of the FOV where the shear calibration
is less reliable. Besides, the factors such as non-ideal boundary condi-
tions in the experimental set-up and lower signal-to-noise ratio at the
corners due to the non-uniform distribution of the illuminating laser
light may also contribute to this error. Shearography meansurement
uncertainty right at the boundary at the scale of shear distance (~7.8
mm) might contribute, which is expected to be small with reference to
specimen size (~300 mm). For the analysis, we only took the effective

area of inspection excluding shear uncertainty.

Fig. 6(g) and 6(h) show the phase comparison along axis a-a for GH
and SMH, respectively. The blue lines in Fig. 6(g) and 6(h) represent the
phases by shearography (solid lines) and by FEM (dotted lines),
respectively. The corresponding difference is shown by an orange line. It
is shown that the phase curves obtained by experiments have a variation
of about 3 rad standard deviation [Fig. 6(g)]. This variation, which
appears as lines with angles of 0°, +45°, 90° in Fig. 6(c), is assumed to
rise from the fiber deformation (e.g. related to fiber layup) which can be
considered here as background noise. While in FEM, we homogenised
the fiber and resin per equivalent layer, therefore the phase curves by
simulation are smooth.

4.2. Analysis of defect-induced phase

This section reports on the analysis of defect-induced phase for GH
and SMH, respectively. The process for obtaining defect-induced phase
from original phase maps is shown in Fig. 7. Take conventional global
heating as an example for the explanation. First the phase fringe maps
[Fig. 7 (a), wrapped phases] were obtained by comparison of two
deformation states of the specimen. After phase unwrapping, the phase
maps are related to surface deformation. The original phase maps
[6¢iorat> Fig. 7(b)] contain information about both defect-induced
deformation §¢p;p and overall deformation 5¢,p (background signal).
In order to extract defect-induced deformation (6¢pp), a phase
compensation process was performed. First a fitting surface was created
by using polynomial fitting to represent overall deformation, and the
subtraction between the original phase map and the fitting surface gives
S¢pppp [Fig. 7(c)1, which represents defect-induced phase (defect signal):

Ppip = 0Prora — OPop (C))

For the SMH scenario, the fitting plane created by the polynomial
fitting of the original phase is no longer useful due to the spatial mod-
ulation in heat flux. In order to overcome this problem, we repeated the
shearography experiments (the same heating scenario, the same
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boundary condition) by replacing the defective plate (D60-Z25) with an
intact plate (defect-free). The subtraction gives ¢, [Fig. 7(h)],

0Py = 5¢defm — 8P intaer ()

where 8¢ 4., represents the phase from the defective plate, and 6¢jpqc
represents the phase from the intact plate. Their subtraction (5¢,,) can
help to remove overall deformation. Then a similar phase compensation
process (similar to GH scenario, creating a fitting surface from 6¢,,;,, and
then subtracting it) by using polynomial fitting was performed to further
remove overall deformation and therefore the defect-induced phase
[8¢pp, Fig. 7(i)] for SMH was obtained.

The above data processing method was performed for experimental
data as well as FEM data. We should acknowledge a limitation of the
method is needing a reference undamaged panel for extracting defect-
induced deformation by SMH, during which extra errors can also be
introduced. The issue of extracting defect deformation by other methods
will be the objective of future work. To reduce the extra errors in this
method as much as possible, the test panel and the reference undamaged
panel under investigation were cut with the same dimensions from the
same larger GFRP plate. Besides, the white painting on the surfaces of
the panels [Fig. 1(a)] was sprayed in the same manner. It can be noted
that after the phase compensation process, the obtained defect-induced
phase from FEM data can be seen as a purely defect signal, while that
from experimental data may still contain noise resulting from fiber-
related deformation and speckle-related errors. These types of noise
were not considered in modelling due to their complexity.

