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A photo-thermo-mechanical non-destructive inspection methodology was developed theoretically and
experimentally for non-contact, non-destructive evaluation of mechanical stress–strain relations in
metallic materials. A one-dimensional thermal-wave model modiﬁed to include mechanical stress explicitly was used to ﬁt experimental data from both frequency scan and stress scan tests and determine
the thermal effusivity and diffusivity of an aerospace-industry-relevant aluminum 6061 alloy. Within the
elastic regime the thermal conductivity values measured from both photothermal radiometry (PTR)
amplitude and phase showed very good agreement, thereby establishing the self-consistency of the new
photo-thermo-mechanical radiometry (PTMR) method. Furthermore, a linear conductivity–stress dependence was found, thus establishing the dominant role this property plays in the ability of PTMR to
monitor mechanical changes in the aluminum alloy. It was demonstrated that PTMR can be used as a
non-contact “strain gauge” within and far beyond the operational strain range of commercial strain
gauges, up to the fracture point.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
In the ﬁeld of non-destructive testing (NDT), the mechanical
strength of metallic materials is always regarded as an important
issue. Fatigue resulting from overloading or multiple cyclic loading
underlies the ﬁnal failure of mechanical structures or facilities.
Many investigations have been reported on measuring the
strength of elastic materials using NDT methodologies. Most
popular techniques used include ultrasound [1,2], Raman spectroscopy [3] and X-ray diffraction [4]. Landau et al. [5] established
the theoretical basis for thermal effects and elasticity, which implies anisotropic thermal property changes due to stress. The
elastic property dependence on external loading has also been
discussed theoretically by Biot [6] and experimentally investigated
by Hughes et al. [7] The phenomenon is generally referred to as
acoustoelasticity [8]. Wong et al. [9] theoretically explored the
application of stress pattern analysis by the thermal emission
(SPATE) technique and connected Young's modulus with the
stress–strain state of metals, which establishes a theoretical basis
for further experimental investigations [10]. Muratikov et al.
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[11,12] used a photoacoustic approach to detect residual stress in
metals within the framework of non-linear thermoelastic theory.
However, most of these investigations were designed for residual
stress or fatigue diagnosis in damaged samples which have already
become plastically deformed and are unstable. These methodologies also require a contacting transducer (e.g. PZT) for speciﬁc
acoustic signal detection. Furthermore, the inspection uses large
and complicated apparatus for the analysis. Regardless of the approach, those earlier methodologies did not aim at early-stage
stress–strain material characterization or quantiﬁcation of that
relation, nor did they target system development for industrial
applications use.
Unlike the conventional photoacoustic (or laser ultrasonic)
approach which is closely related to both thermal and elastic
properties of a material but requires a ﬂuid couplant or direct
contact between sample and transducer, this work reports an
application of frequency domain photothermal radiometry (PTR)
to the mechanical strength quantiﬁcation of metallic industrial
alloys. The methodology is based on photo-thermo-mechanical
(PTM) effects which are more straightforward and easier to interpret than ultrasonic wave processes (including mode conversions). It involves only the thermal parameter dependence on
stress and is not sensitive to surface deformation [13]. From the
practical point of view, photo-thermo-mechanical radiometry
(PTMR) eliminates the need for a coupling medium, thereby
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emerging as a truly non-contacting mechanical-property measuring NDT methodology. The testing system was designed for ﬂexibility and non-contact operation by use of a ﬁber-coupled laser
and a mid-infrared detector. A specially designed dynamic tensile
rig enabled full tensile range tests from the stress-free state up to
fracture. Testing of the mechanical system consisted of two parts:
a) the reversibility and reproducibility of the PTMR signal was
veriﬁed by applying several rounds of cyclic tensile load on the
sample within the elastic regime; and b) the sample was subsequently loaded and stressed up to fracture. The full strain-signal
history of the sample was interpreted within the conventional
stress–strain relation framework, thereby validating PTMR as a
non-contact “strain gauge” capable of measuring this mechanical
property for values of strain well beyond commercial strain gauges
and up to the point of material fracture. The signiﬁcance of the
greatly extended dynamic range of the PTMR strain gauge is that it
can keep track of the inspected material's mechanical properties
and their small (early) changes, thereby monitoring the onset and
evolution of fatigue cracks and other loading-related defects
throughout the component's service lifetime from the original
unloaded state to fracture.

