iriried applied
L sciences

Review
Digital Shearography for NDT: Phase Measurement
Technique and Recent Developments

Qihan Zhao !, Xizuo Dan 12, Fangyuan Sun !, Yonghong Wang *, Sijin Wu 3{® and
Lianxiang Yang >*

1 School of Instrument Science and Opto-electronics Engineering, Hefei University of Technology,

Hefei 230009, China; zhaogihan@mail.hfut.edu.cn (Q.Z.); danxizuo@163.com (X.D.);

sunfangyuan@mail. hfut.edu.cn (ES.)

Department Mechanical Engineering, Oakland University, Rochester, MI 48309, USA

School of Instrumentation Science and Opto-electronics Engineering, Beijing Information Science and

Technology University, Beijing 100192, China; swu@bistu.edu.cn

*  Correspondence: yang2@oakland.edu (L.Y.); yhwang@hfut.edu.cn (Y.W.); Tel.: +1-248-370-2283 (L.Y.);
+139-5519-8216 (Y.W.)

Received: 21 November 2018; Accepted: 14 December 2018; Published: 18 December 2018 ﬁ';,e(f ;(tfgsr

Abstract: Composite materials have seen widespread use in the aerospace industry and are
becoming increasingly popular in the automotive industry due to their high strength and low
weight characteristics. The increasing usage of composite materials has resulted in the need for more
effective techniques for nondestructive testing (NDT) of composite structures. Of these techniques,
digital shearography is one the most sensitive and accurate methods for NDT. Digital shearography
can directly measure strain with high sensitivity when combined with different optical setups,
phase-shift techniques, and algorithms. Its simple setup and less sensitivity to environmental
disturbances make it particularly well suited for practical NDT applications. This paper provides a
review of the phase measurement technique and recent developments in digital shearographic NDT.
The introduction of new techniques has expanded the range of digital shearography applications and
made it possible to measure larger fields and detect more directional or deeper defects. At the same
time, shearography for different materials is also under research, including specular surface materials,
metallic materials, etc. Through the discussion of recent developments, the future development trend
of digital shearography is analyzed, and the potentials and limitations are demonstrated.

Keywords: digital shearography; nondestructive testing of composite materials; temporal phase-shift
technology; spatial phase-shift technology

1. Introduction

Composite materials have seen widespread use in the aerospace industry and are becoming
increasingly popular in the automotive industry due to their high strength and low weight
characteristics. Composite materials, however, have a higher possibility of having defects due to their
complexity [1-5]. Composite materials, such as glass-fiber-reinforced materials, carbon-fiber-reinforced
materials and honeycomb structures, usually have a multilayered structure with a likelihood of internal
defects, particularly the separation between layers called delaminations. In addition, there are defects
such as false adhesion, wrinkle, crack, impact damage, etc., which can reduce the mechanical properties
of materials and even cause serious consequences. Therefore, nondestructive testing (NDT) plays an
important role in ensuring that composite materials are free from defects and damage before putting
into use.

With the growing requirements for product performance and reliability, the need for better
NDT techniques is urgent, especially for advantages such as real-time, whole-field, noncontact,
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and high-sensitivity [6]. Optical NDT techniques such as holography [7], electronic speckle pattern
interferometry (ESPI) [8], shearography [9], and digital image correlation (DIC) [10] all have the
characteristics mentioned above. Among them, shearography has been recognized as being one of the
best NDT methods for inspecting delaminations of relatively thin panels made by composite materials
and honeycomb structures due to its simple setup, direct strain measurement, and relative insensitivity
to environmental interruptions [11-13].

Shearography, also known as speckle pattern shearing interferometry, was first proposed on the
basis of electronic speckle pattern interferometry (ESPI) in the 1970s. In comparison with other optical
NDT techniques, shearography offers many advantages. It is similar to holography and ESPI, but it
directly measures the deformation gradient and the strain information, while holography and ESPI
measure just the deformation. This means shearography can reveal defects easier because defects in
objects usually generate strain concentration. In addition, shearography is insensitive to small rigid
body movement because a rigid-body motion does not produce strain. This means that shearography
has a huge space for development in industrial operations.

Regarding the development stage, shearography can be divided into photographic shearography [14],
electronic shearography [15], and digital shearography [16]. Among them, digital shearography is the
latest version and the mainstream of recent development. It uses image sensors (charge-coupled device
(CCD) or complementary metal-oxide semiconductor (CMOS)) to capture information and analyze data.
The development of the phase measurement technique was crucial for improving the measurement
sensitivity and phase map quality of digital shearography [17,18]. This paper will give a review of digital
shearography for NDT. After a brief introduction of the principles of digital shearography, the paper
presents the development process of the phase measurement technique and discusses the advantages and
disadvantages of the temporal phase-shift algorithm and spatial phase-shift algorithm in detail. Then,
its recent developments and applications for NDT are introduced. Finally, the potentials and limitations
of digital shearography are shown and demonstrated.

