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Shearography pair method for reliable non-destructive inspection of 
millimeter and submillimeter defects in fiber-reinforced composites
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A B S T R A C T

Non-destructive inspection (NDI) of small-scale defects in fiber-reinforced composites is an urgent challenge to 
ensure the structural integrity of safety–critical components. Shearography is a non-contact and full-field optical 
NDI method that can be used to characterize surface strain components under loading. Thermal loading is widely 
used in shearography because of the advantages of being non-contact and convenient for in-service inspection. 
Shearography has received considerable industrial acceptance for the inspection of aerospace and marine 
composite structures, however its efficacies in detecting small mm and sub-mm defects have not been fully 
characterised. Besides, one major issue regarding shearography with thermal loading is fiber-related deformation 
or fiber noise, which can affect the efficacy of defect detection significantly, especially when detecting small and 
deep defects. In this study, the novel shearography pair method is proposed and developed to reduce fiber noise 
for reliable inspection of small mm and sub-mm defects in composites. The defect detection capabilities of the 
proposed method have been studied and compared with conventional shearography practice and with fast 
Fourier transform (FFT) and principal component analysis (PCA) based signal processing algorithms. The results 
demonstrate that the proposed shearography pair method has the advantages of less fiber noise, improved in
spection results, and being faster with reduced number of datasets. It enables the detection of mm and sub-mm 
defects (down to 0.6–0.8 mm in diameter) in composites; these inspection results are one of the smallest defect 
sizes detected with shearography and reported in literature.

1. Introduction

Fiber-reinforced composites, such as carbon fiber-reinforced poly
mers (CFRP) and glass fiber-reinforced polymers (GFRP), have been 
increasingly adopted in safety–critical structures in the aerospace, ma
rine and wind energy sectors over the last few decades [1–3]. Numerous 
types of defects and damage can occur in composite materials including 
delaminations, matrix cracking, fiber breakage and impact damage 
[3,4]. Non-destructive inspection (NDI) and defect detection in these 
composites are therefore critical to ensure structural integrity and 
safety. Particularly, inspection capabilities of small defects, for example 
in the mm and sub-mm range, have become increasingly important for 
the structural safety of critical components in high-value applications 
[5] such as composite liquid hydrogen tanks.

Among the different NDI techniques, digital shearography is a non- 
contact and full-field optical technique that has received considerable 
interest in various industries, in particular, for the inspection of aero
space and marine composite structures [6–8]. Shearography NDI 

methods can offer effective solutions for the detection of both 
manufacturing and in-service defects in composites such as de
laminations, fiber breakage and impact damage [9]. Temporal phase- 
shifting shearography is commonly used due to high accuracy and is 
suitable for static and quasi-static measurements. The development of 
shearography techniques in recent years includes FEM-assisted shear
ography for thick marine composite inspection [8,10], shearography 
measurement and CT scans of delamination defects in composite 
hydrogen storage cylinders [11], 3D shearography for in-situ inspection 
of large canvas paintings [12], acoustic shearography for non-contact 
defect imaging composite materials and metallic coatings [13–16]. 
Nevertheless, the detection capabilities of shearography for small de
fects (e.g., in the mm and sub-mm scale) still need to be investigated.

Shearography can detect defects in an object as surface strain 
anomalies after a certain loading. The defect-induced surface strain 
anomalies are usually identified by comparing two deformation states of 
the test object. The two states are also known as the ‘reference’ and 
‘signal’ states or speckle interferograms [7,17]. The outputs from 
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shearography include phase maps (ϕ), which can be related to the in- 
plane and out-of-plane surface strain components of the test object. A 
key objective in shearography NDI is selecting a load to deform the test 
structure to achieve a reasonable defect deformation (e.g., by a few 
micro-strains). Common loading methods for shearography include 
pressure [11,18–20], vacuum [21–23], mechanical [16,24], vibration 
[13,14,25,26], and thermal [8,27–29] loadings. A summary of different 
loading-based shearography techniques is shown in Table 1. Based on 
the literature survey, previous studies have generally been limited to 
defect sizes of 3–20 mm in metals and 5–120 mm in composite materials. 
To the best of our knowledge, the study on shearography detection of 
small mm (e.g., size of 1–3 mm) and sub-mm size internal defects in 
composite laminates is still very limited [19,20].

