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Abstract: The main purpose of industrial nondestructive testing (NDT) is to diagnose the stability,
reliability and failure probability of materials, components and structures. Industrial component
mechanical strength is one of the most important properties NDT is used to characterize. Subtle
but perceptible changes in stress-strain behavior can be reliable indicators of defect formation. A
detailed review on the state-of-the-art NDT methods using optical-radiation, photoacoustic, and
photothermal techniques for mechanical strength evaluation and defect pre-diagnosis is presented in
this article. Mechanical strength is analyzed in terms of the deformation/strain field, the stress-strain
relation, and the residual stress in an elastic material subjected to tensile or compressive loading,
or impact. By introducing typical NDT experiments, the history and features of each methodology
are revisited and typical applications are discussed. This review also aims to be used as a reference
toward further research and development of NDT technologies characterizing mechanical strength of
materials and components.
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1. Introduction

Nondestructive testing/evaluation (NDT/NDE) is a collection of scientific techniques which are
able to evaluate the properties and condition of materials without inflicting permanent damage on
them. They were originally designated for inspecting parts, products, and structures of high value.
The number of published research reports on NDT rapidly increased in the beginning of the 20th
century because of industrialization and the two World Wars. There have been wide applications
for NDT technologies in numerous fields such as industrial manufacturing [1,2], aerospace and
aeronautics [3], civil engineering [4,5], and material science and technology [6,7]. Practical NDT
techniques used for materials characterization can reduce maintenance costs and enforce lifetime
management [8]. From the viewpoint of NDT on components made from solid elastic materials such
as alloys, polymers and composites, quality is assessed by inspecting the possible existence of defects
and changes in mechanical strength [9,10]. Conventionally, the mechanical strength of a material
is measured with a tensile machine and the stress-strain relation is determined by dynamic tensile
testing from load-free to failure [11–13]. The stress-strain data are recorded on samples of cylindrical,
center-necked shape and contact stress/strain measurement modules such as adhesive transducers are
usually part of the machine. Such tensile tests are destructive because samples undergo irreversible
deformation during the tensile test. To resolve the problem associated with mechanical strength testing,
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several nondestructive methodologies have been developed for the purpose of stress-strain evaluation.
Some of them focus on noncontact approaches which characterize the change of stress-strain state
by other physical fields during tensile testing. Other methodologies do not involve tensile testing
but are devoted to measuring surface or internal residual stress distribution in an elastic sample
both qualitatively and quantitatively. Nevertheless, the ultimate goal always is pre-diagnosing the
mechanical strength of a component before actual cracks and failure occur.

This review article discusses typical NDT methodologies that measure stress or strain by means of
both contact and noncontact configurations. Noncontact methods can be used under extreme testing
conditions or for in-situ inspection. Features of these noncontact NDT modalities are discussed with
regard to their physical basis and state-of-the-art applications. No ranking of the various techniques is
made or conclusions drawn with respect to their relative advantages because they all have distinctive
features and limitations. It is expected that this review article will help interested readers to learn
about the underlying physical principles, development histories and modern applications of a number
of major NDT methods used for industrial quality control to-date.

2. Noncontact Mechanical Property Testing Methods

2.1. Optical/Radiation Techniques

The stress-strain relation of elastic materials is important because it is not only a way to characterize
the hardness and brittleness of raw materials, but also reveals the mechanical status of a sample under
test [14,15]. Normally, the strain value is measured with a strain gauge affixed on the sample surface.
Under extreme conditions such as high temperature, strain sensors along with special designs of
insulating and high-Curie-temperature materials, are used for stress-strain measurements in contact
configurations [16–19]. Such a scheme cannot satisfy the requirements of many in-field applications due
to difficulties with transducer bonding. To perform totally noncontact measurements, digital-image
correlation (DIC), a.k.a. digital laser speckle (DLS), a purely optical imaging technique, was devised.
This method was first proposed by Lyons et al. [20] with the basic principle shown in Figure 1.
To avoid blackbody radiation from a high temperature surface, a visible-range expanded-beam laser
is usually adopted in DIC measurement to generate diffuse-reflection-induced speckle patterns. A
camera (with optical filter) is placed in front of the sample to record speckle images during tensile tests.
By cross-correlating the digital images before and after tensile loading, the displacement field can be
determined using the following equation [21]:(

ux

uy

)
=

1
Vi

(
∆mPx

∆nPy

)
(1)