2. Brief Review of Digital Shearography

2.1. Formation of Fringes in Digital Shearography

Digital shearography is a laser-based optical interferometry technique that requires a shearing
device to be placed in front of the camera to introduce image shearing, thereby allowing light reflected
from two different object points to interfere at one point in the image plane. Different shearing
devices, such as an optical wedge or biprism [19], a Mach—Zehnder interferometer [20], and a modified
Michelson interferometer [21], have been used for digital shearography measurements. The modified
Michelson interferometer is the most common shearing device because of its simple structure and ease
in changing the shearing amount and shearing direction. This section introduces the basic principle of
digital shearography with the modified Michelson interferometer as the shearing device.

Figure 1 shows the classic shearographic setup using a modified Michelson interferometer to
create shearing amount and make interference at point P. The shearing can be created by tilting mirror
1 by a very small angle. Then, light waves from points P1 and P2 on the surface of the object can be
transmitted to a point P on the sensor plane. These light waves interfere with each other and produce
a speckle pattern, or speckle interferogram, which is registered by a CCD camera and saved in the
computer [22]. The total light field U; at the point P on the image plane can be expressed by the
following equation:

Uy = Uy + Uy = age™® + ape™ 1)

where 6; and 6, represent the random phase angle of points P1 and P2, respectively, and a; and a; are
the light amplitudes.
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Figure 1. Fundamentals of digital shearography.
Thus, the intensity at point P can be expressed as follows:

I =Wy = (a1 + ape®) (aye™ 4 ape=i2)
= (012 + 122) + ayay[e(P102) 4 p=i(61-02))
= (1112 + {122) + 2aya; cos(6; — 6)
= A+ Bcos¢

@

where U is the complex conjugate of Uj, cos(f; — 6;) = [¢/(1702) 4 ¢=1((1=62)] /2 (Euler equation),
A = a;? + a,%, B = 2a1a;, and ¢ = 6 — 65 is the phase difference between the light waves from the
two points.

After the object is loaded, the phase difference between the two points becomes ¢’ = ¢ + A,
where A is the relative phase change, resulting from a relative deformation between points P1 and P2,
between the light waves from two points before and after loading. The intensity of the speckle pattern
after loading then becomes the following:

I'=A+Bcos¢' = A+ Bcos(¢p +A) (3)

A fringe pattern, or shearogram, which is shown in Figure 1, can be obtained by direct subtraction
between the intensity images before and after loading. Because the intensity value must be positive,
the absolute value will be displayed, represented as follows:

|Is| = }I’ - I‘ = B|cos(¢ + A) — cos(¢)| 4)

where A = 2n7t(n =1,2,3...). Dark fringes appear on the shearogram when |I;| = 0. The shearogram
is therefore displayed as a highly visible fringe pattern. Due to the relative phase difference between
two adjacent fringes being equal to 27, the phase at each fringe can be determined by counting
the shearogram fringes. Then, the derivative of the deformation can be determined based on the
relationship between the relative phase change and the relative deformation between points P1 and P2.

For digital shearography NDT, the angle between the illumination direction of the laser and the
observation direction of the CCD camera is usually small or close to zero, and the shearing amount
dw is also small. Under these conditions, the relative phase change can be approximated only to the
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relative deformation dw between two points in the out-of-plane direction. The equations for shearing
in the x-direction and y-direction are therefore as follows:

4m
e b g O 5)
Ay%T'W‘éy

where A is the laser wavelength used. As can be seen from Equation (6), the deformation derivative
can be measured directly without additional numerical differentiation of deformation data, meaning
digital shearography can directly measure strain or strain concentration information.

2.2. Interpretation of Fringes in Digital Shearography

As can be seen from the previous section, the relative phase change of shearography is directly
related to the deformation derivative. This section describes an interpretation of digital shearographic
results from another perspective. As it is well known how to interpret holography results [7],
a comparison between holographic and shearographic measurements are presented. Figure 2 shows a
comparison of the results of holographic and shearographic NDT. Assuming a delamination exists
in a sample, the surface of the sample is slightly curved by thermal or vacuum loading. As shown,
holography discovers the flaw by detecting the deformation anomalies caused by the flaw, and the
anomaly area exhibits a circular fringe pattern. Shearography detects it by looking for strain anomalies,
and the anomaly area presents a butterfly pattern.
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Figure 2. Comparison between the NDT results of holography and shearography.