Among the different loadingings, thermal loading is widely used 
[7,9,17,30–32] because of the advantages of being non-contact and 
convenient for in-service inspection. However one major issue is fiber- 
related deformations, which arise from the difference in thermal con
ductivity and thermal expansion coefficient between the reinforcing 
fiber and matrix. These fiber-related deformations can affect the efficacy 
of defect detection significantly, especially when measuring small and 
deep defects [10,29]. Moreover, the presence of various layup sequences 
can cause significant changes in heat propagation through the com
posites, causing non-uniform deformation background that poses 

difficulties and challenges in defect detection and characterization. Ex
amples of fiber deformation-related noise or fiber noise limiting the 
detection of small and deep defects in fiber-reinforced composites are 
given in Fig. 1. Successful detection of defects in the same specimen 
during the same test may be possible, if the fiber noise can be sup
pressed. This structured fiber-related deformation background, e.g., 
vertical and diagonal lines in Fig. 1(b,d), is a general issue among 
various fiber-reinforced composites including CFRP and GFRP. Similar 
phenomenon related to the fiber layup features/structures also occurs in 
thermography and eddy-current testing methods [33–35]. Hughes et al. 
determined the dominant fiber orientations present in the CFRP struc
ture by applying radon-transform techniques for eddy-current data [33]. 
Poelman et al. separated the structured fiber background from the defect 
information by using k-space analysis of thermographic images obtained 
from the woven fabric composites [35]. Nevertheless, little attention has 
been paid to the analysis of fiber-related deformation to improve 
shearography NDI of fiber-reinforced composites with thermal loading.

It should be emphasized that the novelty of the work is not on 
improving the optical scheme, but on improving the performance of 
thermal-based shearography data processing for defect detection in 
composites. In the regular inspection practice, the signal and reference 
interferograms are captured at time moments, e.g. before excitation and 
after, without proper analysis of the object behaviour and deformations 
during the excitation. Potentially, defect detection with shearography 
could be enhanced by specially choosing pairs of speckle interferograms 
with similar level of fiber-induced noise. In this work, we are aiming to 
develop new shearography pair method by using specially chosen pairs 
of the signal and reference interferograms (with respect to the heating 
scenario) to minimize the fiber noise. Additionally, existing signal pro
cessing algorithms such as those based on fast Fourier transform (FFT) 
and principal component analysis (PCA) [36–40] are compared with the 
developed shearography pair method. The preliminary results of this 
research were reported earlier in conference proceedings [41].

The goal of this study is to push the boundaries of shearography 
inspection of composite materials towards sub-mm scale defects. For 
that, the shearography pair method has been proposed and developed 
through the analysis of fiber-induced deformation during heating and 
cooling. Shearography pairs are the pairs of reference and signal sets of 
phase-shifted speckle interferograms that yield minimum fiber noise for 
defect detection. The remainder of the article is organized as follows. 
Section 2 introduces the test CFRP specimen and shearography theory. 
Section 3 details the proposed shearography pair method. Section 4
presents shearography pair results and a comparison with conventional 
shearography practice including well-known signal processing algo
rithms, such as FFT and PCA. Conclusions are given in Section 5.

2. Test specimen and digital shearography

To highlight the performance of the developed shearography pair 
method, we focus on an experimental study of detecting small mm and 
sub-mm defects — flat bottom holes (FBHs). As manufacturing de
laminations of sub-mm size is challenging, FBHs are used as reference 
defects to reliably simulate major defects of various sizes and depths in 
the composite laminate, following common practice in research papers 
[25,27,42] and industrial NDI applications [43,44].

2.1. Test CFRP specimen

The test specimen (Fig. 2) is a typical aerospace CFRP laminate made 
from CYCOM 977–2 by Cytec. The size of the specimen is 200 × 200 × 4 
mm and its layup is [0/90]5s. A series of flat bottom holes were milled in 
duplicate (twin defects) at the back surface of the plate at the center 
area. The diameters (dia) of the holes ranged from 0.4 to 3 mm and the 
remaining thickness (rem) varied from 1 to 3 mm, representing refer
ence defects of various sizes and at different depths. To check for 
manufacturing errors, the holes of diameter of 0.8–3.0 mm with 

Table 1 
Summary of different loading-based shearography techniques for NDI.

Loading 
method

Description Detectable defects

Pressure Suitable for pressure vessels, 
pipes, honeycomb structures; 
Not suitable for solid 
laminates.

• In metals: flat bottom holes 
(FBHs) of 5–8 mm in size were 
detected in aluminum plates 
(at 0.5 mm defect depth) [18].

• In composites: delaminations 
down to 60 mm in size were 
detected in CFRP hydrogen 
storage cylinder [11]; voids of 
more than 1 mm in size were 
detected in high-pressure CFRP 
tube [19,20].

Vacuum A vacuum test chamber is 
required. Suitable for testing of 
tires, composite laminates, and 
honeycombs. For larger 
objects, the total enclosure is 
not practical.

• In metals: defects of size less 
than 10 mm and depth larger 
than 0.5 mm were hardly 
detected [23].

