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ARTICLE INFO ABSTRACT

Keywords: Thick composite materials are commonly used as load-bearing structures in marine applications. Developing a
Thick composite suitable and sophisticated non-destructive testing (NDT) method for thick composites is an urgent challenge to
E]?I\F/l; improve the safety, reliability and maintenance of these structures. Digital shearography has become an

important NDT technique for detecting defects in thin composite materials because of the advantages of high
sensitivity to deformation change, and whole-field measurement. So far, the efficacy of shearography for thick
composite inspection (e.g. thickness as more than 50 mm) has not been fully characterised. This paper combines
finite element methods (FEM) and experimental tests to investigate the defect detection capabilities of shear-
ography for inspecting thick glass fiber-reinforced polymer laminates. A thermal-mechanical model was estab-
lished by computing equivalent thermal and mechanical properties and was evaluated by experimental
shearography testing. In order to reliably simulate major defects in thick composite, flat bottom holes were
manufactured in the specimen. Both simulations and experiments show that shearography is a promising tech-
nique to inspect thick composites. The thresholds for defect-induced phase change and the corresponding defect-
induced deformation are determined for shearography testing of thick composites in this paper. Afterwards, the
effect of mechanical boundary conditions on defect-induced deformation is studied by FEM.

Digital shearography
Equivalent properties
Boundary conditions

decades, advanced ultrasonic testing methods including phased array
ultrasound testing [3], air-coupled ultrasonics [8], and laser induced

1. Introduction

Fiber-reinforced composite materials [1-3] are used extensively in
aerospace industry and marine applications because of their significant
advantages in high specific stiffness and strength and load-carrying
capability. However, with the existence of various kinds of defects such
as delamination and fiber breakage, the material properties and struc-
tural integrity of composite materials may degrade severely [4]. Non-
destructive testing (NDT) techniques are therefore needed to improve
the safety and reliability of the structure. NDT of thin composite struc-
tures employed in aerospace engineering has been studied extensively
for decades [5]; however, for NDT of thick composite structures (e.g.
10-50 mm thick), which are normally used as load-bearing structures in
marine applications, little attention has been paid. So far, the NDT defect
detection capabilities and inspection limitations for thick composite
have not been fully characterised.

Ultrasonic testing is one of the most well-known NDT methods [1]. It
uses high frequency acoustic waves to detect composite structural
anomalies such as cracks or delaminations [3,7]. During the last
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ultrasound [1] have been developed for defect detection. Although it has
been widely used in industrial inspection for a long time, the attenua-
tion, scattering and multiple reflections of ultrasound signals can
become a significant issue when inspecting thick composites. Besides, it
can be quite time-consuming to scan the whole structure. Therefore it is
a challenge to apply it for inspecting thick composites. Vibration anal-
ysis [9-13] and X-ray radiography [5,7] are also well-known NDT
methods for inspection of composite materials. They have their own
disadvantages and limitations when inspecting thick composites. For
vibration analysis, which reveals the presence of defects by detecting
changes in dynamic properties (e.g. stiffness, natural frequency) of the
composites, it may suffer from a significant signal loss for inspecting
deeply buried defects [5,7]. For X-ray radiography, one of the major
challenges is its inability to detecting defects in the through-thickness
direction, and the danger associated with X-ray to humans can be a
problem as well [5,7]. Among the various NDT methods in the existing
literature, Shearography [6,14-20] is an optical interferometric
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technique with the advantages of high-sensitivity to deformation
change, full field, robustness to environmental disturbances, real-time
results, and non-contact measurement. It directly measures derivatives
of surface deformation, which are closely related to surface strain
components. This allows shearography to inspect structures by looking
for defect-induced anomalies in the surface strain field, from the fringe
pattern and/or phase map. A vital procedure for shearography NDT is to
load the tested object during inspection. The loading techniques used in
shearography for defect detection [1,16,21] include thermal, vacuum,
pressure, vibration, microwaves, and so on. Since shearography can
detect surface displacement gradient changes in the range of micro-
strain, the applied stress does not have to be very large (e.g. heating by
several degrees centigrade).