In order to demonstrate the concept above, a laminated plate with three debonds is simultaneously
detected using holography and shearography. The measurement results are shown in Figure 3.
The results of holography, which appears as circular fringes, are shown in Figure 3a, while Figure 3b
shows the shearographic measurement results, which appear as butterfly patterns. It should be noted
that the shearographic measurement results were obtained using the phase-shift technique, which will
be introduced in the next section.
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Figure 3. (a) Holographic NDT result, (b) shearographic NDT result.

3. Phase Measurement Technique

In Section 2.1, the relative phase change is calculated by counting fringes. Therefore, the method’s
measurement sensitivity is only one fringe, or 27t, and smaller phase changes cannot be determined.
This means the direct subtraction method has a relatively low measurement sensitivity, limiting
its use in practical applications. The phase-shift technique was introduced to obtain higher phase
measurement sensitivity. Theoretically, the sensitivity can reach 271/256 when the hardware bit
resolution is 8 bits. Considering speckle noise, hardware, and other factors, the measurement sensitivity
of digital shearography based on the phase-shift technique can be at least 277/10, which is 10 times
higher than the real-time subtraction version. This has led to tremendous development in digital
shearography. The comparison between real-time subtraction and phase-shift shearography results is
shown in Figure 4.

(a) (b)

Figure 4. Comparison between (a) real-time subtraction version and (b) phase-shift shearography.

Phase-shift digital shearography can be divided into two categories: temporal phase-shift digital
shearography (TPS-DS) and spatial phase-shift digital shearography (SPS-DS). The temporal phase
shift has high accuracy and is normally suitable for static or quasi-static measurements, while the
spatial phase shift is suitable for dynamic measurements. Both categories will be described in detail in
the following sections.

3.1. Phase Measurement Technique: Temporal Phase-Shift Shearography

Temporal phase-shift digital shearography refers to a technique of introducing different
phase-shift amounts in a time series to obtain phase information [23]. Several methods exist for
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introducing the phase shift, including the piezoelectric transducer method (PZT), polarization
phase-shift method, and grating phase-shift method. Among them, the piezoelectric transducer
is the most commonly used in practical applications due to its simple use. It produces a precisely
designed movement through a piezoelectric crystal driven mirror, introducing a known phase shift
between the two images in the time series.

The previous section introduced the basic principles of shearography, where the intensity formula
for a single speckle pattern image is as follows:

I =1Iy(1+ycos¢) = A+ Bcos¢ (6)

There are three unknowns in the formula: background intensity Iy, contrast 7y, and phase difference
¢. Therefore, at least three equations are needed. In theory, three equations are sufficient to obtain
the relative phase difference. However, as can be seen in Table 1, the calculation relationship of the
4 + 4 algorithm is the simplest and has a higher extraction accuracy. As a result, it has become the most
widely used algorithm in temporal phase-shift shearography. Called the 4 + 4 algorithm, four images
are captured before loading to solve for ¢, then four images are captured after loading to solve for
¢’ [24]. The four intensity equations before loading with a known phase can be expressed as follows:

Iy = A+ Bcos¢
I, =A+Bcos(¢p+ %)

7
Iy = A+ Bcos(¢ + m) @
Iy = A+ Bcos(¢ + °F)
Then, the phase difference before loading can be calculated by the following formula:
(I — )
= arctan———= 8
¢ (h —1I5) ®

Similarly, the phase difference after loading can be calculated using the same formulas, and the
relative phase change can be obtained by subtracting the phase difference before and after loading.
Compared with the direct subtraction method, the measurement sensitivity is much improved,
but it requires four images to be captured under each loading condition, making it unsuitable for
dynamic measurements. The phase-shift algorithm has been improved to adapt to continuous or
dynamic measurements, resulting in the development of various fast temporal phase-shift algorithms.
The phase-shift steps before loading have no effect on the acquisition rate of the system. The fast
temporal phase-shift algorithms reduce the number of phase-shift steps after or during loading and
can realize dynamic measurement when no phase shift is required [25-27].

The 4 + 1 temporal phase-shift algorithm takes four images before loading, using the same procedure
as described in the previous section. A single image is recorded on each loading, and no phase-shifting
step is required. For each load, a phase map is obtained from the four phase images before loading
and one real-time image during loading. The 4+1 temporal phase-shift algorithm provides the ability
to achieve dynamic measurements, but its poor phase map quality is not suitable for high-precision
quantitative measurements, limiting its use for qualitative measurements such as NDT.