• In composites: Teflon 
inclusions of 5–30 mm in size 
were detected in GFRP plates 
[21,22]; defects with less than 
10 mm and depth larger than 
0.5 mm were hardly detected 
in CFRP plates [23].

Mechanical A loading machine (e.g., 
tensile machine) is usually 
needed; rigid body motion can 
be a problem.

• In composites: microcracks 
from a few mm to several tens 
of mm in length were detected 
in CFRP plates [16]; impact 
damage of size around 120 mm 
was detected in composite ship 
hull section [24].

Vibration Contact may be required (e.g., 
using PZT excitation)

• In composites: FBHs of 20–40 
mm in size were detected in 
CFRP plates [25]; microcracks 
of around 0.8–6 mm in length 
were detected in CFRP 
laminates [13,14].

Thermal Heating sources such as 
halogen lamps are needed. 
Being non-contact, convenient, 
versatile and cost-effective for 
on-site inspection.

• In metals: FBHs of 3–8 mm 
diameter at 1–2.5 mm depth 
were detected [27].

• In composites: FBHs of 30–60 
mm in size at up to 20–25 mm 
depth were detected. [8,29]; 
delaminations with a size of 
10–30 mm were detected in a 
honeycomb panel [28]
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remaining thickness of 1 mm were measured with a Keyence VK-X1000 
confocal scanning microscope and the deviation (mean value) between 
measured dimensions vs. the nominal ones is within 0.06 mm.

2.2. Shearography instrument

A schematic of shearography is shown in Fig. 3(a). With the shearing 
device, the scattered laser light from two neighbouring positions on the 
specimen surface (separated by shearing distance δx) can interfere at the 
camera to produce the interferogram. The experimental system is shown 
in Fig. 3(b). The test CFRP laminate was inspected from the front surface 
(defect-free side) using one channel of a modified 3D shape shearog
raphy system [29,45] with a main focus on the out-of-plane deformation 
(Fig. 3(b)). This was achieved by placing the shearing camera close to 
parallel to the laser beam and perpendicular to the specimen (Fig. 3(a- 
b)). The selection of focusing on out-of-plane shearography was made as 
the out-of-plane deformation of delaminations and flat bottom holes is 
expected to be dominant.

The specimen was illuminated with a Torus 532 CW laser (Laser 
Quantum, wavelength λ of 532 nm, operating at around 100 mW optical 
power) through a beam expander, creating a speckle interferograms. 
The front surface of the specimen (defect-free side) was sprayed with 
removable white paint in matt finish to increase the amount of scattered 
laser light. The shearing camera included a Pilot piA2400 camera (2456 

× 2058 pixels) by Basler with a Linos MeVis-C 1.6/25 lens and a spectral 
bandpass filter (center wavelength of 532 nm with bandpass of 4 nm). 
This shearing camera had a Michelson shearing interferometer with 
temporal phase-shifting realised by a piezo-electric actuator PSH 4z 
(Piezosystem Jena), enabling continuous recording of the phase-shifted 
sets of speckle interferograms. The four-step phase-shifting method was 
adopted due to its convenience [7], it was done by recording four 
speckle interferograms (each having π/2 phase-shift, i.e., 0, π/2, π, 
3π/2) in both reference and signal states. One full phase-shifting cycle 
takes about 3.5 s, which is relatively slow due to the low laser power 
(100 mW) and the limitation of the used piezoelectric transducer. It is 
acceptable for the laboratory conditions (including the clamping 
boundary condition). For industrial applications, fast phase-shifting (e. 
g., < 1 s) is preferred.

The field of view (FOV) of the shearing camera was approximately 
220 × 260 mm at 1 m distance. The shearing distance δx was calibrated 
over the FOV according to [45,46]. Different shearing distances 
(2.0–5.7 mm) were tested during the experiments. A suitable shearing 
distance of 3.2 mm on average (approximately 26–27 pixels, with 1 pixel 
corresponding to around 0.12 mm) in the horizontal direction (x-axis) 
was experimentally determined to obtain good number of fringes for 
phase unwrapping and sufficient sensitivity for defect detection.