It should be noted that the key to a successful shearographic in-
spection lies in highlighting the contribution of defect-induced defor-
mation (DID, representing defect signal) in the overall deformation (OD,
representing background signal). Defect detection is expected to succeed
as long as the defect signal is large enough for shearography to detect (e.
g. the ratio of defect signal to background signal is greater than two).
Moreover, it is possible to remove or reduce the background signal for
detailed inspection by subtracting a fitting surface that indicates overall
deformation. So far, in shearography NDT of thick composites, the
defect-induced response in shearograms to loading methods (e.g. me-
chanical, thermal, or impact loading) and loading parameters (e.g.
loading time or loading intensity) is not fully understood yet. In litera-
ture, studies on combining finite element method (FEM) with digital
shearography have already been reported for improving the interpre-
tation of shearograms [22-24]. Akbari et al. [25] studied the thermal
loading parameters in a shearography test by using a numerical-
experimental approach. More recently, Yang et al. [26] simulated
defect detection of thin materials under various loading scenarios, by
evaluating the ability of detection with shearography. Buchta et al. [27]
combined finite element analysis with shearography testing to monitor
artwork. The above-mentioned studies were focused on thin metal plates
or thin composite materials (less than 6 mm in thickness). The appli-
cations were either for qualitative inspections [16] or the number of
major defects studied in literature was limited (1-2 artificial defects)
[24,25,27]. Though applications for shearography NDT of thin com-
posite materials were well discussed in literature, but the experimental
research for thick composite inspection with shearography was con-
ducted by few researchers [28,29]. To the best of our knowledge, no
literature has reported on a numerical-experimental study on the defect
detection capability of shearography in thick fiber reinforced composite
laminates (with the thickness of more than 50 mm), which is the main
objective of this investigation. Besides, the investigation of DID to
different loading conditions such as loading time and loading intensity
for shearography NDT of thick composites has not been reported.
Moreover, there is little research about the effect of boundary conditions
on DID of thick composite. Shearography NDT of thick composite is
challenging considering the complexity in material structures, the sig-
nificant thickness and the high stiffness of the thick composites [5,7,30].
We aim at broadening of this shearography application to composites
with thickness as up to 50-60 mm that are common in marine sector.

This paper aims to investigate the defect detection capabilities of
shearography in thick composites subjected to thermal loading. For that,
a thermal-mechanical model has been built in ABAQUS to assist in the
shearography inspection. To reliably simulate major defects in thick
composites [23,25], flat bottom holes were made following a standard
practice to represent a single delamination. The specimen description
and shearography theory are introduced in Section 2. Section 3 details
the thermal-mechanical model of the thick glass fiber reinforced poly-
mer (GFRP) laminate. Equivalent mechanical and thermal properties are
calculated for modelling. This section also presents a method to char-
acterize the heat flux of heating lamps. In section 4, the comparison of
FEM and experimental results are conducted for both transient tem-
perature and surface strain. Based on the confined FEM models and
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shearograpy results, the defect responses of the thick composite during
cooling are studied. Afterwards, the effect of mechanical boundary
conditions on defect deformation of the thick composite are analyzed by
FEM.

2. Specimen and shearography theory
2.1. Specimen description and material properties

E-glass based composites have found widespread applications in
marine area due to the advantages of lightweight construction, corro-
sion resistance and cost-effectiveness [31,32]. However, various defects
(e.g. delaminations, fiber breakage, water ingress) [1] may occur within
those composites under a harsh and aggressive marine environment. For
the purposes of the current study, an E-glass/vinylester panel repre-
sentative of a marine composite, with a total thickness of 51 mm was
manufactured by Damen Shipyards. A schematic of the panel is shown in
Fig. 1. This GFRP panel is a representative test specimen for composite
ship construction. The stacking sequence of the specimen is [0/+45/90/
—45]¢0 with the size of 600 x 450 mm?. The specimen was milled with
13 flat bottom holes with three different diameters (D = 30, 60, 120
mm). These defects are at different depths (Z) ranging from 5 to 40 mm,
and represent major defects of thick composites. Here the selection of
layup, thickness of the material, defect depth and size are representative
for marine composites. It should be noted that the depth of an artificial
defect is defined in this paper as the remaining thickness of the material
after drilling. Each artificial defect has been named by an alphanumer-
ical code. For example, “D60-Z15” represents the defect that is 60 mm in
diameter and at 15 mm depth. In this study, we used one specimen as
shown in Fig. 1 for characterising the defect detection capabilities of
shearography NDT for thick composites.

Table 1 shows the experimentally measured material properties of
the specimen. For that, 87 small samples (4 layers of fiber) were
designed and manufactured to measure the Young’s modulus, shear
modulus and poisons ratio in different directions according to ASTM
Standards D3039/D3039M-14 [33], D3410/D410M-03 [34], and
D7078/D7078M-12 [35], respectively. 15 tests were performed for
determining each one of the in-plane material properties and 6 tests
were performed for determining each one of the out-of-plane shear
properties. The tensile tests were performed by using the Electro-
mechanic Universal Test Machine, and the compressive tests were was
performed by using a using a Zwick Materials Testing Machine. A Ma-
terial Test 810 System was used for the shear tests. Besides, the density
and the fiber volume ratio were determined by using a Mettler Toledo
(AB204-S) balance and a Nabertherm oven (30-3000 °C), respectively.
The thermal expansion coefficients of the laminate were measured with
thermomechanical analysis (TMA) on a Perkin Elmer Diamond TMA,
and the specific heat of the laminate was measured with modulated
differential scanning calorimetry (MDSC) on a Perkin Elmer DSC 8000.