The influence of reference states [Fig. 4(a)] on deep defect detection
with shearography was investigated by analysis of defect-induced phase.
Fig. 8 shows defect-induced phase maps corresponding to three repre-
sentative reference states by GH, where the final states were at the same
time instant during cooling. The three reference states include the Oth
cycle of heating (representing status before loading), the 4th cycle of
heating (representing status after 240 s of loading), and the 10th cycle of
heating (representing status right after loading). Fig. 8(a)-8(c) are
defect-induced phase maps measured with shearography for the three
reference states, and Fig. 8(d)-8(f) are the ones predicted by FEM. It is
shown that as the reference status differs, the defect-induced phase map
may change and therefore the efficacy of defect detection may vary. The
defect (D60-Z25) is detectable from all the three simulated phase maps
by FEM [Fig. 8(d)-8(f)]. However in experiments, it is detectable only
from the reference status at the 4th cycle of heating [Fig. 8(b)], which
has a relatively good agreement with Fig. 8(e) from FEM. While for the
other two reference states, the defect is barely detected [Fig. 8(a)] or
partially detected [Fig. 8(c)] possibly due to the influence of the fiber-
related deformation. Fig. 8(g)-8(i) show the defect-induced phase
changes with cooling time for the three different reference states. An
average defect-induced phase value of a 3 x 3 pixels region near the
edge of the artificial defect was selected where the maximum defect
signal was expected to occur. It should be noted that this selected region
should also avoid the influence of fiber deformation as much as possible.
The blue lines are from experimental data and the orange ones are from
FEM data. It is shown that despite the influence of fiber deformation, the
comparison of the maximum defect signal between shearography and
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FEM still shows a good agreement. Although the defect can be detected
from the modelling point of view, nevertheless, in real experiments, the
actual detection results may vary a lot due to choosing different refer-
ence sets of images. From the point of reducing the noise from fiber-
related deformation, choosing the reference status during heating is
favorable in comparison with the other two reference states, This is
further explained in Section 4.3.

The defect-induced phase maps by SMH are given in Fig. 9. The final
states were at the same cooling time instant, and similar to Fig. 8, the
same three different reference states (Oth, 4th, 10th cycles of heating)
were selected for comparison. Fig. 9(a)-9(c) are defect-induced phase
maps obtained by shearography data for the three different reference
states, and Fig. 9(d)-9(f) are the ones obtained by FEM data. It is also
shown that as the reference status is different, the efficacy of defect
detection may vary from the experimental results by shearography. This
phenomenon is similar to the GH scenario, and a possible explanation
can be found in Section 4.3. The comparison between shearography and
FEM has a good agreement when selecting reference status as the 4th
cycle of heating [Fig. 9(b) and Fig. 9(e)]. While for the other two
reference status cases, the similarity between shearography and FEM is
not ideal. This will also be discussed in Section 4.3 as well. Fig. 9(g)-9(i)
show the defect-induced phase changes with cooling time, where an
average defect-induced phase value of a 3 x 3 pixels region near the
defect edge was selected to indicate the defect signal. The blue lines are
from experimental data and the orange ones are from FEM data. There is
a larger difference in defect signal by SMH [Fig. 9(g)] than that by GH.
This is because for the SMH studied in this paper, the heat flux is more

Table 1
Summary of maximum defect signal by SMH and GH, respectively.
SMH GH
Average heat flux (W/m?) ~90 ~220
Maximum defect signal in phase (rad) DS ~4.5 ~1.5
FEM ~4.0 ~1.5

concentrated than for GH, and the maximum heat flux by SMH is higher
(around 3 to 4 times as that by GH), therefore the fiber deformation by
SMH has a greater impact on the defect-induced phase maps compared
with that by GH. It can be seen in Fig. 9(g)-9(i), that the defect-induced
phase curves by experiments and by simulations still show a good
similarity.

The experimental and numerical results for GH (Fig. 8) and SMH
(Fig. 9) are summarized in Table 1. The maximum defect signal value is
obtained from the results of reference status at the 4th cycle of heating
since it shows a better performance in defect detection than the results
from the other two reference status cases.

As shown in this table, the average heat flux by SMH is only about
40% of that by GH, but the maximum defect signal by SMH is around 2
to 3 times as large as that by GH, which is a significant improvement in
defect detection. The defect-induced phase maps by SMH [Fig. 9(b) and
9(e)] also show a better performance in defect detection than those by
GH [Fig. 8(b) and 8(e)].
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4.3. Discussions of reference status on deep defect detection

It has been shown that the efficacy of shearography NDT of the deep
defect in thick composite varies when selecting a different reference
status [e.g. Fig. 8(d)-8(f)]. This could be due to their difference in
temperature at the three reference states, indicating that the defect re-
sponses at the three reference states can vary. Hence, although the final
states are the same, the comparison between the two states can be
different, resulting in a variation in defect detection efficacy.

For both GH and SMH, it was also shown that the defect-induced
phase map by shearography has a good agreement with that by FEM
when selecting the reference state as the 4th cycle of heating. Never-
theless, the similarity between shearography and FEM results is not good
when selecting the other two reference states for comparison. This could
be because for these two reference status cases from shearography, the
influence of fiber deformation is significant in the defect-induced phase
maps, while as mentioned before, the fiber deformation was not
considered in the modelling. Below, we will discuss this in more detail.