During the inspection, two opposite edges of the specimen were 
clamped. Three halogen lamps (SUPER PAR CP62) operating at an 

Fig. 1. (This figure is given to illustrate the problem without detailed description to keep the focus of this paper.) Examples of fiber noise limiting the detection of 
small and deep defects in fiber-reinforced composites. (a)-(b) Shearography results (phase maps ϕ, proportional to the out-of-plane displacement derivative ∂w/∂x) of 
a 4-mm-thick aerospace CFRP laminate with 0.4–3 mm defects, the defects are not detected due to the fiber noise (a) with high fiber noise, and (b) its fiber 
background. Phase units in rad, 1 rad corresponds to 5.4 με. (c)-(d) Shearography results of a 51-mm-thick marine GFRP laminate with a defect at 25 mm depth, (c) 
with high fiber noise, and (d) its fiber background. 1 rad corresponds to 13.2 με.
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electrical power of 500 W each were used to apply thermal loading to 
the specimen. The temperature on the front surface of the specimen 
(emissivity assumend to be 0.95 [47]) was monitored with a FLIR A655 
IR camera (640 × 480 pixels, thermal sensitivity < 30 mK). The spec
imen was heated by 10 cycles of 30 s heating, resulting in a temperature 
rise of 40 ◦C. To enable the developing shearography pair method, 
measurements during heating have to be made in addition to the ones 
made before heating and during cooling. The optical filter used to pass 
the laser light (spectral bandpass filter) was found to be not efficient in 
blocking the light from the lamps, so the heating was off after each 30 s 
for the shearing camera to capture the phase-shifted interferograms. The 
overall amount of heat assures sufficient defect deformation for shear
ography NDI. The shearing camera (Fig. 3(a-b)) continuously captured 
sets of speckle interferograms before heating, at the short pauses be
tween cycles of heating, and during cooling. All the sets of speckle in
terferograms (600 + datasets) were processed through temporal phase 

shifting (four-step), phase filtering and unwrapping to give phase map 
stack with respect to time. The filtering was sine/cosine filtered with 
iterative circular averaging and median filters with a radius of 2 pixels 
and an aperture of 3 × 3 pixels respectively. Phase unwrapping was done 
with the branch-cut method [48]. A phase compensation process (Fig. 3
(c-d)) by using polynomial fitting was further performed [8,10] to 
remove the phase change due to global deformation for the inspection.

3. Shearography pair method for non-destructive inspection

In this section, the new shearography pair method is developed 
through the analysis of fiber-related and defect deformation during 
heating and cooling. First, the variation of fiber-related phase and defect 
phase in time were investigated, then optimal shearography pairs, i.e., 
the pairs of reference and signal speckle interferograms that yield 
minimum fiber noise, were determined. In shearography, phase maps 

Fig. 2. Schematic of the test CFRP specimen with flat bottom holes (FBHs) at the center area. The FBHs were milled at the back surface of the specimen in duplicate 
(twin defects: two FBHs of the same size and at the same depth). [units in mm].

Fig. 3. (a) Schematic of shearography based on a Michelson interferometer. (b) The experimental system with the main focus on the out-of-plane deformation, the 
specimen is placed at a distance of approx. 1 m from the shearing camera. (c-d) Unwrapped and compensated phase maps.
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(ϕ) are the primary outputs that can be obtained by computing phase 
differences of the speckle interferograms at two deformation states. The 
obtained phase is proportional to the out-of-plane displacement deriv
ative in the shearing direction (ϕ = 4π

λ
∂w
∂x δx), where λ is the laser 

wavelength and δx is the shearing distance [8]. In this paper radian is 
chosen as a unit for the phase analysis, and in this instrument-specimen 
geometry (Fig. 3(b)), 1 rad corresponds to 13.2 με. It should be noted 
that the phase maps were cropped to exclude the specimen clamping 
region.

3.1. The approach to identifying the fiber and defect-induced phases

In order to analyse the fiber-related and defect-induced deformations 
during the inspection, first the fiber phase and defect phase at each time 
instant need to be identified. This section introduces the approach to 
characterize the fiber and defect deformations.

It was found, that fiber deformation is the highest, if measured from 
before the heating to the end of the heating. To determine the fiber 
phase, a phase compensation process is needed to remove overall or 
global deformation, which can be done by subtracting the original phase 
map with the fitted surface created by a polynomial fitting to the orig
inal phase. The compensated phase map of total heating was obtained as 
shown in Fig. 4(a). Fiber deformation appears at the locations with local 
max or local min phase values. To find these locations, we plotted the 
phase changes of different cross-sections along three red lines in Fig. 4
(a). The three lines were selected randomly in defect-free areas to pro
vide reliable statistical dataset. The positions of local max and min 
phases were extracted with a prominence window of 10 pixels along the 
three red horizontal lines (Fig. 4(d-f)). The points marked in red and 
blue are expected to be the positions of fiber bundles. A histogram of the 

local max and min phases from the fiber locations was plotted with a 
fitted normal distribution curve overlaid (Fig. 4(g)), showing the fiber- 
related phase distribution close to a normal distribution. The assump
tion of normal distribution was justified by testing for skewness and 
kurtosis (Table 2). As |Skewness| < 0.5 and |Kurtosis − 3| < 1, the data 
appears to approximately follow the normal distribution.