where ux and uy represent the two orthogonal displacement fields in the camera, Vi is the image
size and ∆m, ∆n are the respective cross-correlation values. P stands for the pixel pitch which is
determined by the resolution of camera. The ultimate strain field of interest can be further derived
from the gradients of ux and uy. Using the proposed method, Anwander et al. achieved strain
measurements in tensile tests at 1200 Celsius degree with aluminum [21]. Four years later, Vǒlkl
et al. further increased the temperature to 3000 degree with an Ohmic heater and conducted strain
field measurements using a similar DIC schematic [22]. Zhu et al. developed a time-dependent
DIC system and dynamically recorded the change of strain field under a constant loading rate with
respect to non-metallic composites [23]. By using laser extensometry, the local strain rate value can
be characterized by time-dependent phase shift of correlated signal thus real-time measurement
is possible.
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algorithm requires input of speckle images, therefore, the signal-to-noise ratio from highly reflective 
surfaces can easily deteriorate. Furthermore, the strain field inside the sample cannot be visualized 
with purely optical means. The existence of local stress/strain should be justified with other 
techniques to yield a comprehensive stress-strain evaluation. Ionizing radiative electromagnetic 
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Figure 1. The schematic of digital-image correlation (DIC) strain evaluation.

Another interesting topic is exploring the stress-strain behavior of alloys under high temperature
which can reveal the strength of materials under extreme conditions, and also investigating how they
react to thermal stress at such high temperatures. Such a thermal reactive character can be used to
determine thermal compatibility with other materials in a heterogeneous structure [24]. Pan et al.
introduced an optical bandpass imaging system shown in Figure 2 to evaluate surface thermal strain
without a surface irradiating laser source [25]. The bandpass filter allows only the violet-to-blue
light to pass and avoids interferences from blackbody radiation at high temperatures. The use of an
incoherent light source makes the system less costly but still sensitive [26]. The DIC of incoherent
speckle imaging technique can also be used for real-time strain recording, as proposed by Yang et al.,
to assist optimization of supersonic aircraft coating-material thermal shock processes [27].Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 16 
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Figure 2. Strain measurement configuration with blue light source, redrawn from [24].

Apart from industrial applications, noncontact optical measurements can also be used to perform
strength evaluation of concrete in civil engineering using an alternative configuration of DLS. A
narrow collimated visible laser beam impinges perpendicularly on a sample surface, while the
camera monitors and captures scattered laser light from the incident spot at a non-normal angle
in a scanning patterns over the surface so as to determine roughness mappings. This method is
usually named laser triangulation. A series of tests with laser triangulation scanning were carried
out [28–30] to systematically quantify mechanical bonding strength between different concrete layers.
The correlation between adhesive performance of concrete and roughness, grain size, texture etc. was
investigated. Optical non-contact measurements represent an accurate and effective modality for
evaluating mechanical strength of inelastic building materials.

DIC is a successful approach to remotely detect small displacements and reconstruct strain fields. It
relies heavily on the resolution, processing speed and aberration performance of the camera. However,
there are some limitations with respect to its applications. The processing algorithm requires input of
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speckle images, therefore, the signal-to-noise ratio from highly reflective surfaces can easily deteriorate.
Furthermore, the strain field inside the sample cannot be visualized with purely optical means.
The existence of local stress/strain should be justified with other techniques to yield a comprehensive
stress-strain evaluation. Ionizing radiative electromagnetic waves have deep penetration and thus can
be used for internal stress-strain evaluation.

Among the established methods, X-ray diffraction is regarded as a classic and powerful tool
for diagnosing subsurface or internal stress without contact. Having very small wavelength, X-ray
radiation penetrates metallic materials and diffracts from irregular-lattice area caused by internal
stress/strain, a common case in the production of composites consisting of non-metal and metal layers
with different thermal expansion/contraction properties [31,32].

X-rays have also been shown to be capable of evaluating the stress-strain relation from mechanical
tests by single-angle, two-angle and sin2 Ψ scattering modes [33–35]. The schematic of X-ray diffraction
and the associated relevant coordinates is shown in Figure 3. The basic principle for evaluating strain
due to external load can be represented as a function of latitudinal lattice spacing dΨΦ as [32,33]:

εψφ =
dψφ − d0

d0
(2)

where, d0 is the lattice spacing before deformation. The strain component can be determined by
analyzing the X-ray radiation signal in different directions, i.e., at angles Ψ and Ψ. Based on this basic
principle, a numerical analysis was developed to obtain tomographic images of stressed materials in
recent reports [36–39]. X-ray computed tomography was further extended to evaluate mechanical
performance and defects. Youssef et al. [40] and Patterson et al. [36] investigated the stress-strain
property of polymers by X-ray tomography. They used a finite element method to model and in-situ test
to validate elastic and hyper-elastic deformation properties of polymers under compression; Fieres et al.
focused on the new technology of 3D printing and used X-ray to test the failure possibility of printed
parts [37]; Xing et al. inspected jointed rocks with X-ray and scanning electron microscope to find
evidence of cracks under mechanical compression [39]. Although X-ray diffraction provides sensitive,
reliable and quantitative stress-strain measurements and usually acts as a reference, such radiographic
NDT has the obvious disadvantage of complicated instrumentation and harmful ionizing radiation
which requires high level of operation and testing standards. The extremely high sensitivity of X-ray
diffraction to stress makes it more applicable to small- and micro-scale structures in laboratories. Other
types of NDT such as ultrasonic scanning and thermography should be explored to find the possibility
for stress-strain evaluation and treat macro-scale components.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 16 

 
Figure 2. Strain measurement configuration with blue light source, redrawn from [24]. 