A 4 + 2 algorithm has also been developed, requiring only one phase-shift step during loading.
The phase map quality is markedly better than the 4 + 1 algorithm, meaning that the fringes in the
phase map are clear and complete. Compared with the 4 + 4 algorithm, the phase map quality is
reduced within a reasonable range to achieve an increase in the acquisition rate, thereby realizing
dynamic measurement in a low dynamic range.

Similarly, there are other N + N, N + 2, and N + 1 algorithms that have been developed.
A comparison of the various temporal phase-shift algorithms is presented in Table 1.
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Table 1. The common temporal phase-shift algorithms.

Phase-Shift Step N Algorithms Formula Feature

A — arctan \/3/(13’712’)/ Good phase map quality, only for
3 3+3 \%1( L 12[*)13 static measurements, and enough

—arctan yr——7: calculation.
A = arctane=E) Good phase map quality, only for
4+4 (h'—15") static measurements, and simpler

tan Ue=2)
—arctan(r—r,) calculation.

A = arctan( % ) Acceptable phase map quality for

4 442 Lthtlsts dynamic measurement at a low
A= 1 dynamic range.
A= (B-B) Poor phase map quality and small
= arctan 5
4+1 05 5 3) measurement range for a real
Z=(I,—-T)n=1234 dynamic measurement.
— Good phase map quality, only for
A — arctan(2R=L' 1p P q , only
5 5+5 (213/_1 I’ ) static measurements, and more

_ 2h—1Iy !
arctan( 2L-I—1Is ) accurate calculation.

3.2. Phase Measurement Technique: Spatial Phase-Shift Shearography

Temporal phase-shift shearography is generally only applicable to static measurements.
Despite the fast temporal phase-shift algorithms that have been developed, the phase map quality
and measurement range are limited and not suitable for many applications. Therefore, spatial
phase-shift digital shearography (SPS-DS), in which phase-shift interferograms are obtained in different
spatial positions at the same time to realize dynamic shearography measurements, was proposed.
This section will describe spatial phase-shift shearography by introducing multichannel spatial
phase-shift shearography and carrier-frequency spatial phase-shift shearography, respectively.

3.2.1. Multichannel Spatial Phase-Shift Shearography

Multichannel spatial phase-shift shearography can be divided into the multidetector method and
the single-detector method. Among them, the multidetector method generally uses three or more CCD
cameras to simultaneously acquire a speckle interferogram with a known fixed phase difference [28].
Although this method can perform dynamic measurements, the system is complicated, has a large
error, and the setting of the phase shift between multiple cameras is difficult to implement, making the
method unsuitable for practical applications. A method of obtaining spatial phase shift using only a
single CCD camera was later proposed [29]. One method of doing this is to divide a single CCD into at
least three imaging regions, then introduce a fixed phase difference between each region. This method
requires the use of a large number of wave plates, gratings, and polarizers, which is costly and difficult
to adjust. Another method uses a single pixel as a channel to introduce a phase difference between
pixels covered by the same speckle, resulting in a spatial phase shift [30]. Figure 5 is a schematic of the
method. The interpixel intensity is calculated to determine the phase value, which in turn obtains the
phase value of the entire image.



Appl. Sci. 2018, 8, 2662 8 of 21

Reference beam

OPD

Object bean - [ CCD array

T
//Sameopz;l wavefront

Figure 5. Schematic of single-detector spatial phase-shift technique.

By setting the reference beam at an appropriate angle &, the optical path difference (OPD) between
two adjacent pixels can be created as follows:

OPD = S x sina 9)

where S is the pixel size. If the laser wavelength is A, the phase shift can be calculated by the

following formula:

OPD B sin

) (10)

Thus, for a given wavelength and pixel size, the phase difference can be determined by setting the
appropriate reference beam angle. Assuming that the optical path difference by adjusting the angle « is
A/4 and the phase difference between pixels is 77/2, then the phase difference can be calculated using
Equations (8) and (9). After loading, the same process can be used to calculate the phase distribution
under loading conditions.

The adjacent pixel phase-shift method can obtain the phase distribution from a single speckle
pattern and is suitable for dynamic measurement. However, in practical applications, this method
has reduced spatial resolution due to its need for at least three pixel points to determine the phase
distribution of one point. Another problem with this method is that these three or more pixels should
have the same values for A and B as shown in Equations (3) and (4). Although it can be partly realized
by adjusting the aperture of the camera, it is not highly accurate, resulting in a noisy phase map.
Moreover, only one dimension can be measured in one speckle pattern. Therefore, a carrier frequency
method was proposed to enhance the quality of the phase map and the ability to extract information
from multiple dimensions in a single image.