After identifying fiber positions (coordinate in pixels), the absolute 
values of the phases at those positions were averaged to represent fiber- 
related deformation (ϕfiber in Eq. (1) at a time instant: 

ϕfiber =
|ϕlocalmax| + |ϕlocalmin|

2
(1) 

Where ϕlocalmax is the average of all the local maximum values of the 
fiber-induced phase and ϕlocalmin is the average of all the local minimum 
values of the fiber-induced phase (Fig. 6 (steps 2.2–2.3)) along the three 
red lines in Fig. 4, respectively. Then the average of |ϕlocalmax| and 
|ϕlocalmin| is computed and we assume the average of the absolute values 
(|ϕlocalmax| and |ϕlocalmin|) to represent the fiber phase ϕfiber (Fig. 6 (steps 
2.3–2.4)).

The same operation was done for each compensated phase map from 
600 + datasets in the time sequence so that the evolution of the fiber- 
related deformation with time can be obtained (Fig. 5(b)). A 

Fig. 4. (a) The compensated phase map of the total heating to identify positions of fiber bundles. (b) Compensated phase map (from the shearography pair method) 
showing the positions of defects. (c) Zooming in on the defect areas. The defects (FBHs) show up as ‘blue and yellow’ dots in the figure. (d)-(f) Phase changes across 
Lines 1–3 (horizontal lines in (a)), local max and min phases marked in red and blue, respectively. (g) A histogram of local max and min phases to show fiber-related 
phase distribution (with a fitted normal distribution overlaid for visual confirmation). Phase units in rad. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 2 
skewness and kurtosis of the data.

Skewness Kurtosis

The maximum values of the fiber-induced phase 0.0561 3.1159
The minimum values of the fiber-induced phase − 0.4864 3.3766
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compensated phase map from shearography pair and the corresponding 
defect area are shown in Fig. 4 (b-c). To identify the defect-induced 
phase, we first looked at four twin defects, which are dia3-rem1, dia2- 
rem1, dia3-rem1.5 and dia2-rem1.5, respectively. Each FBH in the 
shearography phase map is seen as a ‘butterfly’ with a phase min and 
max, resulting in two ‘blue and yellow’ dots in Fig. 4. So for each twin 
defect (for example dia3-rem1, two FBHs of the same size and at the 
same depth), it results in four small dotted-shape areas (P1-P4). The 
defect signal is calculated as (-P1-P3 + P2 + P4)/4 because the phase 
values are negative in P1 and P3 regions, and are positive in P2 and P4 
regions. This average operation was performed on each compensated 
phase map in the time sequence so that the evolution of defect-induced 
deformation during the inspection can be achieved, as shown in Fig. 5
(a).

3.2. The analysis of fiber-related and defect-induced phases

The evolution of the defect-induced phase with time for the four 
defects (dia3-rem1, dia2-rem1, dia3–rem1.5 and dia2-rem1.5) is shown 
in Fig. 5(a). The heating was in 10 cycles of 30 s from 0 to 350 s and then 
cooling till 2600 s. First, during heating, the defect signal (dia3-rem1 
and dia2-rem1) increases up to the max of approximately 2 rad. The 
maximum signal is close to the moment at the end of the heating. Further 
in time, the defect signal decreases. The evolution of the fiber-related 
phase with time is shown in Fig. 5(b). The localized fiber noise be
haves similarly to the defect signal in time (first it increases, then de
creases). The maximum fiber phase change is around 1.5 rad, which is 
comparable to the defect signal during the inspection. Therefore when 

both the defect signal and fiber noise are maximal (Fig. 4(a)), no defects 
are detected. The transient temperature of the front surface is shown in 
Fig. 5(c). The temperature increase is about 40 ◦C. The 10 isolated 
temperature jumps in the heating correspond to 10 heating cycles of 30 s 
with 5 s gaps. These gaps in the heating allow the shearography mea
surement to be taken in between (without overexposing the camera to 
the light of the lamps).

3.3. Shearography pairs for reliable defect detection

The proposed approach – shearography pair – is a way to find the 
pairs of the reference and signal interferograms from the heating/cool
ing sequence to result in the minimum fiber noise. It includes 3 main 
steps (Fig. 6): 

• Step 1 (Fig. 6 (1.1–1.3)): The speckle interferograms are continu
ously recorded before heating, after each cycle of heating, and during 
cooling. The recorded shearographic data are processed sequentially 
through temporal phase shifting (four-step), phase filtering and 
unwrapping to obtain phase stacking (sequential build-up). Phase 
compensation is needed to remove the phase change due to global 
deformation (Fig. 3(c-d)).