X-rays have also been shown to be capable of evaluating the stress-strain relation from 
mechanical tests by single-angle, two-angle and sin2 Ψ scattering modes [33–35]. The schematic of 
X-ray diffraction and the associated relevant coordinates is shown in Figure 3. The basic principle for 
evaluating strain due to external load can be represented as a function of latitudinal lattice spacing 
dΨΦ as [32,33]: 

0

0

d d
d

ψφ
ψφε

−
=  (2) 

where, d0 is the lattice spacing before deformation. The strain component can be determined by 
analyzing the X-ray radiation signal in different directions, i.e., at angles Ψ and Ψ. Based on this basic 
principle, a numerical analysis was developed to obtain tomographic images of stressed materials in 
recent reports [36–39]. X-ray computed tomography was further extended to evaluate mechanical 
performance and defects. Youssef et al. [40] and Patterson et al. [36] investigated the stress-strain 
property of polymers by X-ray tomography. They used a finite element method to model and in-situ 
test to validate elastic and hyper-elastic deformation properties of polymers under compression; 
Fieres et al. focused on the new technology of 3D printing and used X-ray to test the failure 
possibility of printed parts [37]; Xing et al. inspected jointed rocks with X-ray and scanning electron 
microscope to find evidence of cracks under mechanical compression [39]. Although X-ray 
diffraction provides sensitive, reliable and quantitative stress-strain measurements and usually acts 
as a reference, such radiographic NDT has the obvious disadvantage of complicated instrumentation 
and harmful ionizing radiation which requires high level of operation and testing standards. The 
extremely high sensitivity of X-ray diffraction to stress makes it more applicable to small- and 
micro-scale structures in laboratories. Other types of NDT such as ultrasonic scanning and 
thermography should be explored to find the possibility for stress-strain evaluation and treat 
macro-scale components. 

 
Figure 3. Scheme of residual stress detection by X-ray diffraction. 

2.2. Photoacoustic (PA) Techniques 

Regarding optical NDT techniques, the term “photo” is used here to refer to the phenomenon of 
photonic-to-acoustic (specifically ultrasonic) energy conversion. The photo-thermo-elastic or simply 

Figure 3. Scheme of residual stress detection by X-ray diffraction.

2.2. Photoacoustic (PA) Techniques

Regarding optical NDT techniques, the term “photo” is used here to refer to the phenomenon of
photonic-to-acoustic (specifically ultrasonic) energy conversion. The photo-thermo-elastic or simply
photoacoustic (PA) effect was discovered by Alexander Graham Bell in 1880 [41], followed by a
number of theoretical and experimental research reports on the physical principle of ultrasound
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generation in solids by transient optical power absorption [42–44]. From the acoustic point of view,
the existence of stress in a sample can affect the propagation of elastic waves because of elastic
inhomogeneity or anisotropy. Such a phenomenon was first discussed theoretically by seismologist
Biot [45] and experimentally validated by Hughes and Kelly [46] and Bergman and Shahbender [47].
They concluded that the existence of static pre-stress can change the acoustic wave velocity inside
a medium, a phenomenon described as the acoustoelastic effect [48–50]. In the case of irreversible
residual stress, finite and irrecoverable deformation and strain should be considered with the result
that the stress-strain relation becomes nonlinear [51]. According to Murnaghan’s finite deformation
of elastic materials, the stress-strain relation should be determined with the help of the free-energy
function Ws which is defined as [46,52]:

Ws =
1
2
(λ+ 2µ)I2

1 − 2µI2 +
1
3
(l + 2m)I3

1 − 2mI1I2 + nI3 (3)

Here, λ and µ are the Lamé constants with respect to infinitesimal deformation, l, m and n are
Murnaghan’s constants determined by the type of sample material, I1, I2 and I3 are the strain invariants
of first-, second- and third-order. Conservation of energy requires Hooke’s Law to be expressed as:

ρδWs = σi j
∂δui
∂x j

(4)

where δW and δui denote the finite increment in free-energy function and displacement field, respectively.
ρ is the density after deformation. Combining Equations (3) and (4) results in an acoustoelastic equation
which connects static loading with the elastic wave velocity under hydrostatic pressure P:

ρ0v2
c = λ+ 2µ− P

3λ+2µ (6l + 4m + 7λ+ 10µ)
ρ0v2

s = µ− P
3λ+2µ (3m− 0.5n + 3λ+ 6µ)

(5)

The subscripts c and s imply compressive (longitudinal) and shear wave respectively. Subscript
0 denotes the undeformed state. The level of stress can thus be determined by measuring the wave
velocity based on Equation (5) [53].