Tensile stress was applied through the axial motion holder and
a stationary holder onto which the sample was pinned as shown in
Fig. 1. All the tests were conducted after the sample reached mechanical equilibrium. With the strain gauge readings as a reference, the ﬁrst set of experiments was focused on performing
multiple cyclic loadings of the sample within the elastic regime.
The frequency was scanned from 1 to 30 Hz and signal-vs-frequency data were recorded at various strain values. To maximize
sensitivity, some groups of cyclic tests were conducted with higher
strain resolution and smaller strain increments at a single frequency. During the second set of experiments the sample was
stressed until fracture and the PTR signal from the entire stressing
history was displayed.

3. Photo-thermo-mechanical radiometry (PTMR) theory
3.1. Finite element analysis (FEA) of tensile stress
For a homogeneous, isotropic material, the linear constitutive
relation follows the basic Hooke's law [15]:

τ = C: ε
2. Photo-thermo-mechanical instrumentation
A non-destructive testing apparatus consisting of both force
application module and the stress/defect detection module was
designed and implemented, Fig. 1. The apparatus mainly consisted
of two major components, namely the tensile tester and the PTR
set-up [14]. The tensile tester can apply a tensile force to elongate
a metallic specimen within the elastic range and provides control
for reliable and reproducible correlation between the applied
specimen strain and the PTR amplitude and phase of the detected
laser signal [14]. As shown in Fig. 2, a sample was made of aluminum 6061, a kind of alloy widely used in the aerospace industry.
The metal was machined into a “dog-bone” shape to concentrate
the stress in the middle part. An adhesive strain gauge was afﬁxed
on the back surface as a means of quantitative reference strain. An
808 nm laser (4 W peak power, beam spotsize: 7 mm in diameter)
was used as a photothermal source modulated in a low frequency
range (1–30 Hz). The infrared thermal radiation was collected and
focused on a mercury-cadmium-telluride (MCT) detector. The
output signal was processed through a lock-in ampliﬁer and digitized in terms of amplitude and phase.

(1)

τ, ε are, respectively, the stress and strain tensor of order two; C is
the elastic modulus tensor of order four. For any external load
vector F , the balance of forces requires:
∇⋅τ = − F

(2)

In most cases, there is no analytical solution to Eq. (2), especially for complex sample geometries. FEA is a useful engineering
computational approach to determine the stress components of
the sample under external load. In this work, the purpose of FEA
was to determine the elastic regime range within which the reproducibility and reversibility of the system has been studied and
veriﬁed. A 3-D model was created with COMSOL Multiphysicss,
Solid Mechanics Module. The boundary conditions are noted in
Fig. 3(a). The constraints were all applied on the lateral surface of
two holes, to simulate the behavior of the pins, the motion holder
and the stationary holder. The stress–strain relation of the central
part is depicted in Fig. 3(b), the result of considering only elastic
deformation. Given that the yield strength for aluminum 6061 T-6
is above 240 MPa [16], the strain should be far below 0.0035 to
ensure the sample is within the elastic regime.
3.2. Heat conduction equation for a solid under stress
As discussed in Refs. [5,11], the existence of an external load
will result in anisotropic properties in elastic bodies. The generalized form of the thermal diffusion equation in an anisotropic
body is:

ρC

∂T
− ∇⋅( k⋅∇T ) = g
∂t

(3)

ρ , C are the density and speciﬁc heat capacity of the solid, respectively, g is the heat source, and k = k ij (τ) , i, j = x1, x2, x3 is the
stress dependent thermal conductivity tensor which is symmetric,
i.e. k ij = kji . All the differentiation operations in Eq. (3) are with
respect to the undeformed state, represented by the coordinates
(x1, x2, x3). However, the PTMR signal is collected at every equilibrium state of deformation and is thus labeled with a deformed
body coordinates (X1, X2 , X3 ). The relation between the two coordinate systems is [6,17]:
Fig. 1. Tensile tester and visual guide to its operation.