§=2m 27 (S

3.2.2. Carrier-Frequency Spatial Phase-Shift Shearography

In addition to the multichannel spatial phase-shift shearography method introduced above,
another phase extraction method suitable for dynamic measurements is the carrier-frequency
spatial phase-shift shearography. Compared with the multichannel spatial phase-shift method,
the carrier-frequency spatial phase-shift method can provide higher spatial resolution. A typical
carrier-frequency spatial phase-shift setup is based on the Mach—Zehnder interferometer [20]. In this
case, the carrier frequency is introduced by tilting a mirror in the interferometer as shown in Figure 6.
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Figure 6. Spatial phase-shift digital shearography (SPS-DS) based on Mach-Zehnder interferometer.

After passing through the shearing device, the laser is divided into a sheared part and an
unsheared part, which can be expressed as follows:

1 (x,y) = w1 (x,y)| explig(x, y)] 1)
uy(x,y) = |up(x + Ax,y + Ay) | expligp(x + Ax,y + Ay) — 27i - f - x]

where 17 and u, are the components of the sheared and unsheared part, respectively, and Ax and
Ay represent the shearing distances in the x and y directions, respectively. The carrier frequency
component f, introduced by tilting angle 8 can be expressed as follows:

__sinf
fo== (12)

The intensity recorded by the CCD is as follows:

I = (w1 +u2)(uj +u3)

13
= uqui + uguy + upui + upuy (13)

where * represents the complex conjugate of u;. To extract the phase, a Fourier transform is performed
on the formula to convert it from the spatial domain to the Fourier domain as follows:

F(I) = UWi(fx fy) @ Uy (fx fy)
+Ua(fx + fe, fy) @ U (fx + fe, fy) (14)
Ui (fr fy) @ U5 (fx + fe, fy)
+Ua(fx + fe, fy) @ Ui (fx, fy)

where ® denotes the convolution operation. Figure 7 is a schematic diagram of the Fourier spectrum
of the image (with shearing in the x direction). Corresponding to the formula, the four items can be
divided into three spectra in the frequency domain, where the central spectrum is a low-frequency
term F(ujuj 4 uju3), containing information from the background. The high-frequency terms F(uouj)
and F(uju3) on both sides contain the phase information of the interferogram, which are located at the
positions (f¢,0) and (— fc,0) on the spectrum, respectively, and the width is determined by the size of
the aperture (AP).



Appl. Sci. 2018, 8, 2662 10 of 21

“f:.

[}{11t®[}{12$= []11®OT11$-’_{]12®Z:]12%= U12®U“*

=Y

Figure 7. Schematic of the Fourier spectrum of the image.

By appropriately selecting an illumination angle, the three spectrums on the Fourier domain can
be separated. By appropriately selecting the windowed inverse Fourier transform (WIFT), the phase
distribution can be calculated as follows:

Im(F(u1u3)]

277 f. - x = arctan—-—1-272
¢+2m- fo-x =arc anRe[F(uluﬁ)]

(15)
where Im and Re denote the imaginary and real parts of the complex number, respectively. The relative
phase difference due to deformation can be obtained after loading using a similar process.

The carrier-frequency spatial phase-shift method can evaluate the phase map from a single pair
of speckle images obtained before and after loading. The acquisition rate is no longer limited by the
phase-shift steps but only by the camera function, thereby achieving dynamic measurements with high
speed. However, there are still limitations, such as small measurement size, poor phase map quality,
and the shearing and carrier-frequency both being controlled by tilting mirrors. Spatial phase-shift
systems that introduce carrier frequencies with other carriers, such as a double-aperture mask and
a Michelson interferometer, have been developed to solve these problems. In 2006, Bhaduri et al.
proposed a digital shearography system using a double-aperture mask as a carrier to introduce
the carrier frequency [31,32]. Compared to the system based on the Mach—Zehnder interferometer,
the double-aperture-based system provides better phase map quality, comparable to that of the
TPS-DS system. However, similar to the Mach-Zehnder system, the measurement size of the
double-aperture-based system is also small due to the use of a collimated light source and dual
apertures. The stability of the entire measurement system is also reduced due to its complex optical
path, which also limits its application in the laboratory and industry.

Both the Mach—Zehnder-based SPS-DS system and double-aperture SPS-DS system have the
disadvantage of limited measurement area. A Michelson-based SPS-DS system also exists, which can
be used to obtain a larger measurement area by embedding the 4f system [33,34]. The SPS-DS system
with a 4f system is shown in Figure 8a. The imaging range for this system is no longer affected
by the beam splitting prism but only depends on the lens and the camera. Figure 8b,c show the
field of view of the conventional shearography device and the 4f system. At the same measuring
distance, the measuring area of the conventional device only covers the framed portion of the 4f system
measurement result.
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Figure 8. (a) The modified Michelson-based SPS-DS system with a 4f system; (b) measurement result
by traditional shearography system; (c) measurement result by modified 4f system.