A typical ultrasonic stress measurement setup is illustrated by Figure 4. The sample is fixed on a
tensile machine and subjected to uniaxial loading. Ultrasonic transducers are used to generate and
receive an acoustic pulse that propagates along the sample and measure the wave velocity from the two
ends. Chaki and Bourse extended this time-of-flight velocity measurement to metallic cable strands and
determined their stress-strain state [54]. Gennisson et al. focused on stressed soft solids and explored
shear modulus measurements [55]. Besides bulk waves, surface acoustic waves were also used to
evaluate the existence and level of surface residual stress. A nonlinear acoustoelastic theory with respect
to Rayleigh wave propagation was introduced by Iwashimizu and Kobori [56]. They concluded that the
propagation of a Rayleigh surface wave in finitely deformed solids satisfies the wave equation similar
to the linear-elastic material, only the elastic modulus tensor loses some of the symmetric conditions as
the regular stress-strain relation. More recently, Duquennoy et al. used an interdigitated transducer
and a laser interferometer to test superficial residual stress experimentally [57,58]. The transducer was
designated for surface wave generation using a contacting approach.
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The advantage of acoustic methodologies is their multimode propagation which is applicable
for both internal and superficial stress-strain evaluation. However, the generation and detection of
ultrasonic waves invariably relies on contact transducers. Based on the PA effect investigated in the
1980s and 1990s, it is possible to realize noncontact acoustic stress-strain characterization. Kasai and
Sawada first discussed the possibility of stress distribution measurements using a PA microscope [59].
Because of the existence of photon-phonon energy conversion, the heat equation was modified as:

Q
T0

+ ρC
∆T
T0

= −

(
α−

1
E2
∂E
∂T
σ

)
∆σ (6)

where, E is Young’s modulus, α is linear expansion coefficient, σ and ∆σ are static stress and stress
change after deformation, Q is the heat flux induced by photon (laser) irradiation and T is the
temperature, the subscript 0 refers to stress-free state. Equation (6) shows the coupling of stress
and temperature change. Using piezoelectric devices, the amplitude of the detected PA signal is
proportional to the ∆σ for small signal approximation. However, Equation (6) does not seem to be
comprehensive enough and thus no experimental procedure was proposed in Ref. [59].

Muratikov et al. published a series of theoretical and experimental reports [60–62] on PA residual
stress evaluation. They started from the basic form of the first law of thermodynamics and Murnaghan’s
nonlinear theory and wrote the modified wave equation as:

∂Pi j

∂x j
= ρ0

∂2ui

∂t2 (7)

where, ui is the displacement field and ρ0 is the density before deformation. Equation (7) can be
regarded as an alternative form to Equation (4) by introducing the Piola-Kirchhoff stress tensor Pij [63].
Repeated subscripts stand for summation and the equation is in Euler coordinates (x1, x2, x3). Pij is a
function of strain energy due to pre-stressing (Equation (3)) and photon-phonon conversion, the latter
being expressed as:

W0 =
(3

2
λ+ µ

)
α
[
(1 + β0I0

1)δi j + β1ε
0
i j

](
∂ui
∂x j

+
∂u j

∂xi
+
∂ui
∂xk

∂u j

∂xk

)
∆T (8)

where, W0 is the free-energy function of laser radiation, β0 and β1 are thermoelastic coupling coefficients
of static strain and repeated subscript summation is used. Further derivation shows that the PA signal
is proportional to the vertical displacement component. In their experiments, Muratikov et al. used
several levels of force to produce indentations on a silicon nitride sample and the PA signal was plotted
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as a function of laser scanning distance. Figure 5 shows the result using a certain level of indentation
with an obvious change of PA signal in the region of indentation-induced flaws. In their reports,
Muratikov et al. did not quantify the correlation between PA signal and the actual local residual
stress [60]. Moreover, the system used does not qualify as totally noncontact because of the use of
contacting piezoelectric crystals as detectors.
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Huan et al. developed a noncontact PA stress-strain measurement method using a
narrow-bandwidth immersion ultrasonic transducer [64]. The use of a tensile machine and adhesive
strain gauge enabled simultaneous measurements of actual strain and PA signal. As shown in Figure 6,
in the MHz range, the detected PA signal phase and amplitude show linear-to-nonlinear evolution of
local strain from elastic to plastic deformation. The results show that a change of elastic properties by
means of tensile stress exists even for linear deformation, although a corresponding explanation of the
stress effect was not given in the published report. Another limitation of the proposed setup was the
requirement for water coupling.
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If the ultrasonic wave is detected with an optical method, the PA stress-strain measurement can
be truly noncontact. As proposed by Sun and Zhou [65], a high sensitivity laser interferometric system
was developed to measure stress-induced delamination in carbon-fiber reinforced polymer. Based on
the principle of time-of-flight approach [65], Karabutov et al. measured superficial and subsurface
residual stresses in a metal with laser-induced ultrasound [66]. Not only lasers, but also incoherent
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sources such as a helium lamp, can be used in stress-strain analysis. McDonald et al. developed a
PA spectroscopic methodology to detect the stress level in some transparent materials such as a thin
polymer film [67]. A Fourier Transform Infrared (FTIR) spectrometer [68,69] was adopted in the test.
The presence of stress can slightly shift absorption peaks of the film, which lays a basis for quantitative
stress measurement by spectral analysis.