Xi = xi + ui , i = 1, 2, 3

(4)
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Fig. 2. Experimental schematic of photo-thermo-mechanical measurements.

represented as:

(

∇⋅( k⋅∇T ) = kij Jjl T , l

)

,i

= (2 − δij ) klm Jil Jjm T , ij

(5)

in which δ ij is the Kronecker delta (¼1 when i = j , and 0 otherwise); Jij is the Jacobi matrix deﬁned in terms of the initial inﬁnitesimal strain tensor εij :

Jij = δij +

∂ui
= δij + εij
∂xj

(6)

Eqs. (3)–(6) fully describe the thermal conduction behavior of
inﬁnitesimally deformed solids.
3.3. One-dimensional thermo-mechanical wave problem
For an expanded laser beam completely illuminating the solid
surface, a one dimensional model can be used in the analysis. For
opaque metallic materials, the heat source due to a harmonically
modulated laser radiation incident on the solid surface can be
regarded as a surface source [18]. Then, Eq. (3) becomes:

ρCiωT − (1 + ε)2k (τ )

Fig. 3. (a) FEA model and (b) simulated stress–strain relation at the center.

ui is the displacement component along the xi axis. For simpliﬁcation, the subscript summation convention is used where repeated subscripts denote a sum over sequential indexes
i, j, l, m = 1, 2, 3 and a comma represents differentiation with respect to coordinates Xi . Substituting Eq. (4) into Eq. (3) and considering only uniform deformation (no torsion), the stress and
thermal conductivity tensors due to the initial stress are all constant, i.e. k ij, l = τij, l = 0 and the second term in Eq. (3) can be

∂ 2T
= βI0 δ (z )
∂z2

(7)

with deformed state depth coordinate z. ω is the modulation angular frequency ω = 2πf , β is the optical-to-thermal energy conversion efﬁciency, ε is the strain, I0 is the laser intensity and δ (z ) is
the Dirac delta function. τ is the stress. This modiﬁed equation
indicates a static stress dependent thermal conductivity along the
z direction. For a sample of thickness L, the temperature at the
front solid-air interface z = 0 is [19]:

T (0, f ) =
σ=

βI0 ⎡ 1 + e−2σL ⎤
⎢
⎥
k (τ ) σ ⎣ 1 − e−2σL ⎦

2iπf /α (τ ) , α (τ ) = k (τ )/ρC

(8)

Here σ is the complex thermal wavenumber and α (τ ) is the
stress-dependent thermal diffusivity. Eq. (8) is valid under adiabatic (zero-heat-ﬂux) boundary conditions at the solid–gas
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interface which is reasonable for an aluminum alloy sample
[18–21]. The actual complex PTMR signal S (f ) is related to the
thermal-wave ﬁeld by [19]:

S (f ) = Y (f ) T (f )

(9)

Here Y (f ) is the instrumental transfer function. The signal can
be expressed in terms of amplitude and phase by:

⎛ 1
Amplitude: A (f )~ Y (f ) I0 (f ) ⎜⎜
⎝ em
(1 − e−γ cos γ )2 + e−2γ sin2 γ

⎛ −2e−γ sin γ ⎞ π
⎟−
Phase: Φ (f ) = arc tan ⎜
+ Φ0 (f )
⎝ 1 − e−2γ ⎠ 4

4. Results and discussion
4.1. Elastic loading

⎞
⎟⎟
f⎠

⎡⎣ (1 − e−2γ )2 + 4e−2γ sin2 γ ⎤⎦1/2

where em (τ ) =

PTMR phase only depends on the parameter γ which makes it
suitable for the determination of κ from best ﬁts of the theory to
the experimental frequency-scan data.

(10a)

(10b)

k (τ ) ρC is the solid effusivity, γ ≡ 2 πf κ (τ ) and

κ (τ ) ≡ L/ α (τ ) . Both em and κ are functions of the thermal conductivity and other thermophysical parameters of the solid.
Φ0 (f ) = arg [Y (f )] is the additional phase shift due to the instrumental transfer function Y(f). It can be seen from Eq. (10b) that the

The PTMR frequency-scanned signals under various stress
conditions within the elastic regime are shown in Fig. 4(a). Both
amplitude and phase signals are normalized with a convenient
reference signal: that of the same sample under load-free conditions. The signals from the loading process (LP) and the relaxing
(unloading) process (ULP) were recorded during each experiment.
Fig. 4(b) shows the ﬁxed-frequency PTMR amplitude and phase
from several high-resolution LP and ULP stress scans (SS) of the
sample within the elastic regime. These results exhibit good reproducibility and reversibility of the stress-dependent PTMR signal and demonstrate the connection between thermal properties
and the stress–strain state of the sample. As the phase signal is
completely determined by the parameter κ, it is clear that its
changes are dominated by the thermal diffusivity, given that the

