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Non-contact photo-thermo-mechanical radiometry (PTMR) was introduced to evaluate the mechanical properties of an aerospace aluminum alloy with Nickel Cobalt (NiCo) coatings. A home-made small-scale tensile rig
was used to apply static uniaxial tensile load on the samples. The strength of nanocoated samples was recorded
in terms of strain by an adhesive strain gauge also acting as a PTMR calibration device. For the purpose of nondestructive evaluation, the tests were limited within the elastic regime. Two experimental modalities were used:
frequency scan at ﬁxed load and strain scan at ﬁxed frequency. The test results were analyzed with both a threelayer and a more detailed ﬁve-layer thermo-mechanical-wave (TMW) model. Both theoretical and experimental
results indicated that the presence of the NiCo nanocoating can signiﬁcantly strengthen the mechanical
properties of the coated aluminum substrate. The coating can also provide protection to defective substrates and
enhance their mechanical stiﬀness (strength).

1. Introduction
The mechanical performance of aerospace materials in terms of
stability and durability is a very important issue in the aerospace
industry. To assess and maintain safe and reliable functionality, nondestructive testing (NDT) techniques are widely applied to inspect
hidden fatigue and cracks inside aerospace components. Conventional
approaches include ultrasound [1,2], spectroscopy [3], X-ray diﬀraction [4] etc. Invariably these methods are either indirect, requiring
complicated instrumentation, or rely on direct contact. In the past
decades, several NDT non-contacting methods arose based on the
advent of laser sources. Laser ultrasound using modulated laser light to
generate thermoelastic waves in the time-domain [5,6] or the frequency-domain [7,8] is such an advanced non-contacting approach for
mechanical property evaluation. Despite its wide popularity and noncontact nature, this technique is handicapped due to the severe acoustic
impedance mismatch between sample and air, thereby requiring a
coupling ﬂuid medium and/or contacting device for modulated laser
applications in the frequency-domain, and/or an alternative complex
optic detection system (e.g. interferometer) for pulsed laser applications in the time-domain. Moreover, it involves both thermal and

acoustic waveﬁelds for signal interpretation which further complicates
the problem [9]. Photo-thermal radiometry (PTR) focuses only on the
temperature ﬁeld which is quantitatively determined by the sample
thermophysical properties, therefore, it can greatly simplify the NDT
process and provide a truly non-contact alternative [10,11]. However,
until recently, the PTR link to mechanical properties has been tenuous
and quasi-empirical [12].
The connection between thermophysical properties and the mechanical state of a material was theoretically brieﬂy discussed in the
classic treatise by Landau and Lifshitz [13] and speculatively by Wong
et al. [14]. Possibilities for quantifying the stress-dependence of
thermophysical properties were also reported [15,16]. Several authors
showed that the thermal conductivity is linearly dependent on the
applied external stress within the sample's elastic regime, which is
consistent with thermodynamic theory [17–19]. Very recently Huan
et al. [19] introduced a quantitative thermo-mechanical-wave (TMW)
theoretical framework linking photothermal signals to mechanical
strain imposed by an external stress and demonstrated a direct
correspondence of the resulting photo-thermo-mechanical radiometry
(PTMR) signals to the well-known conventional stress-strain relation
across the entire strain axis from the free (unstressed) state to fracture
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concentrates. The experiments included both frequency scan sat
various mechanical loads (stresses) and stress-strain scans at a ﬁxed
frequency. The PTMR signals were used to determine the extent of the
elastic regime and all subsequent experiments were limited within it to
ensure the non-destructive character of the tests.

[19]. In summary, PTMR was shown to act as a non-contact all optical
(photothermal) dynamic strain gauge capable of measuring the widest
strain range to-date, well beyond the range covered by today's adhesive
static strain gauge technologies. Based on these results, the mechanical
performance enhancement of nanocoated aerospace substrates was
studied in this work using non-contact PTMR.