It should be noted that the out-of-plane elastic modulus, the out-of-
plane Poisson’s ratios, and the thermal conductivities of the ply are
unknown. For a single ply, it was assumed that Es3 = E2p and v13 = v12.
Out-of-plane Poisson’s ratio vp3 was calculated based on the self-
consistent field model [36]. In order to calculate thermal conductiv-
ities in Table 1, we first obtained the material properties of the resin and
glass-fiber from the material manufacturer and previous projects [37].
Then the micro-mechanical relations (the Halpin-Tsai equations) were
applied to calculate thermal conductivities along and transverse to the
fiber directions [38].

2.2. Digital shearography

A schematic diagram of a representative shearography system based
on a Michelson interferometer is shown in Fig. 2. This shearograhy setup
is adapted to measure the out-of-plane surface displacement gradient as
delaminations and flat bottom holes are expected to affect the out-of-
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Fig. 1. Diagram of the specimen with flat bottom holes. All dimentions are in mm.
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Table 1
Material properties for E-glass fiber/vinyl ester resin laminate.
Property  Unit Value  Description Reference
En; GPa 37.9 Elastic modulus of a ply [33]
Ex» GPa 12.0 [33]
Eas GPa 12.0 E33 = Ex
assumed
Gia GPa 5.0 Shear modulus of a ply [35]
Gas GPa 4.1 [35]
Gi3 GPa 3.7 [35]
V1o [-] 0.3 Poisson’s ratios of a ply [33]
Vi3 [-] 0.3 V13 = V12
assumed
va3 [-] 0.4 [36]
ay 10/ 19.18  Coefficients of thermal TMA
°C expansion of the laminate
ay 106/ 20.81 TMA
°C
a 10/ 46.80 TMA
°C
[ i’ 803 Specific heat at 20 °C MDSC
(kg°C)
p kg/m® 1971 Density Mettler Toledo
vf (%] 57 Fiber volume ratio Nabertherm
ky w/ 0.81 Thermal conductivity along [38]
m°C fiber direction
ko w/ 0.36 Thermal conductivity [38]
m°C transverse to fiber direction
ks W/ 0.36 Thermal conductivity through [38]
m°C thickness direction

plane deformation. By using a beam expander, a laser beam is expanded
to illuminate a rough surface, creating a speckle pattern [Fig. 2(a)]. Two
images (identical but sheared) are generated by tilting the shearing
mirror by a small angle, [Fig. 2(b)]. In this way, the scattered light from
two neighbouring positions on the rough surface of the object can be
brought to meet in the image plane of a CCD camera, interfering with
each other to form an interferometric speckle image. In this work the
shearing device is able to control the direction and the amount of the
shearing éx [Fig. 2(b)].

The recorded intensity of the speckle pattern by camera can be
written by [15,39]:

I =1y(1+ ycose) (@9)]
where I, represents the background intensity, y represents a term that

indicates the fringe modulation, and ¢ represents a random relative
phase between the two neighbouring points, separated by dx.

Defect detection by shearography relies on comparing two defor-
mation states of the object. Two sets of images (reference images and
signal images in Fig. 2(c)) are captured during measurement. The
reference images can be captured either before or after loading, and the
signal images are usually captured after loading. Computing the differ-
ence of the phases between the two states of deformation yields the
phase difference (5¢), which is also known as fringe pattern:

Sp=¢ —¢ @)

it can be noted that 5¢ represents the optical phase difference introduced
by loading, which is proportional to the displacement gradient in the
shearing direction.

By making the observing and illuminating directions normal to the
object surface, if the shearing amount (6x) is small enough and the
shearing direction is parallel to the x-axis, the optical phase difference
can be approximately represented by a strain component or out-of-plane
displacement derivative:

4z ow

Eq. (3) shows that when considering an image rather than a single
point, shearography can detect flaws by finding strain anomalies from
out-of-plane surface strain field. When the shearing direction is along
the y-axis, the surface strain components in y direction (dw/dy) can be
obtained by replacing x with y in Eq. (3).

As mentioned before, as shearography reveals a defect in an object by
comparing the speckle patterns between two states of deformation, some
form of loading or stressing is required to be applied to the object being
inspected. This research is focused on thermal loading because of its
interest for industrial applications.

3. Numerical modelling

Note that as the composite laminate ([0/+45/90/—45]¢0) studied in
this paper consists of large numbers of a repeating sublaminate, effective
mechanical and thermal properties have been calculated for the lami-
nate for use in the modelling in order to save memory and computational
time.

3.1. Effective mechanical and thermal properties for thick composite
modelling

In literature, several mathematical methods have been reported to
determine the equivalent elastic properties of laminates [40-44].
Among them, Sun and Li [43] derived expressions of effective elastic
constants for thick laminates by employing a longwave concept. Hoorn
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Fig. 2. Diagram of shearography system for the out-of-plane displacement gradient (shearing along x-direction).

et al [44] derived expressions for equivalent laminate mechanical
properties with the equal strain assumption. Both of the methods can
obtain three-dimensional elastic properties and the results from the
methods derived in [43] and [44] are compared in this paper.