• Step 2 (Fig. 6 (2.1–2.5)): Fiber deformation phase is extracted from 
the obtained phase stack. First, fiber bundle positions are extracted 
by identifying the positions of local maxima and minima along the 
three red lines from the total heating phase map. Then fiber phase is 
calculated according to Eq. (1). The evolution of fiber-induced phase 
in time is obtained (Fig. 6 (2.5)).

Fig. 5. (a) The evolution of the defect-induced phase with time of the four twin defects. (b) The evolution of fiber-induced phase with time. (c) Overall transient 
temperature with time measured by IR camera. 10 isolated temperature jumps in the heating correspond to 10 heating cycles. Phase units in rad, 1 rad corresponds to 
13.2 με.
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Fig. 6. Flowchart for the selection of shearography pairs.
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• Step 3 (Fig. 6 (3.1–3.4)): Once the evolution of fiber phase in time is 
achieved, shearography pairs can be identified through the selection 
of time moment for the reference and signal interferograms that have 
close to the same fiber deformation level. In other words, for each 
reference state (reference sets of speckle interferograms) before and 
during the heating, the corresponding signal state (signal sets of 
speckle interferograms) are searched in the cooling that has close to 
the same fiber deformation (e.g., R1 and S1 in Fig. 5(b)). The oper
ation for searching the shearography pairs is summarised as:

(Ri, Si)|Si = argmin
S*

j ∈
{
S*
j

}
⃒
⃒
⃒ϕfiber

Ri
− ϕfiber

S*
j

⃒
⃒
⃒, Ri ∈ {Ri}, i = 0,1, 2, 3,4⋯

(2) 

Where {Ri} is the set of the reference speckle interferograms before 

heating (R0) and in the heating (R1, R2…) and 
{
S*
j

}
is the set of the 

signal speckle interferograms in the cooling, 
(
Ri, Sj

)
represents the 

shearography pair that yields minimum fiber noise. An appropriate code 
using the min function in MATLAB has been developed for the operation 
of searching the shearography pairs (1-second runtime for 600 +
values).

The selected pairs of the reference and signal speckle interferograms 
are processed through temporal phase shifting (four-step), phase 
filtering and unwrapping, and phase compensation. The obtained phase 
maps yield minimum fiber noise for defect detection (e.g., Fig. 6 (3.4)).

The results show that those shearography pairs exist at the moments 
when the temperature of the front surface of the specimen during 
heating is close to the same value during cooling (Fig. 5(b-c)).

It is acknowledged that here the defect signal is not taken into ac
count when searching for the shearography pairs. The reason and the 
effect will be discussed in Section 4.2.

4. Results and discussion

In this section, the inspection results from the shearography pair 
method are presented and compared with the ones from conventional 
shearography practice (Section 4.1) and with FFT- and PCA-based signal 
processing algorithms (Section 4.2). The FFT and PCA are not the core of 
the paper, they are used to compare the performance of the developed 
shearography pair method. Additionally, a comparison of shearography 
pair and conventional sequential phase build-up is given (Section 4.3).

4.1. Shearography pair method compared with conventional 
shearography practice

First, an overall comparison of conventional shearography practice 
and shearography pair results is made. Fig. 7(b) and 7(c) represent the 
worst cases with the deformation during heating or cooling which satisfy 
the conventional shearography practice of “one before and another after 
the object is slightly deformed” [49,50]. However, these results are not 
useful as the fiber-induced deformation is higher than or comparable to 
the expected signal from defects. On the other hand, successful detection 
of defects in the same specimen during the same test is possible (Fig. 7
(d)) using the shearography pair of R0 (the reference state before 
heating, normal reference used in shearography) and S0 (the corre
sponding signal state in the cooling, selected using the shearography 
pair method). The fiber phases of R0 and S0 selected are different due to 
accumulative noise in the sequential phase build-up. Signal-to-noise 
ratio (SNR), shown in Fig. 7(b-d), is calculated as a ratio of defect signal 
from dia3-rem1 to one standard deviation (STD) of the background 
phase signals in a healthy region. The one STD of the background phases 
is used to indicate the noise level. It can serve as a baseline to compare 
with defect signals. The defect signals from the FBHs (diameters of 
0.6–3 mm with remaining thickness of 1 mm) and noise level are given 
in Fig. 7(f). The unit of phase is radian. The noise level from 

Fig. 7. Comparison of phase maps: (a) fiber phase in time during heating (in red) and cooling (in blue); shearography pair R0-S0 marked. Conventional shearography 
practice of (b) total heating case and (c) total cooling case; (d) shearography pair R0-S0; (e) cross-sections along y-direction with the signals from the FBHs (rem 1); 
(f) noise level and defect signals from the FBHs (dia: 0.6–3 mm, rem: 1 mm). Phase units in rad, 1 rad corresponds to 13.2 με. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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shearography pair R0-S0 (0.17 rad) is smaller than that from conven
tional shearography practice of total heating (1.47 rad). Besides, for the 
shearography pair case, the SNR from the FBHs (diameter of 0.6–0.8 
mm, remaining thickness of 1 mm) ranges from 2.7 to 4.6, which is much 
higher than the SNR for the total heating case (0.25–1.60). This shows 
the effect of the shearography pair in reducing the fiber noise.