3. Theoretical analysis
2. Materials and experimental

PTR has been used for the determination of thermophysical
parameters in both single-layer and multi-layer materials with quantitative thermal-wave theory [20]. However, most researchers targeted
homogenous and isotropic solids the thermal conductivities of which
are constant and uniform. Furthermore, the connection to mechanical
properties was not made. In this investigation, the T-shaped alloy
nanocoated samples are subjected to uniaxial tensile loading, and as a
result, the thermal conductivities of both coating and substrate become
anisotropic and functions of mechanical properties [19]. The thermal
diﬀusion equations are generalized to accommodate the tensorial
character of the conductivities in the coating and substrate:

The tested samples were made from aerospace aluminum 6061
alloy and machined into a T-shape (“dog-bone”) with 2 mm thickness
at the probed locations. The samples were then coated with 127 µm
(actual thickness) of NiCo nanocoating. These nanocoatings are lightweight hybrid components which combine thin nanostructured metal
claddings with polymeric substrates produced by either injection
molding or by additive manufacturing methodologies. These nanometal-polymer hybrids provide unique, yet not well understood, combinations of structural, mechanical and functional properties, not achievable in monolithic components. They feature ultraﬁne grain sizes in
nanocrystalline electrodeposits which give yield strengths that can
exceed 1250 MPa, while still exhibiting more than 5% uniform plastic
strain. For comparison, a horizontal side hole was drilled into one of
the aluminum substrates at the waist center, thereby compromising the
mechanical strength of the sample before the coating process, as shown
in Fig. 1. The coating is used to protect the aluminum substrate from
erosion and oxides. It is also supposed to provide extra mechanical
support and enhance durability. The experiment setup was the same as
in our earlier studies [19] and is shown in Fig. 2. Brieﬂy, a 4-W
modulated 808-nm laser with a multimode optical ﬁber was used as a
modulated heat source. A small-scale tensile rig was used to apply axial
tensile loading on the samples and a standard aligned PTR optical
system was used to detect the laser induced infrared photon emission.
To improve the PTMR signal, a washable black paint layer was applied
at the waist of the T-shaped samples where most tensile stress

ρ1C1

∂T1
− ∇⋅(k1⋅∇T1) = g
∂t

(1a)

∂T2
− ∇⋅(k2⋅∇T2 ) = 0
∂t

(1b)

ρ2 C2

The subscripts 1 and 2 refer to coating and substrate properties,
respectively; ρ , C denote the density and speciﬁc heat capacity of the
two materials, respectively; g is the heat source and
k = kij (τ), i , j = x1, x 2 , x3 is the stress (τ) dependent thermal conductivity tensor which is symmetric, i.e. kij = kji . Eqs. 1(a) and 1(b) need to be
simpliﬁed for analytical solutions. To avoid the complexity of nonisotropic Cartesian coordinates with a directional tensile load and an
azimuthally symmetric Gaussian laser beam, the beam was expanded
(~8 mm in diameter) so as to reduce the problem of Eqs. (1) to one
dimension (depth) and thus simplify the solutions. The one-dimensional (1D) thermo-mechanical-wave equations that incorporate the
stress dependent thermal conductivity can be expressed in the frequency domain as follows [19]:

ρ1C1iωT1 − (1 + ε )2 k1(τ1)

d 2T1
dz 2

= βI0δ (z )

(2a)

2

ρ2 C2iωT2 − (1 + ε )2k 2(τ2 )

d T2
dz 2

=0

(2b)

Here ω is the modulation angular frequency ω = 2πf , β is the
optical-to-thermal energy conversion eﬃciency, I0 is the laser intensity
and δ (z ) is the Dirac delta function which indicates surface-absorption
of the laser beam. As the nanocoating and the substrate are regarded as
elastically parallel when subjected to tensile loading, ε is their common
strain; τ1, τ2 are strain-associated stresses inside the coating and
substrate, respectively. Eqs. (2) are similar to conventional thermalwave equations only with modiﬁed thermal conductivity and explicit
dependence on strain.
3.1. One-solid-layer model (air-sample-air system)
Although it is strictly improper to lump the three-layer solid
structure into one and use a 3-layer model to identify the thermal
properties of the coated samples, this theoretical model is approximately valid at low frequencies when the thickness of the coating is
small compared to the averaged thermal diﬀusion length in the solid
layered structure. The simpliﬁed model can provide eﬀective parameters of the sample which are easy to quantify and analyze. In this
approximation, the coupled Eqs. (2) collapse into one equation as the
coated sample can be regarded as a single layer with an eﬀective
diﬀusivity αn surrounded by air of diﬀusivity αam:

Fig. 1. Tested aerospace sample geometry: (a) 127 µm NiCo nanocoated T-shaped
(“dog-bone”) sample with aluminum alloy substrate; (b) shape of waist region (center) of
the intact coated sample (labelled Sample 1); (c) waist region center of a defective
substrate sample with a drilled hole from the side at the center ~1 mm in depth and
1 mm in diameter (labelled Sample 2).
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Fig. 2. Schematic diagram of experimental setup: (a) PTMR system accessory of tensile rig which can apply a stress (force) F on a sample; (b) Tensile rig with PTMR accessory. The
808 nm modulated expanded laser beam is incident on a “dog-bone” sample waist. The generated IR emission is collected by a MCT detector and demodulated by a software or hardware
lock-in ampliﬁer. The lock-in signal (expressed as amplitude and phase) at various modulation

σn(τ )T −

βI δ (z )
d 2T
= 0
,L≤z≤0
kn
dz 2

(3a)

σamT −

d 2T
= 0, z ≤ 0, z ≥ L
dz 2

(3b)

σam =

iω / αam , σn(τ ) =

(3c)

iω / αn(τ ) , αam = (k / ρC )am , αn = kn(τ )/ ρn Cn

L is the total thickness of the coated sample, σn(τ ) Z is the thermomechanical wavevector in the solid, and σam is the thermal wavevector
in the ambient. The subscript n indicates an eﬀective parameter of the
solid layered structure. Due to the fact that air is a very poor heat
conductor, the metal-air interface can be regarded as adiabatic with
zero-ﬂux [10]. The solution of Eq. 3(a) can be derived in terms of
amplitude and phase as functions of frequency:

⎛ I (f ) ⎞ [(1 − e−2γ )2 + 4e−2γ sin2γ ]1/2
A(f ) = ⎜⎜ 0 ⎟⎟
−γ
2
−2γ
2
⎝ en f ⎠ (1 − e cos γ ) + e sin γ

⎛ −2e−γ sin γ ⎞ π
Φ(f ) = arctan⎜
⎟−
⎝ 1 − e−2γ ⎠
4
where en(τ ) =

Fig. 3. Schematic of ﬁve-layer TMW model.

σcT1c − d 2T1c / dz 2 = βI0δ (z )/ k1, L ≤ z ≤ 0
2

(5a)

2

σsTs − d Ts / dz = 0, L ≤ z ≤ D + L
2

(4a)

(5b)

2

σcT2c − d T2c / dz = 0, D + L ≤ z ≤ D + 2L

(5c)

σamTam − d 2Tam / dz 2 = 0, z ≤ 0, z ≥ D + 2L

(5d)

The subscripts c and s represent parameters of coating and
substrate, respectively and they both are stress dependent. Solutions
to Eqs. (5) for the ﬁve layers can be written as follows:

(4b)

kn(τ )ρn Cn is the eﬀective thermal eﬀusivity of the

Tam(z, ω) = C1e σamz , z ≤ 0

sample, and γ ≡ 2 πf κn(τ ) and κn(τ ) ≡ L / αn(τ ) are thermophysical
and dimensional parameter groupings naturally occurring in the
solution of the equation. Instead of quantifying stress-dependent
thermal parameters for each layer, Eqs. (4) ignore the diﬀerence
between coating and substrate and regard them as one object, thus
simplifying computation. It can be noted that phase is only related to
parameter γ and is independent of laser parameters, which renders it
simpler and more useful than amplitude [19].