As shown in Table 2, the equivalent elastic modulus for composite
laminate with substructure [0/45/90/—45] are computed according to
[43] and [44], respectively. Results calculated from the two methods
agree with each other well. Since the differences between the equivalent
mechanical properties derived from the two methods are small (less than
1%), either method is feasible. In this study, the method in Ref. [44] was
used for further modelling due to its ease of application.

Equivalent thermal conductivities of the laminate are also needed for
modelling. The expressions derived in [45] are applied to determine the
global conductivities of three directions for the thick laminate. For the
GFRP laminate used in this research, the effective thermal conductivities
kx,ky,k; (W/m«°C) in the x, y, and z directions are 0.585, 0.585, and
0.36, respectively. Since the equivalent properties of the thick composite
laminate can be derived, the laminate was modelled by using its
equivalent properties.

3.2. Thermal-mechanical model

Fig. 3 shows the thermal-mechanical model developed in ABAQUS
to simulate the thermal deformation of a thick composite laminate with
flat bottom holes. The specimen is freestanding on an optical table
during measurement. To simulate this mechanical boundary condition
in Abaqus, the displacement of the bottom surface along y-direction is
constrained (UY = O for bottom surface). To compensate heat loss from

Table 2
Comparison of effective modulus predictions for GFRP laminates.
[0/45/90/—45] Difference
Unit Ref. [43] Ref. [44] Absolute Relative

Ey GPa 20.667 20.703 0.036 0.17%
E, GPa 20.667 20.703 0.036 0.17%
E, GPa 13.275 13.275 0 0
Gy GPa 8.094 8.117 0.023 0.28%
Gy, GPa 3.897 3.909 0.012 0.30%
Gyy GPa 3.897 3.909 0.012 0.30%
Vay (-] 0.277 0.275 0.002 0.72%
Uy (-] 0.309 0.309 0 0
Urz (-] 0.309 0.309 0 0

the composite to environment, a heat transfer coefficient needs to be
applied to the model. In literauture, the free convection heat transfer
coefficient of gas [46] is 2-25 W/mz-K, and considering that the air flow
in the lab is relatively small, therefore we selected a small value (5 W/
m2K) for the model as a thermal boundary condition. The eight-node
coupled temperature-displacement element (C3D8T) was selected for
the finite element analysis since it is a 3D element and has thermo-
mechanical capabilities. This C3D8T element measures displacements
(e.g. displacements in X, y, z-axis, U1, U2, U3), strains (e.g. E11, E22), as
well as temperature of the whole model. In areas with defects, the mesh
is refined (2 x 2 mm? in size) in order to get a more accurate result for
the defect response, while in healthy regions, the mesh density decreases
(5 x 5 mm? in size) to reduce computational time. The element number
through thickness direction is 60 (one element per equivalent layer).
This created a finite element model consisting of about 700,000 ele-
ments and the total computational time was about 30 h using a high
performance computing cluster. In this research, the thermal deforma-
tion of the whole specimen during 180 s heating and 320 s cooling is
simulated to assist in the shearography NDT. The selection of the heating
and cooling times is based on the efficacy of defect detection of D60-Z15,
which is the main defect size of interest for this study. These values were
empirically obtained from experiments.

The specimen was heated from the front by two halogen lamps. Here
the front side represents the specimen surface where the flat bottom
holes are not visible. To simulate transient temperature and thermal
deformation during inspection in Abaqus, surface heat flux is needed as
an input of thermal loading. Due to limited direct measurement options,
an indirect reconstruction of the surface heat flux was perfomed by
solving an inverse problem from the thermal response (transient tem-
perature) which was measured by a surface mounted thermocouple
(TC). Further in the model, an assumption of a uniform heat distribution
is made. Considering the specimen is relatively thick (51 mm) and the
thermal conductivity is relatively small, the surface temperature on the
heating side for the first couple of minutes during heating can be rep-
resented by the analytical solution of the semi-infinite solid with con-
stant surface heat flux [46]:

t
T(t)=T;+2
® a0 (”pcpkz)

where T; is the initial temperature of the plate (20 °C, representing room
temperature in the lab), qo is the heat flux at the front surface by the
halogen lamps, and t is time during heating. Since the transient tem-
perature in time can be measured with the TC, and the material prop-

o

4
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(a) Front (b) Back

Fig. 3. The 3D FEM model developed in Abaqus.

erties including density p, the specific heat cp, and the thermal con-
ductivity through thickness direction k, are already known, so the only
unknown parameter is the heat flux qo, which is assumed to be a con-
stant due to the assumption of the uniform heat. The characterization of
the unknown value of heat flux qo is solved through a curve-fitting
process. The transient temperature at the front surface of the central
hole (D60-Z15) during heating is shown in Fig. 4(a). The estimated heat
flux is 285 W/m?. As shown in Fig. 4(b), at the beginning of the heating,
the maximum difference in temperature between the experimental
result and the analytical solution is around 0.4 °C. The difference nar-
rows down to 0.1 °C as the heating time increases from 30 s to 180 s,
indicating that the estimated heat flux matches experimental data well.