The average fiber deformation over time during the inspection is
shown in Fig. 10. The reference status is before loading. This figure was
plotted by averaging the defect-induced phase maps of a selected region
at each time instant. Since the defect-induced phase contains positive as
well as negative values, their absolute values were averaged to represent
the average fiber-related deformation during the inspection. The origin
of time was right after the 10th cycle of heating, so the time with
negative sign represents the cycling heating phase, and the time with
positive sign represents the cooling phase.

It is shown that the maximum fiber-related optical phases are around
2.0 rad (GH) and 3.0 rad (SMH), respectively, which are comparable to
the corresponding defect signal. In Fig. 10, point R4 represents the status
of fiber deformation at the end of the 4th cycle of heating and point S
represents the final status selected in Section 4.2. We can assume that
the fiber-related optical phases have no apparent difference for these
two deformation states, therefore when selecting reference status as
right after the 4th cycle of heating (R4), it yields relatively good results
in defect detection as the influence of fiber deformation is reduced
significantly. While selecting another reference status such as the Oth
cycle of heating (RO) or the 10th cycle of heating (R10), the fiber-related
phase will still have a great impact on the defect-induced phase maps,
therefore it may affect significantly the efficacy of shearography in-
spection. A suggested rule for selecting the suitable reference and final
states for shearography NDT of thick composites will be, to try to reduce
the fiber-related phase as much as possible while keeping the defect
signal as high as possible. For this sample, this can be done by a

10

reference status of 40% of the overall heating time.
5. Conclusions

In this work, FEM-assisted shearography with spatially modulated
heating has been proposed and applied for improving the detection of
deep defects in thick composite laminates. Both conventional global
heating and spatially modulated heating were performed experimen-
tally and modelled numerically for shearography NDT. The heat flux
distribution on the specimen surface was taken into consideration in this
study, which is rarely reported in defect detection with shearography.
The influence of different reference states on shearography NDT of thick
composites was studied in this paper. Current results showed that SMH
has one or a combination of the following advantages: energy concen-
tration, high defect signal, deeper defect detection, improved edge
detection of a defect, and potentially fast inspection. The conclusions
obtained from the present study are as follow:

(1) With spatially modulated heating it is possible to improve the
detection of the deeply buried defect in the thick composite
laminate. As shown in this paper, the maximum defect signal by
SMH can be 2 to 3 times that from global heating with about 40%
of the average heat flux (Table 1). This result is promising for
improving deep defect detection even with low-power heating
sources. Nevertheless, it should be addressed that due to non-
uniform heating and the complex global deformation with
SMH, additional measurements of a similar and defect-free
reference sample are currently necessary to compare that of a
defective plate. In order to use the presented method as a
reference-free one, some advanced algorithms, e.g. phase
compensation by combining analytical solutions of thermal
deformation or prediction by FEM may be useful to overcome this
problem.

(2) The efficacy of shearography NDT of the deeply buried defect in
the thick composite laminate can vary when selecting different
reference states, in which the issue of fiber-related deformation
on deep defect detection should be treated carefully when
applying thermal loading. A suggested rule for selecting the
suitable reference states (as well as signal states) is, to reduce the
background phase (e.g. fiber-related) as much as possible while
keeping the defect signal high. In this paper it was achieved by
selecting the reference status as 40% of the total heating time.
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(3) The current FEM model has the drawback of not considering
fiber-related deformation and speckle-related errors. However it
is acceptable for the sake of saving computational time.

It can be noted that the efficacy of defect detection by the proposed
SMH can vary greatly depending on the heating positions. The detection
is expected to be more efficient as the heating position is close to the
defect. Nevertheless, in a real inspection the location of a defect usually
remains unknown beforehand. To cope with this problem, a combina-
tion of GH and SMH for shearography NDT can be a reasonable solution
for the detection of deep defects, that is, first applying GH for overall
searching of suspicious areas, and then applying SMH for detailed
characterization of deep defects.

In this study, we used an elliptical shape pattern with the proposed
SMH method, as a rational result of the illumination setup with the
Fresnel lens and heating at an angle. Other shapes or other types of SMH,
e.g. by using multiple Fresnel lenses, can be investigated in the future.
Besides, developing some advanced algorithms to extract defect-induced
deformation can be a promising subject for future work. For example,
phase compensation by combining analytical solutions of thermal
deformation or prediction by FEM.
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