The Michelson-based system has a simpler setup than the Mach—Zehnder and double-aperture
systems, so it is relatively insensitive to external disturbances. Additionally, it is easy to change the
shearing amount and shearing direction, making it the most widely used shearing device. However,
the Michelson-based system typically requires a large shearing amount to enable the two side spectra to
be separated from the center spectrum, while the Mach-Zehnder-based setup can easily be performed
with a small or large shearing amount. In order to solve this problem, a special slit aperture can be
used instead of the usual circular aperture [35]. Under the same shearing amount and aperture size,
the slit aperture provides a larger spectral region containing the phase information. Experiments have
shown that under the same experimental conditions, using the slit aperture requires a lower shearing
amount, and the side spectral area after Fourier transform is much larger than that obtained using
the circular aperture. This reduces the shearing amount required for the Michelson-based system and
improves the quality of the phase map.

Figure 9 shows the results of an application of the Michelson-based SPS-DS system for NDT of
delaminations/disbonds of a composite plate. All images were captured during dynamic loading.
The settings of the camera parameters, such as exposure time, shutter mode, and resolution, should be
noted. For dynamic measurements, a short exposure time and global shutter should be chosen for a
clear image.
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Figure 9. Results of an application of Michelson-based SPS-DS system during dynamic loading.
Based on the above introduction, the two methods are summarized in Table 2.

Table 2. A comparison of phase-shift digital shearography methods.

Phase-Shift Digital Shearography Method Advantage Disadvantage

Easy to implement with ~ Generally cannot measure

TPS-DS high precision. dynamic phase.

Position matching is
needed between

Ability to measure .
interferograms or can only

Multichannel spatial phase shift

dynamic phase. measure information in
one dimension.
Mach-Zehnder No requirement for 51:)13;1 I;lé::t;;imer::aslliie,
SPS-DS based shearing amount. poorp P quatity,
and poor stability.
Car;lelr-ffleque?f}i Double-aperture Good phase map qualit Small measurement size
Spatial phase s based P P4 ¥ and poor stability.

Easy to use due to its
Michelson based simple structure and
good stability.

Large shearing amount
required.

In recent years, some new phase extraction algorithms and optimizations have been
proposed [36-39]. In 2014, Albertazzi et al. proposed an alternative approach for retrieving phase
information from a sequence of images with unknown phase shifts [40]. The approach combines
data from several good modulation points on the image to form an N-dimensional Lissajous
ellipsis. An overall phase-shift value is determined from the fitted ellipsis for each interferogram,
then the phase-shifted values are used to determine the phase value for each image pixel. In 2015,
Xie et al. provided a review of recent developments of spatial phase-shift digital shearography and
specifically introduced the problem of improving the phase map quality of spatial phase-shift digital
shearography [41]. In 2018, Aranchuk et al. developed a pulsed digital shearography system that
utilizes the spatial phase-shifting technique, which allows for instantaneous phase measurements [42].
In 2018, Kirkove et al. applied a method that combines the time-averaging and phase-shifting
techniques, which improved the contrast and resolution compared to traditional time averaging [43]
and has proven to be particularly useful in vibration testing performed under industrial conditions.

4. Recent Developments of Shearographic NDT

The digital shearography technique has many advantages, including real-time and full-field
measurements, simple setup, direct measurement of strain information, and relative insensitivity to
the environment. More importantly, with the development of phase-shifting technology, the sensitivity
of digital shearography has correspondingly improved, and smaller flaws can be detected. For some
flaws that cannot accurately be measured conventionally, digital shearography can also detect them by
determining the second derivative of the deformation [44]. At the same time, however, some limitations
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exist for digital shearography, and research in the past few years has focused on these and will focus
on them in the future. Some of these limitations have been addressed, and the solutions developed for
these limitations will be covered in this section. Others, such as only being able to measure surface
flaws and suitability for high-strength materials, currently have no solution. However, the lack of
solution for these limitations does not affect the suitability of digital shearography as a measurement
method for NDT.

4.1. Simultaneous Measurement of Deformation and the First Derivative

As mentioned above, the data obtained by the shearography technique is the strain information,
that is, the first derivative of the deformation. Sometimes it is necessary to quickly calculate the
deformed data to achieve accurate positioning and quantification of the flaws, but the inverse
calculation is very complicated. In 2013, Xie et al. developed an SPS-DS setup for simultaneous
measurement of deformation and first derivative, which obtains phase information recorded by one
camera through the introduction of two carrier frequencies [45,46]. Thus, the phase information
obtained by the holography and shearography optical paths can be separated from a single intensity
map. Figure 10 shows the SPS-DS setup and the results of simultaneous measurements with the device.
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Figure 10. (a) The SPS-DS setup for out-of-plane deformation and its first derivative measurement; (b)

phase map of a hologram; (c) phase map of a shearogram.