It should be noted that in the real experiment, the thermal condition
of uniform heating is satisfied approximately for the region near D60-
715, while for the region far from D60-Z15 (e.g. the edge of the spec-
imen), the real surface heat flux may differ a bit from the estimated heat
flux 285 W/m?. Therefore, it is expected that the difference between
experiments and simulations can increase as from region near central
hole to region close to the edge. For this study, the uniform heating
condition is acceptable since the field of view (FOV) for shearography
NDT is about 3/10 of the whole specimen, so the edge area is outside of
the FOV, and from the perspective of validation of modelling, we can
first focus more on the region near D60-Z15, which is done in the
following section.

4. Results and discussions

As described in Section 3.2, a full-scale, thermal-mechanical model
for thick composite was established to predict the specimen’s defor-
mation during heating and cooling. In this section, first the FEM model
was evaluated by comparing numerical results to experimental ones for
transient temperature and surface strain components (dw/dx). The

26
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transient temperature was measured by TCs at the front (defect-free
side) and rear surfaces of the specimen and the surface strain component
was measured by shearography from the front. Then the DID during
cooling was investigated by shearography and FEM. Afterwards, the
influence of the mechanical boundary conditions on the DID detect-
ability was analyzed by FEM.

4.1. Comparison between FEM and experiments

Fig. 5 (a) shows the positions of four TCs which were glued to the
specimen. Two of them were attached to points Al and A2, measuring
temperature of the front and rear surfaces of D60-Z15, the other two
were attached to points A3 and A4, measuring temperature of the front
and rear surfaces of intact part. Although more TCs could give more
information on the distribution of the temperature and heat flux, how-
ever, more TCs may also affect the measurement of shearography.
Therefore, the number of TCs is minimized to not interfere with shear-
ography measurement. Fig. 5(b) shows the measurement area for the
shearography tests. As a result of working conditions and instruments, a
measurement of the full area of the specimen was not feasible. The FOV
of the camera is about 320 x 280 mm? of the specimen. It is reported
[47,48] that in shearography steup, the shearing amount across the
whole FOV may be not the same due to aberrations and wave front errors
of the optical elements. In this paper, a calibration process [48] for the
shear amount 8x over 250 x 185 mm? of the FOV was implemented to
reduce errors resulted from the shear variation across the specimen
surface. As mentioned in Section 2.2, the reference interferograms for
shearograhy can be captured either before or after loading, so the in-
fluence of the reference status for defect detection by shearography was
also studied here.

Fig. 6(a) shows a comparison of transient temperature between ex-
periments and simulations at points A1 and A2, respectively. The lamps

0.2

o

Difference [°C]
)
N

0 50 100 150
time [s]

(b)

Fig. 4. (a) Transient temperature measured with a TC and predicted by theory at the front surface of the central hole (D60-Z15). (b) Temperature difference between

the experimental result and the analytical solution.
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Fig. 5. (a) Positions of TCs. (b) The measurement area for shearography tests.
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Fig. 6. Comparison of transient temperature between experiments and simulations.
temperature between experiments and simulations at A1, A2, B1, B2, respectively.

were on from time O to 180 s and off from time 180 to 500 s. After
turning the lamps off, the temperature of the front side decreased
immediately while the temperature of the rear side still increased during
cooling. Similar phenomenon can be found in Fig. 6(b). The temperature
increment at B2 (~0.1 °C) is much lower than that at A2 (~1.5 °C), since
the thermal conductivity is relatively small and the thickness of the
intact part (51 mm) is much larger than that of the central hole (15 mm),
so it takes much more time for heat to reach B2. The transient temper-
atures between experimental measurements and FEM results agree with
each other well. The differences in temperature between simulations
and experiments at four positions are shown in Fig. 6(c) and (d). A
disturbance in temperature difference occurs in Fig. 6(c) and (d) in the
initial stage of cooling. This is because in the experiment, it takes 2 s for
the lamps to turn off completely. In this 2-second transition period, the
heat flux from the lamps decreases rapidly to 0, while in the modelling,
the heat flux is assumed to be zero right after heating, so a short pulse-
like disturbance was induced in temperature difference.