It takes more than 2000 s to capture the shearography pairs of the 
reference before heating (R0) and the corresponding signal speckle 
interferogram (S0), which is time-consuming for the inspection. The 
inspection results of other found pairs are shown in Fig. 8, where the 
references from R1 to R4 are at 1st to 4th cycles of heating and the 
corresponding signal states from S1 to S4 are in the cooling (Fig. 5(b)). 
The time axis in Fig. 8 (a, e, i, m) is the same as Fig. 7(a), which is 10 
cycles of 30 s heating from 0 to 350 s and then cooling till 2600 s. The 
inspection results of shearography pairs (R1-S1 to R4-S4) are shown in 
Fig. 8 (b, f, j, n), and the results from conventional practice (R0-S1 to R0- 
S4) are in Fig. 8 (c, g, k, o). SNR is calculated as a ratio of defect signal 
from dia3-rem1 to one STD of the background phase signals in the 
healthy region. The shearography pairs provide results of good quality 
(SNR of 2.1–3.5) for defect detection, which are faster in inspection 
compared to the shearography pair of S0–R0 (500–800 s for capturing 
pairs R1-S1 to R4-S4 and 2000 s for capturing pair R0-S0).

The noise levels and defect signals of the FBHs (diameter of 0.6–3 

mm, remaining thickness of 1 mm) from shearography pairs (R1-S1 to 
R4-S4) and conventional practice (R0-S1 to R0-S4) respectively are 
shown in Fig. 8(d, h, l, p). The noise level from shearography pairs 
(0.31–0.38 rad) is smaller than that from conventional practice 
(0.35–1.15 rad). For shearography pairs (R1-S1 to R4-S4), the defect 
signals of the FBHs (diameter of 0.6–0.8 mm, remaining thickness of 1 
mm) are higher than noise level; while for conventional practice (R0-S2 
to R0-S4), the signals from those defects are lower than the corre
sponding noise level. Besides, the defects of diameters of 2–3 mm (rem- 
1.5 mm) are detectable from shearography pairs (Fig. 8 (b, f, j, n)) while 
they are barely detected from conventional practice (Fig. 8 (c, g, k, o)). 
In general, shearography pairs offer better results than conventional 
practice.

Since the defect signal is not considered when searching for the 
shearography pairs, in practical experiments the efficacy of defect 
detection may vary using different shearography pairs (Fig. 8(d, h, l, p)). 
This is because the phase of the defects may be affected when elimi
nating the fiber noise (Fig. 8(d, h, l, p)). For this study, we applied 
heating of 300 s in total, which gives a temperature rise of about 40 ◦C 
for defect detection and the thermal penetration depth (Fig. 9) is much 
larger than the specimen thickness (4 mm). So it is assumed that defect 
deformation is sufficient for shearography NDI using different shear
ography pairs. Hence we only minimise the fiber noise and do not 

Fig. 8. Comparison of inspection results from various shearography pairs and conventional shearography practice. (a, e, i, m): R0 is the reference before the heating, 
R1 to R4 are references after the 1st to 4th cycles of heating, S1 to S4 are the corresponding signal states to R1-R4, respectively. The time axis is the same as in Fig. 7
(a). (b, f, j, n) are phase maps with shearography pairs from R1-S1 to R4-S4; (c, g, k, o) are phase maps with conventional shearography practice from R0-S1 to R0-S4. 
(d, h, l, p) are the noise levels and defect signals from the FBHs (dia: 0.6–3 mm, rem: 1 mm) for shearography pairs (R1-S1 to R4-S4) and conventional practice (R0-S1 
to R0-S4). Phase units in rad, 1 rad corresponds to 13.2 με.
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maximise the defect-induced signal. As it is shown in the results in 
Figs. 7-8, this assumption is valid.