4.2. Multidirectional Sheared SPS-DS

The sensitivity direction of digital shearography is related to its shearing direction, which leads
to the problem of missed detection of directional flaws with the single shearing direction system.
Therefore, shearographic setup with double shearing directions was developed. In 1997, Yang proposed
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a TPS dual-shearing direction shearography system based on the Michelson interferometer [47].
This system is composed of two modified Michelson interferometers superimposed on the vertical
plane, and the different shearing directions are generated by the upper and lower system. In 2016,
Xie et al. proposed an SPS dual-shearing direction shearography system based on the Mach-Zehnder
interferometer, which is a polarized system recording shearograms in the two orthogonal directions
simultaneously [48]. In 2016, Wang et al. proposed an SPS dual-shearing direction shearography
system based on the Michelson interferometer as shown in Figure 11a [49]. The system is composed of
two modified Michelson interferometers on the horizontal plane. Only one camera is required using
the carrier frequency technique. Due to the different shearing directions, the carrier frequency of the
two parts are different, and the phase map can be separated from one intensity map. The experimental
results are shown in Figure 11b,c. In addition, in 2018, Barrera et al. proposed an aperture-based
SPS multishearing direction system that can acquire information in three different shearing directions
simultaneously [50]. A set of three wedge prisms combined with three apertures were used to obtain
the interferograms in three directions.
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Figure 11. (a) The dual-shearing direction SPS-DS system; (b) measurement result of circular flaw and
bar flaw in x direction; (c) measurement result of circular flaw and bar flaw in y direction.

4.3. Shearographic NDT on Specular Surface Materials

In general, shearography is suitable for the measurement of rough surfaces because the speckle
pattern can be generated by diffuse reflection on the object surface, which is a basic requirement for
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shearography. However, if the object surface is specular or quasi-specular, a speckle pattern cannot be
created and digital shearography cannot be used for measurement. In 2014, Xu et al. proposed a new
shearographic setup to achieve measurement for a specular surface material [51] in which a rough
plane M is embedded into the optical path to produce the speckle pattern required for shearographic
measurement. In 2018, Yan et al. improved the shearographic optical path of specular surfaces [52].
The rough surface was placed at the front portion of the optical path to improve the problem of
the flaw location on the phase map being shifted when the area has high local slope. Moreover,
the conjugate of the specular surface and the phase map makes it easy to determine the positional
correspondence between the interferogram and the internal flaws. This setup is shown in Figure 12a,
and the experimental results of cone-shape deformation and irregular deformation are shown in
Figure 12b,c, respectively.
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Figure 12. (a) The modified shearography system for specular surfaces; (b) experimental result of
the metal plate with a cone-shape deformation; (c) experimental result of the metal plate with an
irregular deformation.

4.4. Directed Acoustic Shearography for Subsurface Crack

With respect to the difficulty of using digital shearography to measure flaws away from the object
surface, a directed acoustic shearography system using a ring-shaped phased array transducer was
developed to measure subsurface depth flaws. In 2010, Kurtz proposed the concept of directed acoustic
shearography [53]. In 2017, Liu et al. demonstrated that it was feasible to use acoustic waves as stress
loading for shearography testing with a piezoelectric disc transducer [54,55], thus demonstrating the
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feasibility of such a system. The directed acoustic shearography system consists of a phased array
transducer, laser light source, and shearography sensor as shown in Figure 13. The phased array
transducer provides pressure loading to the object, then the object is measured by a shearography
measuring device.
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Figure 13. Experimental setup of directed acoustic shearography.
4.5. New Shearographic System with SLM

As technology has advanced, new technologies have been applied to shearography, such as the
spatial light modulator [56], to further improve system performance. In traditional shearography,
the shearing amount is controlled by mechanical adjustment, and the piezoelectric ceramics that
introduce the phase shift tend to be nonlinear, producing random errors that are difficult to eliminate.
In 2018, Sun et al. proposed a new shearographic system with a spatial light modulator [57] in which
the spatial light modulator can accurately change the phase and shearing amount, eliminating the
nonlinear random error with higher efficiency. The shearography system with spatial light modulator
is shown in Figure 14a, while the experimental results are shown in Figure 14b,c. It can be seen that
the quality of the phase diagram is good, so the system can meet NDT applications on the basis of
precise control.
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Figure 14. Cont.
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Figure 14. (a) The new shearography system with a spatial light modulator; (b) experimental result of
a thimble-loaded aluminum plate; (c) experimental result of a composite plate with three flaws.