Fig. 7 shows strain maps at t = 180 s (right after heating) and t = 500
s (cooling for 320 s), respectively. The reference speckle images were
captured before heating. The representative out-of-plane displacement
derivative maps at 180 s and 500 s derived from FEM and shearography,
and their corresponding differences are given in Fig. 7(a)-(c) and (d)-

(b) : : : .
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(a) At the central hole (D60-Z15). (b) On a healthy part. (c) - (d): Differences in

(f), respectively. Since the primary outputs from Abaqus software are
displacements rather than displacement derivatives, a MATLAB code
was developed to calculate the displacement derivative data from the
Abaqus output. As mentioned before, the modelling is a full-scale
simulation while the calibrated area for shearography is 250 x 185
mm? of the simulated object, therefore we only compared the
displacement derivative within the calibrated area for shearography and
FEM. The coordinate origin is at point O as shown in Fig. 5(b), which is
the central point of D60-Z15. For determining the accuracy of the thick
composite model, the displacement gradients along axis a-a are
compared for simulations and experiments, as shown in Fig. 7(g), the
difference of surface strain component along axis a-a by shearography
and by modelling is shown in 7(h). The modelling results agree well with
the shearography results within the range from —30 mm to 130 mm
(with a maximum difference of 20u¢). The difference between shear-
ography and FEM increases out of this range, mainly because it is
difficult to achieve a uniform heating over the whole surface of the
specimen. In a real experiment, the heat flux to the edge region can be
smaller than the estimated value.

Fig. 8 shows the out-of-plane displacement derivative maps at two
cooling times by FEM and shearography. The reference speckle images
were captured right after heating and the signal speckle images were
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captured after 69 s and 320 s cooling, respectively. The cooling times
were chosen from when defects become visually detectable. As in Fig. 8
(a) and 8(b), after 69 s cooling, two circular regions along axis x = 100
mm are shown, representing defects D30-Z10 and D60-Z10 at 10 mm
depth. After 320 s cooling, two more defects (D30-Z15 and D60-Z15) at
15 mm depth are visible in Fig. 8(d) and (e). The displacement deriva-
tive maps shown in Fig. 8 represent overall deformation of the specimen,
which contains defect-induced deformation.

Fig. 8(g) shows the comparison of the displacement derivative along
axis a-a between experiments and simulations at the two cooling times.
In general, the displacement derivative increases from x = -50 mm to x
= 150 mm, and a fluctuation in displacement derivative happens when
encountering a defect. In FEM, the fiber and the resin were homogenised
per layer, and therefore the simulated thermal deformation (lines in blue
and orange in Fig. 8(g)) is smooth. While in experiments, it is shown that
the displacement derivative curves measured with shearography (lines
in black in Fig. 8(g)) are with local variations. The variations are mainly
due to the local fiber deformation, which can be considered as a back-
ground noise.

Fig. 8(h) shows the difference in the displacement derivative be-
tween experiments and simulations at two cooling times, the difference
after 69 s cooling shown as the blue line, and the difference after 320 s
shown as the orange line. There is a significant variation at some points
(e.g. at the hole edge of D60-Z10). This is mainly due to the fiber-
deformation related noise. As the simulated thermal deformation is
ideal while the experimental result is with local variations, therefore the
difference between FEM and experiment as shown in Fig. 8(h) has var-
iations from position to position. Besides, the manufacturing error when
drilling holes in the thick composite can also contribute to the significant
variations in Fig. 8(h). It can be noted that the actual depth of the
artificial defects (D60-Z10 and D60-Z15) is larger than design values.
Local variations in depth up to 1.5 mm were found which are not
directly modelled. Therefore the defect signal measured by experiment
is expected to be smaller than that predicted by FEM. Moreover, the
mismatch in temperature between experiments and simulations can also
be an issue. This mismatch is from the unknown heat transfer coefficient
in experiments and the overestimated heat flux in FEM for the region far
from the D60-Z15. The temperature difference between experiments and
simulations increases with the cooling time (Fig. 6(c) and (d)), which
may explain why the difference in displacement derivative between
experiment and FEM increases as cooling time increases from 69 s to
320 s (Fig. 8(g) and (h)).

Defects are more visible in Fig. 8 than in Fig. 7, which indicates that
using a reference state after heating has a better performance in defect
detection compared with a reference state before heating. This is
because the background signal (overall deformation) in Fig. 8 ( 107°) is
much less than that in Fig. 7 ( 10~*). Therefore, in the following sec-
tions, reference states after heating are used for shearography NDT.

4.2. Defect-induced deformation

Fig. 9 shows the process of deriving DID from OD. We first created a
fitting surface based on the original displacement derivative map. The
subtraction between the displacement derivative map and the fitting
surface represents the DID. Fig. 10 shows the DID by experiment and by
FEM, and the corresponding difference at two different cooling times
(69 s and 320 s, respectively). The two cooling times are the same as in
Fig. 8. The comparison of DID along axis a-a at two cooling times are
shown in Fig. 10(g) and 10(h). Two fluctuations are clear to see at x = 0
mm and x = 100 mm for both the experimental and the FEM results in
Fig. 10(h). These depict DID of defects D60 Z15 and D60-Z10, respec-
tively. The difference between experiments and simulations along axis a-
ais given in Fig. 10(i). The dotted line represents the difference between
experiment and FEM after 69 s cooling, and the solid line represents the
difference between experiment and FEM after 320 s cooling.
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Fig. 9. Demonstration for deriving Defect-induced deformation from overall
deformation (Gradient).