Fig. 4. Recorded PTMR signal from (a) frequency scans (FS) under various stress–strain conditions; (b) stress scans (SS) at 2.5 Hz (LP: loading process, ULP: unloading
process).
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FS tests show good agreement with those extracted from the SS
tests and, as expected, the phase channel exhibits better measurement reliability than the amplitude because it is not sensitive
to surface conditions or laser power. Furthermore, the linearly
increasing patterns of both stress-dependent effusivity and diffusivity suggest a linear dependence of the thermal conductivity on
stress, which is quantitatively veriﬁed in Fig. 5(c).
4.2. Plastic loading
The foregoing measurements performed within the sample's
elastic regime suggest that thermal conductivity changes are solely
responsible for, or the dominant cause of, the dependence of the
PTMR signal on the state of stress, and the unstressed conductivity
value can be recovered when the external load is removed. However, for tensile stressing that exceeds the elastic limit, plastic
deformation will result in a permanent change of material properties. Based on the photo-thermo-mechanical methodology discussed above, the complete tensile loading stress–strain history
can be investigated and mapped in terms of thermal property
changes. For large deformations, the thermal-geometric parameter
κ is uniquely measured from phase and it is a function of strain as
shown in Fig. 6(a) and (b). The mechanical test consisted of three
parts: elastic loading and unloading; plastic loading and unloading; and plastic reloading until fracture. The results show three
distinct regimes, i.e. the elastic range, the strain hardening range,
and the necking range. It is worth noting that these measurements
were possible through PTMR even though the strain gauge failed
after the real strain exceeded its detectable range. This is a signiﬁcant feature of PTMR: it can assume the role of a non-contact
“strain gauge” within and far beyond the operational range of
commercial strain gauges. A “permanent set” (deﬁned as the permanent change of the material shape after removal of stress occurring as the result of plastic deformation) was recorded from
plastic unloading. The existence of maximum κ as shown in Fig. 6
(a) indicates the location on the strain axis (no independent values
were available after the collapse of the strain gauge) of the ultimate strength of the material. Fig. 6(c) gives a typical qualitative
example of the stress–strain relation of the aluminum alloy [22].
The strain dependent κ in Fig. 6(b) shows excellent analogy to the
“stress” counterpart of the conventional stress–strain relation derived from tensile machines with respect to many features such as
ultimate strength and the three distinct regions of mechanical
performance.

5. Conclusions

Fig. 5. Best ﬁtted parameters from the experiments: (a) thermal effusivity from the
amplitude; (b) thermal diffusivity from the phase; and (c) extracted thermal conductivity from both the effusivity and diffusivity values acquired from stress scans
in (a) and (b).

sample thickness remains essentially constant within the elastic
regime (thickness change is very much smaller than the thermal
diffusion length at 2.5 Hz). The stress dependent diffusivity was
extracted from ﬁtting the phase data to Eq. (10b). Subsequently, by
eliminating the inﬂuence of γ , the effusivity was also measured by
ﬁtting the amplitude data to Eq. (10a). Fig. 5 shows the quantitative results from ﬁtting the frequency scan (FS) and stress scan (SS)
data to the theory. The ﬁtted effusivities and diffusivities from the

A quantitative photo-thermo-mechanical investigation of the
stress–strain relation in aerospace metal components was reported using frequency-domain PTMR detection. An aluminum
sample typical of aircraft components was subjected to tensile
stress in a home-made mechanical tensile tester equipped with a
PTR setup. A one-dimensional thermo-mechanical-wave model
was applied to determine the strain-dependent thermal diffusivity
and effusivity from best-ﬁtting the experimental phases and amplitudes. The results validated the existence of strain- (and thus,
stress-) dependent thermal conductivity in the material and established a quantitative stress – PTR signal relation within the
elastic regime. An excellent analogy was found with the conventional stress–strain relation within the elastic regime, while the
PTMR parameter κ (τ ) ≡ L/ α (τ ) was shown to act as a virtual noncontact strain gauge across the entire range of applied stress from
the stress-free state to fracture.
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Fig. 6. (a) Full history of tensile loading up to fracture, represented quantitatively through the material parameter κ; (b) the right graph is the enlargement of the box shown
in (a) with the vertical coordinate reversed to emphasize the analogy with the stress–strain relation as shown in (c) (Redrawn from Fig. 41 in Ref. [22]).
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