Photoacoustic techniques have inherent advantages for mechanical strength evaluation. Ultrasonic
wave mode propagation velocities exhibit a clear theoretical dependence on the stress-strain level [70],
which makes PA techniques sensitive and fast. Optical generation and detection schemes can produce
multi-physical and totally noncontact NDT methods. The main disadvantage of PA techniques is their
low energy conversion due to thermoelasticity and thus sophisticated apparatuses must be adopted.
In addition, they are not sensitive to stress accumulation and are hard to perform local tests with,
because ultrasonic waves travel fast in elastic media.

2.3. Photothermal (PT) Techniques

The discussion of PA signal dependence on the stress-strain state is based on the coupling
between elastic and thermophysical properties such as density and bulk modulus, the change of
which has perceptible impact on the acoustic signal. However, according to the thermodynamic
theory proposed by Landau and Lifshitz [71] and Love [72], a change of stress-strain energy can affect
another two groups of parameters apart from elasticity, namely, thermophysical properties [69] and
the thermoelastic coupling coefficient [73,74]. Therefore, it is possible to determine the mechanical
performance of a material remotely by examining its thermal property changes by means of, e.g.,
thermal infrared detectors.

The earliest implementation of this relationship is found in a patented instrumentation system
named Stress Pattern Analysis by measurement of Thermal Emission, or SPATE [75]. A sample under
test is fixed on a repetitive loading machine which provides a constant strain rate. The temperature
associated with the strain energy change is measured with an infrared detector. The measurement is
based on the relation between temperature and stress level described in Equation (6) and as a result a
quantitative measurement of stress can materialize [76]. SPATE is a passive infrared thermographic
(IT) system that does not require pumping external energy: the thermal radiation is the result of stress
work in the sample. In 1988, Wong et al. reported that IT method can also be used for characterizing
static loading in addition to cyclic loading state such as in a SPATE system [77]. They exerted a static
bending load on an aluminum plate and captured thermographic images with an infrared camera. By
analyzing the images before and after static deformation, they validated the possibility of detecting
residual stress in metallic materials [77]. Similar tests were carried out for thermographical residual
stress analysis in titanium alloys in NASA by Gyekenyesi and Baaklini [78]. Quinn et al. tested a series
of steel and aluminum alloys with a commercial tensile machine and an IT setup. The thermoelastic
signal even showed a qualitative stress distribution around holes on plates [79]. For hyper-elastic
materials such as polymers, the use of passive IT can also diagnose residual stress and fatigues in
them [80]. More recently, the development of NDT in reinforced composites drew the attention of a
number of researchers. When the laminated structure was subjected to high levels of tensile, bending
and torsional loading, the formation of internal delamination and micro cracks occurred along with
energy release. By observing thermal infrared emission with a camera, IT techniques enables inspection
of a whole piece of material and analysis of the inelastic stress-strain performance [81,82].

Generally, the heat equation in the presence of static stress can be derived from the first law of
thermodynamics, which has the following form [70,83–85]:

ρC
∂T
∂t
−

(
kii Jii

2 ∂
2T
∂xi2

δi j + (1− δi j)(ki j + k ji)Jii J j j
∂2T
∂xi∂x j

)
= g (9)

where, Jij is a Jacobian indicating the coordinate transformation due to loading (repeated subscripts
denote summation), g is the source term and kij is the thermal conductivity tensor. It can be shown that
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the thermal conductivity tensor has a direct connection with the static stress-strain state [45,60,71,83].
As a result, instead of the SPATE mode which is suitable for evaluating cyclic loading, the static
stress-strain performance can be determined based on thermal anisotropy analysis [85,86] with a
proper heat source, usually a laser, which brings photothermal (PT) techniques into this consideration.
Compared with PA techniques, PT detection decouples the stress-strain dependence of many physical
properties by focusing only on thermal fields. The PT testing modality is local, quantitative, and
absolutely noncontact.