Lines at +45° and 90° are clearly shown in Fig. 10(a) and (d) by
experiment. Those lines represent fiber-related deformation, which are
absent in Fig. 10(b) and (e) by FEM since the effect of composite material
composition on strain was not considered separately. Similar to Fig. 8(g)
and (h), there is a significant variation at some points the edge of the
D60-Z10, and the difference in displacement derivative between
experiment and FEM increases as cooling time increases from 69 s to
320 s (Fig. 10(g)-(@)). The possible reasons include the fiber-
deformation related noise (~23% error in strain) in experiments, the
local variations in defect depth (~19% error in strain) due to the
manufacturing error, and the mismatch in temperature (~10% error in
temperature) from the unknown heat transfer coefficient and the over-
estimated heat flux, which have been discussed in detail in Section 4.1.
Besides, the fitting process (in Fig. 9) may also introduce extra error that
contributes in the significant variations, which is difficult to assess
accurately. However, it is expected to be a minor issue.

The simulated phase maps and the corresponding simulated strain
maps by FEM are ideal without considering fiber-related noise and er-
rors from the shearography system (error of speckle, error of phase,
intensity error, etc.). Therefore, the background signal in the healthy
region by FEM is much less than that by shearography. For our experi-
ments, the standard deviation (STD) of the background phase signals in
the healthy region by simulation and by experiment are approximately
0.02 rad and 0.2 rad, respectively. Practically in the shearography ex-
periments, a phase measurement sensitivity of 2% rad [49] is possible to
achieve, which is about three times of the STD of the background phase
signals in healthy region in the experiment. Therefore in this paper, we
set the thresholds for defect-induced phase (DIP) change 8¢, to be 22
and +2%

Spp € {oo,—%} u {%, oo], the defect detection is most likely to

succeed.

Spp € (—2—5”, —f—g) U <f—g7 %), the defect detection is possible to

succeed.

Spp € {—f—& %] , the defect detection most likely will not to suc-

ceed.

Combining with Eq. (3), we can therefore derive the corresponding
thresholds for DID and estimate the required cooling time. In this paper,
the laser wavelength is 532 nm (green), and the mean of the shear

amount 5x over the calibration area is about 5.58 mm, the corresponding
thresholds for defect-induced deformation %DID are +4.8 and +9.5u¢.
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Fig. 10. Comparison of DID by experiment and by FEM at two cooling times: (a) - (c) Shearography result, FEM prediction, and corresponding difference after 69 s
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axis a - a for the simulations and experiments.

The DID during cooling along the axis a-a of the full model is shown
in Fig. 11. For the heating scenario (heating from t = 0 to 180 s, cooling
from t = 180 to 500 s) in this paper, the detectable depth is 15 mm, and
the estimated cooling time for detecting the defect at 15 mm depth is
around 250 s. Deeper defects may require more heating flux and/or
more cooling time to be detectable. The follow—up experimental results
show that the defect at 20 mm depth (D60-Z20) can be detected suc-
cessfully with a heat flux of more than 1000W/m2. However, the
detection of defects at 40 mm depth has not succeeded yet after testing
various combinations of heat fluxes and heating times.

4.3. Effect of mechanical boundary conditions

Although it is possible to study the effects of mechanical boundary

condition using experiments, for the GFRP panel under investigated in
this paper, an ideal mechanical boundary condition (physically in the
laboratory) such as fully clamped (CCCC) or simply supported-
horizontal (UZ = 0) would be difficult to achieve. This is because of
the relatively large size (600 x 450 mm?) and the significant thickness
(~50 mm). Therefore an experimental study of the effects of mechanical
boundary conditions for this GFRP panel is challenging. With the nu-
merical and experimental results reported in Sections 4.1 and 4.2, it is
safe to say that the FEM model is reliable (maximum strain difference
between simulations and experiments over the calibrated area during
cooling is around 20u¢). Since the simulations showed reasonable ac-
curacy compared with shearography experiments, it was possible to
study the effect of mechanical boundary conditions on DID by FEM. For
this purpose, three mechanical boundary conditions are studied in this

-5
x10
4 . ' ' ' '
,|_| oL NN ][ At=0s
T . At=20s
S : A At =69s
& o o i At=129s
S = At =189 s
s At =249 s
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Fig. 11. DID along axis a-a during cooling by FEM, the thresholds for DID marked in dotted lines.
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section, which are the freestanding case (UY = 0 for bottom surface,
previously studied in 4.1), fully clamped case (CCCC), and the simply
supported-horizontal case (UZ = O for back surface), as shown in Fig. 12.
The specimen is heated and inspected from the front surface, which is
the defect-free side. The constant surface heat flux, the heating and
cooling times are set the same as in Section 4.1. The heat loss from the
composite to environment is also the same as in Section 4.1. Hence, the
temperature distributions in the composite for all three cases are the
same, and the mechanical boundary condition is the only variable.