4.6. Recent Applications of Shearographic NDT

Digital shearographic NDT has some limitations at present, but it is still a very practical NDT
tool for material evaluation and quality inspection. In the field of nondestructive testing of traditional
aerospace materials, it can be used for detecting flaws such as delamination, sticking, cracking, voids,
and damage in aircraft components, composite materials, and honeycomb structures. In the automotive
industry, it can also be used for applications such as tire testing and table inspection. In addition,
digital shearography is a good prospect for applications such as the detection and measurement of
composite materials in machinery, construction, transportation, and other industries [58-61].

In 2015, Feng studied the inner defect detection of pressure vessels via the theoretical mode,
numerical simulation (finite element method), and experiment in which digital shearography and
the phase-shifting method was used [62]. This work proved that it is feasible and advantageous to
use digital shearography for the detection of inner defects of pressure vessels. In 2017, Benedet et al.
used an endoscopic shearography system with radial sensitivity for inner inspection of adhesion faults
in composite material pipes [63]. The system used two conical mirrors to achieve radial sensitivity,
and a special Michelson-like interferometer was formed, replacing one of the plane mirrors with
a conical mirror. In 2017, Buchta used the digital shearography technique for defect detection on
artwork while using the lock-in-technique to control the penetration depth of the thermal wave,
enabling the determination of depth information [64]. Due to the high rigidity and/or high thermal
conductivity of metals, it is difficult for shearography with conventional loading methods to detect
defects. In response to this problem, in 2017, Liu et al. proposed shearography using wave-defect
interactions for crack detection in metallic structures [54]. In 2017, Pascual-Francisco et al. presented
a new application of shearography using the technique to measure viscoelasticity in terms of creep
compliance of elastomeric materials [65,66]. The results were compared to that obtained with DIC,
and this work demonstrated that shearography can be successfully applied to the creep analysis
of viscoelastic materials. The applications and scope of the digital shearography technique is still
expanding. At the same time, research on the specific effects of loading methods and parameters on
digital shearography is also ongoing.

5. Potentials and Limitations

5.1. Potentials

Digital shearography not only has the advantages of optical NDT techniques, but it also has many
advantages compared to other optical methods:
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1. Digital shearography has all of the advantages of the optical NDT technique; it is full-field,
noncontact, highly sensitive, and robust.

2. Compared to noncoherent measurement methods (such as DIC), digital shearography has a much
higher measurement sensitivity. Combined with the phase-shift technique, digital shearography
can achieve measurement sensitivity at dozens of nanometer levels.

3. Compared to other coherent measurement methods (such as holographic interferometry and
ESPI), digital shearography is more robust and well suited for practical applications. This is
because digital shearography directly measures the first derivative of deformation, which is the
strain information. Therefore, digital shearography is less sensitive to environmental disturbances
than other coherent methods.

4. Digital shearography simplifies the optical system using a self-reference interferometric device.
At the same time, the self-reference interferometric device does not require a coherence length of
the laser source and can be illuminated with a low-cost laser diode.

5.2. Limitations

Although some limitations already have a corresponding solution, there are still problems for
NDT by digital shearography:

1. Itisdifficult to measure defects away from the object surface using digital shearography. Although
directed acoustic shearography can detect subsurface defects, the defects away from the object
surface are difficult to detect because they cannot be loaded to produce enough abnormality on
the surface that can be detected by shearography.

2. Although a new digital shearography system has been developed for specular surface materials,
the measurement field is limited by the size of the rough surface in the optical path.

3.  As an interference-based technique, digital shearography is still sensitive to environmental
disturbances. Large rigid-body motions, strong thermal air currents, etc. will all affect the
measurement results.

4.  The phase map obtained by digital shearography still contains lots of noise, which will affect the
detection of defects. How to effectively improve the quality of the phase map during dynamic
measurement is a problem.

6. Conclusions

This paper reviews the development of the digital shearography technique, especially the
development of the phase-shift technique. Recent developments and shearographic NDT applications
have also been presented. In recent research, new techniques have been introduced to offer
new possibilities for a wider range of applications of digital shearography. The range of digital
shearographic applications has been further extended, both for measured materials, such as metallic
materials, specular surface materials, etc., and type of measured defects, such as larger defects,
multidirectional defects, subsurface defects, etc. However, these techniques are not very mature, and
there are still some limitations. This is a problem that needs to be considered in future research. It is
expected that digital shearography still has the potential for further exploration and application.
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