Photothermal radiometry (PTR) is an active infrared emission testing modality. High power lasers
are typically used to generate transient or harmonic local heating in solid and liquid samples, followed
by free diffusion or convection. Monitoring the behavior of the diffusing field, the thermophysical
properties can be evaluated. Since the 1980s, Long et al. [87,88], Milner et al. [89,90], Busse et al. [91]
and Mandelis et al. [92–94] have reported on a series of PT-NDT techniques and applications,
mainly for measuring thermophysical properties. The first report on mechanical performance
monitoring published by Yarai et al. [95] used a pyroelectric device to capture the thermal field and
evaluate the residual stress. The system was simple but could not achieve fully noncontact detection.
Pron et al. [96,97] constructed a totally noncontact system using an Ar-ion laser and an infrared camera
to generate and record the PT field on a stressed sample as shown in Figure 7. The beam splitter
in that figure ensured most of the laser power was directed to the sample while an optical detector
provided a reference signal for amplitude and phase data acquisition. The relative change in thermal
conductivity was calculated based on the diffusion field amplitude and phase images. For a carbon
steel sample, a few percent change in its thermal conductivity was found in the direction paralleled to
the uniaxial loading within the elastic regime [96]. Based on a similar setup, Paoloni et al. examined
the PT signal of a plastically deformed metal sample [98]. The sample was stretched to fracture so that
a high level of residual stress was distributed non-uniformly around the failure surface. The diffusivity
changed as much as 65% between the fracture region and the surrounding intact part. Mzali et al. used
a halogen lamp instead of a laser to test the change in thermal properties of a plastically deformed
metal subjected to tensile loading [99]. Since the test was continuous, a thermocouple was attached to
the sample surface to measure the temperature. The contact measurement makes the system inflexible
and rigid. An elastic-to-plastic full-range tensile photo-thermo-mechanical radiometry (PTMR) test
was carried out by Huan et al. using both a Mercury Cadmium Telluride (MCT) detector (single point
measurement, shown in Figure 8 [100] and an infrared camera for imaging [84]. In those systems, a
fiber-coupled high power diode laser was used to provide more operational flexibility. The pump laser
was configured at oblique incidence and the tested data were processed with a normalization algorithm.
The results are shown in Figure 9. The stress-strain relation of full-range tensile loading was plotted as
a function of the thermal parameter κ which is defined as the sample thickness over square-root of
thermal diffusivity. The curves show a good analogy with the conventional stress-strain relation and
the relative change of thermal conductivity is at the same level as [97]. The aforementioned PTMR
development shows the possibility of using a PTR setup as a non-contact strain gauge.
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In addition to regular metallic materials, polymers and composites are also treated with PT
techniques to assess their mechanical performance, especially after plastic deformation occurs. Wang
and Wright studied the change of polymer thermal diffusivity in the plastically deformed range [101].
They derived the principal diffusivity tensor as a function of the Cauchy-Green deformation tensor. A
much more conspicuous change in diffusivity was observed in polymers compared with metals as
expected. However, such change is reversible because of the hyperelasticity of polymers. Huan et al.
further used a single point PTR configuration to test nano-coated aluminum composites [102]. A
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linear dependence of thermal diffusivities on the load level was found within the elastic regime and
only a minimal 0.6% diffusivity change occurred the in nano-coated samples. Based on these reports,
the PTMR research was extended to a number of complex materials and structures with different
elasticity. Mechanical properties of intact, defective and multi-structured samples were evaluated by
studying the stability of thermo-mechanical parameters under loading.

Photothermal techniques have advantages over other methods in characterizing stress-strain
relations. Compared with PA, PTMR detection usually evaluates mechanical performance through
diffusivity changes. Coupling between thermoelastic properties can be completely separated and the
mechanical stress-strain relation can be represented by a single parameter. In addition, dynamic PT
techniques generate thermal-wave fields inside a sample where the effective thermal diffusion length
can be controlled by the modulation frequency or the delay time of the photothermal source which can
be made to impinge on specific locations and thus can be more sensitive to regionally distributed stresses.
The use of continuous wave lasers and thermal infrared detectors and cameras makes the PTMR
methodology totally non-contact. Nevertheless, PT techniques analyze the thermophysical properties
by sensing thermal-wave field changes and thus are time consuming and optimally performing when
confocal optical systems are used which can be complicated and expensive.

3. Conclusions

Nondestructive stress-strain characterization is of fundamental importance in modern industry
for the early diagnosis of mechanical failure and prediction of safety issues. Many new nondestructive
testing methodologies for mechanical performance assessment of industrial manufactured parts have
been developed since the first application of X-ray tomography machines for industrial component
residual stress monitoring in the 1940s. This article has reviewed three categories of typical NDT/NDE
approaches which have their own unique features toward characterizing the stress-strain state.
The highlights and drawbacks of each method were discussed by reviewing the development history
and some results from state-of-the-art research. A brief summary is listed in Table 1 for each
testing method.

Table 1. Summary of popular stress-strain NDT/NDE methods.