Fig. 13 shows the comparison of the three mechanical boundary
conditions on DID after cooling for 320 s. The reference images were
captured after 180 s heating. As shown in Fig. 13(a)-(c), shearographic
fringes were simulated for a direct comparison of the three boundary
conditions with the same shear distance of 5.58 mm. It can be noted that
the simulated fringes highly depend on boundary conditions. For the
freestanding case, the influence of whole body bending on the fringes is
dominant, while for the fully clamped case and the simply supported-
horizontal case, the magnitude of the body bending is much smaller
compared with the freestanding case. Therefore, the defect-induced
anomalies are more visible from the fringe patterns for the fully clam-
ped case and the simply supported-horizontal case than for the free-
standing case. The DID for the three boundary conditions is shown in
Fig. 13(d) — 12(f) and the comparison along axis a-a is given in Fig. 13
(g). It shows that during cooling, the effect of boundary conditions on
the DID at a large depth (more than 10 mm) is limited. The relative DID
values of the three boundary conditions are close to each other. While
for defects at 5 and 10 mm depth, there is a relatively big difference in
DID among the three boundary conditions, which could be the effect of
local stiffness.

Fig. 14 shows the DID of defects with the diameter of 60 mm at 5, 10,
15, 20 mm depth for three boundary conditions during cooling, the
selected points are around the edge of the defect. When the depth of the
defect is increased from 5 to 20 mm, the difference in the defect-induced
strain among the three boundary conditions decreases from 11.9 to 1.7
ue, which indicates that as defect depth increases, the influence of me-
chanical boundary conditions on DID decreases.

5. Conclusions

A numerical-experimental study has been conducted to investigate
the defect detection capabilities of shearography NDT for a 51 mm thick
GFRP laminate with flat bottom holes. First a thermal-mechanical
model for detecting defects in the thick composite was developed. The
model was then evaluated by TCs and shearography tests. It shows a
good agreement in transient temperature and in strain maps between
simulations and experiments. Based on the FEM and experimental

(b)

Fig. 12. Three mechanical boundary conditions for modelling. (a) Freestanding (UY = 0).
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results, the detectable depth of shearography for this thick GFRP lami-
nate can be up to 20 mm with the current heating sources. It can be
noted that the maximum detectable depth of shearography in fiber-
reinforced composite laminates that can be found in literature is less
than 10 mm [1,23,50]. Moreover, to the best of our knowledge, the
defect detection capability of shearography in thick fiber reinforced
composite laminates (with the thickness of more than 50 mm) has not
reported yet. The thresholds for DIP and the corresponding DID are also
determined for shearography testing in this paper. Besides, the effect of
mechanical boundary conditions on DID was studied by FEM. It shows
that mechanical boundary conditions have a significant influence on
shearography fringe pattern. As for DID during cooling, the influence of
boundary conditions for deep defects is limited, which may indicate that
for thick composite inspection, the influence of mechanical boundary
conditions on defect detection capabilities of shearography is limited in
the case that the overall deformation can be removed properly.

The novelty of this study is that developing a suitable and sophisti-
cated NDT method for thick composite is an urgent challenge to improve
the safety, reliability and maintenance of these structures. In spite of the
significance of thick composite inspection, few studies are available on
this subject because of the complexity in material structures, the sig-
nificant thickness, and the high stiffness of the thick composites. So far,
the NDT defect detection capabilities and inspection limitations for thick
composite have not been fully characterised. The experimental research
for thick composite inspection with shearography was conducted by few
researchers. No literature has reported on a numerical and experimental
study on the defect detection capability of shearography in thick fiber
reinforced composite laminates with the thickness of more than 50 mm,
which is the main objective of this investigation. Besides, the investi-
gation of DID to different loading conditions including loading time and
loading intensity for thick composite inspection with shearography has
not been reported, and there is little research about the effect of
boundary conditions on DID of thick composite. From the above nu-
merical and experimental investigation, it is clear that shearography is a
promising NDT method for thick composite inspection. The presented
numerical-experimental analysis and conclusions can provide valuable
instruction on shearography NDT of thick composites. The established
thermal-mechanical model can be used to assist in the shearography
inspection by determining a reasonable loading intensity and loading
time for inspection with shearography.

We aim at broadening of this shearography application to composites
with thickness as up to 50-60 mm, also to bring the technique out of the
laboratory in the nearest future. Future works include optimization of
loading parameters to improve defect detection of shearography in thick
composites and exploring the possibilities of both in-plane and out-of-
plane deformation for other defects such as fiber breakage. Besides,

(b) Fully clamped (CCCC). (c) Simply supported-horizontal (UZ = 0).
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Fig. 14. DID of defects with the diameter of 60 mm at 5, 10, 15, 20 mm depth during cooling by FEM.

more boundary conditions (e.g. simply supported and cantilever) will be
considered. Some suggestions for conducting experimental tests can be
making the size of the specimen not too big (e.g. less than 300 x 300
mm?), otherwise it may make the clamping much more difficult. Be-
sides, more attention should be paid when selecting a suitable material
for a clamping frame. Titanium may be suggested considering its high
stiffness and low thermal expansion coefficient.
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