4.2. Comparison with FFT and PCA techniques

We also compared the shearography pair method with FFT- and PCA- 
based signal processing algorithms for the same datasets. The FFT and 
PCA algorithms were applied for shearography data (phase maps) in 
time according to [36,37,39,40]. The FFT results (Fig. 10(a, d)) are 

presented for the lowest frequency component and the PCA results 
(Fig. 10(b, e)) are presented for the first principal component as they are 
most informative for defect detection while other frequency components 
(FFT) and other principal components (PCA) contain little information 
about the defects. The shearography pair results also show good per
formance in those comparisons (Fig. 10). The defects of diameters of 
2–3 mm (rem-1.5 and 2 mm) that are barely detected in Fig. 10(a-b) are 
detected from shearography pair R1-S1 (Fig. 10(c)). Those defects are 
detectable in Fig. 10(d-f). Readers can make their own decision on which 
technique (shearography pair method, FFT or PCA) is better regarding 
the detection efficacy in small mm and sub-mm defects. Nevertheless, it 
is good to note that for FFT and PCA, hundreds of datasets need to be 
processed every time; while for shearography pair method, when the 
evolution of fiber-induced phase is obtained for once, only one pair of 
datasets is needed, i.e. reference and signal speckle interferograms 
respectively.

4.3. Shearography pair vs sequential build-up

A comparison of shearography pair and conventional sequential 
build-up of the phase (or so-called phase stacking) is given in Fig. 11. 
The compensated phase maps by sequential build-up (500 + phase in
crements from R0 to S0) and by the pair R0-S0 are shown in Fig. 11(b) 
and 11(c), respectively. Here we show that the detection efficacy using 
the compensated phase map of the shearography pair is better than 
using the one of sequential build-up. The difference in detection is due to 
accumulative noise in the sequential phase-calculation process. It was 
experimentally found that the accumulative noise in the sequential 
phase build-up is around ± 0.4 rad (up to 500 + phase increments, one 

Fig. 9. Thermal penetration depth of the used CFRP laminate, the grey region 
indicates a 15 % variation in thermal diffusivity in the through-thickness di
rection (αz ≈ 0.57 × 10− 6 m2/s).

Fig. 10. Shearography pair method compared with FFT and PCA. (a) and (b) are FFT (amplitude of the lowest frequency component) and PCA (first principal 
component) results by processing around 100 datasets in between R1 and S1, (c) is the shearography pair result of R1-S1; (d) and (e) are FFT and PCA results by 
processing around 480 datasets in between R0 and S0, (f) is the shearography pair result of R0-S0.
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STD) and the noise using the pair is around ± 0.08 rad (one STD). 
However, it should be noted that the sequential phase build-up is 
applicable to measure a larger deformation range (e.g., hundreds to 
thousands of rad in phase) compared to using one pair. Additionally, we 
tested the shearography pair method with different shearing distances 
(2.0–5.7 mm), and it showed repeatable detection as in Fig. 11(c).

5. Conclusions

In this work, the new shearography pair method has been proposed 
and developed to reduce the fiber noise for the detection of small mm 
and sub-mm defects in fiber-reinforced composites. Shearography pairs 
are the pairs of reference and signal sets of phase-shifted speckle in
terferograms that yield minimum fiber noise. The defect detection effi
cacy of the proposed method has been studied and compared with 
conventional shearography practice and with FFT- and PCA-based signal 
processing algorithms. Overall, the shearography pair method has the 
advantages of less fiber noise, improved inspection results, and being 
faster with a reduced number of datasets. With the proposed method and 
the current setup, at a defect depth of 1 mm, defects of 0.6 to 3.0 mm in 
size are detected, while at the depths of 1.5 and 2.0 mm, defects of 2 and 
3 mm in size are detected. Sub‑mm defects of 0.6–0.8 mm in size are 
detected (at defect depth of 1 mm; Fig. 7(d-f), 8 and 11(c), a supple
mentary video on experimental results is also available), which are the 
smallest defects detected with thermal-based shearography (when 
macroscopic inspection is considered, excluding microscopy applica
tions). The evolution of fiber induced phase is needed for the selection of 
shearography pairs. The results show that those pairs exist at the mo
ments when the temperature of the front surface of the specimen during 
heating is close to the same value during cooling (this can be helpful for 
practical shearography inspection).

The conclusions are achieved with the test CFRP specimen using flat 
bottom holes as reference defects and in the lab environment. In general, 
real inspection is challenging due to the problems of vibrations, airflows, 
and non-uniform heating. The detectability of this method in the pres
ence of actual defects such as real delaminations and cracks in com
posites will be investigated in the future, e.g., by developing FEM- 
assisted approaches to model delaminations and cracks, and to guide 
shearography inspection (including optimization of loading parameters 
to improve the detection). Future work could take defect signals into 
account when determining shearography pairs for defect detection. The 
shearography pair method would also be used to inspect smart struc
tures with embedded sensors (e.g., CNT-doped strips and grids in com
posite laminates) that may raise similar issues as fiber noise.
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