Category Methodology Physical Field System
Complexity Contact/Non-Contact Measurement

Range

Optical/radiative DIC Electromagnetic Low Non-contact Surface only
X-ray Electromagnetic High Non-contact Internal

Acoustic
Pure acoustic Elastic Low Contact Surface/internal

PA Thermoelastic Medium Semi-/total-noncontact Surface/internal

Thermal
SPATE Electromagnetic Medium Non-contact Average
PTMR Electromagnetic Low Non-contact Surface/internal

In future, the following points should be considered to further boost related technologies and
in-field applications:

Stress-strain imaging and distribution reconstruction. Until now most reports on mechanical
measurements are based on simple loaded state configurations such as hydrostatic or uniaxial
loading. Unfortunately, they are insufficient for dealing with real-world stress-strain conditions.
New mathematical modeling and numerical approaches should be sought to develop in-field and
quantitative stress distribution analyses.

Involvement of artificial intelligence (AI) and big data (BD) technologies in NDT. Multiphysical interfaces
allow inputs of data from different physical fields. This approach incorporates advantages of various
processes and can bring to bear testing of different properties such as thermal, optical, elastic etc.
More data may be generated from a single group of tests and provide more powerful assistance in
industrial applications. AI and BD technologies such as deep-learning and machine-vision enable
automatic and massive data analysis with reliable and quantitative outputs. They are also useful for
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diagnosing components of irregular shape and dimension. Pioneering works that treated cylinders,
spheres, corners and wedges etc. can be found in [103–107].
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22. Vǒlkl, R.; Fischer, B. Mechanical testing of ultra-high temperature alloys. Exp. Mech. 2004, 44, 121–127.
[CrossRef]

23. Zhu, D.; Mobasher, B.; Rajan, S.D. Non-contacting strain measurement for cement-based composites in
dynamic tensile testing. Cem. Concr. Compos. 2012, 34, 147–155. [CrossRef]

24. Wolverton, M.; Bhattacharyya, A.; Kannarpady, G.K. Efficient, flexible, noncontact deformation measurements
using video multi-extensometry. Exp. Tech. 2009, 33, 24–33. [CrossRef]

25. Pan, B.; Wu, D.; Wang, Z.; Xia, Y. High-temperature digital image correlation method for full-field deformation
measurement at 1200 ◦C. Meas. Sci. Technol. 2011, 22, 015701. [CrossRef]

26. Pan, B.; Qian, K.; Xie, H.; Asundi, A. Two-dimensional digital image correlation for in-plane displacement
and strain measurement: A review. Meas. Sci. Technol. 2009, 20, 062001. [CrossRef]

27. Yang, X.; Liu, Z.; Xie, H. A real time deformation evaluation method for surface and interface of thermal
barrier coatings during 1100 ◦C thermal shock. Meas. Sci. Technol. 2012, 23, 105604. [CrossRef]

28. Hoła, J.; Sadowski, Ł.; Reiner, J.; Stach, S. Usefulness of 3D surface roughness parameters for nondestructive
evaluation of pull-off adhesion of concrete layers. Constr. Build. Mater. 2015, 84, 111–120. [CrossRef]

29. Czarnecki, S.; Hoła, J. Evaluation of the height 3D roughness parameters of concrete substrate and the
adhesion to epoxy resin. Int. J. Adhes. Adhes. 2016, 67, 3–13.

30. Sadowski, Ł. Non-destructive identification of pull-off adhesion between concrete layers. Automat. Constr.
2015, 57, 146–155. [CrossRef]

31. Barrett, C.S.; Predecki, P. Stress measurement in graphite/epoxy uniaxial composites by X-ray. Polym. Compos.
1980, 1, 2–6. [CrossRef]

32. Ledbetter, H.M.; Austin, M.W. Internal strain (stress) in an SiC-Al particle-reinforced composite: An X-ray
diffraction study. Mater. Sci. Eng. 1987, 89, 53–61. [CrossRef]

33. Hemley, R.J.; Mao, H.; Shen, G.; Badro, J.; Gillet, P.; Hanfland, M.; Häusermann, D. X-ray imaging of stress
and strain of diamond, iron, and tungsten at megabar pressures. Science 1997, 276, 1242–1245. [CrossRef]

34. Prevey, P.S. X-ray diffraction residual stress techniques. ASM Handb. 1986, 10, 380–392.
35. Hughes, D.J.; Mahendrasingam, A.; Martin, C.; Oatway, M.B.; Heeley, E.L.; Bingham, S.J.; Fuller, W. An

instrument for the collection of simultaneous small and wide angle X-ray scattering and stress–strain data
during deformation of polymers at high strain rates using synchrotron radiation sources. Rev. Sci. Instrum.
1999, 70, 4051–4054. [CrossRef]

36. Patterson, B.M.; Cordes, N.L.; Henderson, K.; Williams, J.J.; Stannard, T.; Singh, S.S.; Ovejero, A.R.; Xiao, X.;
Robinson, M.; Chawla, N. In situ X-ray synchrotron tomographic imaging during the compression of
hyper-elastic polymeric materials. J. Mater. Sci. 2016, 51, 171–187. [CrossRef]

37. Fieres, J.; Schumann, P.; Reinhart, C. Predicting failure in additively manufactured parts using X-ray
computed tomography and simulation. Procedia Eng. 2018, 213, 69–78. [CrossRef]

38. Subramanian, J.; Seetharaman, S.; Gupta, M. Processing and properties of aluminum and magnesium based
composites containing amorphous reinforcement: A review. Metals 2015, 5, 743–762. [CrossRef]

39. Xing, J.; Zhao, C.; Yu, S.; Matsuda, H.; Ma, C. Experimental study on rock-like specimens with single flaw
under hydro-mechanical coupling. Appl. Sci. 2019, 9, 3234. [CrossRef]

40. Youssef, S.; Marie, E.; Gaertner, R. Finite element modelling of the actual structure of cellular materials
determined by X-ray tomography. Acta Mater. 2005, 53, 710–730. [CrossRef]

41. Bell, A.G. On the production and reproduction of sound by light. Am. J. Sci. 1880, 20, 305–324. [CrossRef]
42. Scruby, C.B.; Dewhurst, R.J.; Hutchins, D.A.; Palmer, B. Quantitative studies of thermally generated elastic

waves in laser-irradiated metals. J. Appl. Phys. 1981, 51, 6210–6216. [CrossRef]

http://dx.doi.org/10.1016/j.actamat.2017.06.047
http://dx.doi.org/10.1007/BF02328699
http://dx.doi.org/10.1007/BF02327556
http://dx.doi.org/10.1007/BF02428171
http://dx.doi.org/10.1016/j.cemconcomp.2011.09.011
http://dx.doi.org/10.1111/j.1747-1567.2008.00370.x
http://dx.doi.org/10.1088/0957-0233/22/1/015701
http://dx.doi.org/10.1088/0957-0233/20/6/062001
http://dx.doi.org/10.1088/0957-0233/23/10/105604
http://dx.doi.org/10.1016/j.conbuildmat.2015.03.014
http://dx.doi.org/10.1016/j.autcon.2015.06.004
http://dx.doi.org/10.1002/pc.750010103
http://dx.doi.org/10.1016/0025-5416(87)90249-7
http://dx.doi.org/10.1126/science.276.5316.1242
http://dx.doi.org/10.1063/1.1150034
http://dx.doi.org/10.1007/s10853-015-9355-8
http://dx.doi.org/10.1016/j.proeng.2018.02.008
http://dx.doi.org/10.3390/met5020743
http://dx.doi.org/10.3390/app9163234
http://dx.doi.org/10.1016/j.actamat.2004.10.024
http://dx.doi.org/10.2475/ajs.s3-20.118.305
http://dx.doi.org/10.1063/1.327601


Appl. Sci. 2020, 10, 1588 14 of 16

43. Rose, L.R.F. Point-source representation for laser-generated ultrasound. J. Acoust. Soc. Am. 1984, 75, 723–732.
[CrossRef]

44. Hutchins, D.A. Mechanisms of pulsed photoacoustic generation. Can. J. Phys. 1986, 64, 1247–1264. [CrossRef]
45. Biot, M.A. The influence of initial stress on elastic waves. J. Appl. Phys. 1940, 11, 522–530. [CrossRef]
46. Hughes, D.S.; Kelly, J.L. Second-order elastic deformation of solids. Phys. Rev. 1953, 92, 1145–1149. [CrossRef]
47. Bergman, R.H.; Shahbender, R.A. Effect of statically applied stresses on the velocity of propagation of

ultrasonic waves. J. Appl. Phys. 1958, 29, 1736–1738. [CrossRef]
48. Tokuoka, T.; Saito, M. Elastic wave propagations and acoustical birefringence in stressed crystals. J. Acoust.

Soc. Am. 1968, 45, 1241–1246. [CrossRef]
49. Husson, D.; Kino, G.S. A perturbation theory for acoustoelastic effects. J. Appl. Phys. 1982, 53, 7250–7258.

[CrossRef]
50. Shams, M.; Destrade, M.; Ogden, R.W. Initial stresses in elastic solids: Constitutive laws and acoustoelasticity.

Wave Motion 2011, 48, 552–567. [CrossRef]
51. Davies, G.F. Quansi-harmonic finite strain equations of state of solids. J. Phys. Chem. Solids 1973, 34, 1417–1429.

[CrossRef]
52. Murnaghan, F.D. Finite deformations of an elastic solid. Am. J. Math. 1937, 59, 235–260. [CrossRef]
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