T1c(z, ω) = A1e
Ts(z, ω) = B1e

−σcz

(6a)

σcz

+ A2 e , 0 ≤ z ≤ L

−σs(z − L )

+ B2e

σs(z − L )

(6b)

,L≤z≤L+D

(6c)

T2c(z, ω) = A3 e−σc(z − L − D) + A4 e σc(z − L − D), L + D ≤ z ≤ 2L + D

(6d)

Tam(z, ω) = C2e−σam(z −2L − D), z ≥ 2L + D

(6e)

It is assumed that the temperature and heat ﬂux at the boundaries
between layers are continuous. Solving for the coating temperature
distribution at the front surface (z=0) from which the infrared emission
is collected:

3.2. Three-solid-layer model (air-coating-aluminum-coating-air
system)
The eﬀective parameters derived through the three-layer TMW
model are unable to separate out the individual contributions from
coating and substrate. Given that the NiCo nanocoating has very
diﬀerent (not well known) thermophysical properties from the aluminum substrate, a ﬁve-layer model was established to determine the
properties of coating and substrate separately.
The ﬁve-layer model is shown in Fig. 3. Using the nanocoating
surface absorption assumption, the equations for the ﬁve layers are:

T1(0, ω) = C1 =
ρ120 =

βI [ρ120 e2σ 2D − γ12 + (1 − ρ120 γ12e2σ 2D )e−2σ1L ]
2 2σ 2D
− 1)
k1σ1(1 + b01)(γ12 + γ01e−2σ1L )(ρ120
e

1 + γ12γ01e−2σ1L
γ12 + γ01e−2σ1L

, γij =

1 − bij
1 + bij

, bij =

ei
ej

=

kiσi
kjσj

(7)

ei is the eﬀusivity of layer i, and γij is the thermal coupling coeﬃcient
between layer i and j. Eq. (7) involves separate parameters of coating
and substrate and thus yields a higher resolution solution than the
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4. Results and discussion

thickness of the samples. At each frequency, the signal data were
averaged 40 times within 3 min. The recorded phase signals were
normalized to the zero-stress data and plotted in the form of phase
diﬀerences. For the coated intact sample (labelled Sample 1) and
coated defective substrate sample (labelled Sample 2), within the
elastic regime the phase diﬀerences at four diﬀerent states of stress are
shown in Fig. 4(a). Speciﬁcally, Fig. 4(b) shows the FS results from
samples 1, 2 and a reference sample (bare aluminum substrate) at
similar stress levels. The ﬁgures qualitatively indicate that sample 1
exhibits the best mechanical performance among all three samples as
the stress associated signal undergoes the least change. Additionally,
without the protection of a coating, the bare aluminum sample shows
the largest stress dependent signal change.
High-stress-resolution SS phase diﬀerence data at ﬁxed frequencies
are shown in Fig. 5. The samples were subjected to several of loading
and reversed (unloading) cycles. The signal data were averaged 20
times within 90 s at each strain level. All results from the three samples
have high signal-to-noise ratio (SNR) and show good reproducibility
and reversibility within the elastic regime. Consistently with the FS
results, sample 1 shows the best stability with the least phase changes
(only up to 0.5°).

4.1. Frequency scan (FS) and stress scan (SS) results

4.2. Quantitative analysis

The frequency range was kept low (scanned from 0.5 to 16 Hz) to
ensure the TMW diﬀusion length was long enough to cover the entire

Both the FS and SS results can be best-ﬁtted to Eqs. (4) to quantify
the thermal diﬀusivity and eﬀusivity of the tested samples. In this work

three-layer model. Some assumptions can be made for simplicity:
Within the elastic regime, i) the thermal conductivities (and thus also
the thermal diﬀusivities) of both coating and substrate are the only
strain dependent thermophysical properties; ii) the functional connection between thermal conductivity and strain is linear:

k1 = k10 + R1⋅ε
α1 = α10 + Q1⋅ε

(8a)

k 2 = k 20 + R2⋅ε
α2 = α20 + Q2⋅ε

(8b)

The superscript 0 indicates the parameters at zero-stress, R 1 =
dk 1/dε = Q 1 ρ1 C1 , R 2 = dk2 /dε = Q 2ρ 2C 2 are proportionality factors.
As the properties of diﬀerent materials can vary over large ranges,
and they can also be method and test dependent, average parameters were taken for the NiCo nanocrystalline coating and
aluminum substrate (k1 0 =154.8 W/m K, α 10 =6.4×10 −5 m2 /s,
k 20 =90 W/m K, α2 0=2.35×10 −5 m2/s) [21,22].

Fig. 4. : Phase diﬀerences refer to zero-stress; (a) intact coated sample (sample 1, left) and defective substrate coated sample (sample 2, right); (b) three groups of sample under
medium stress (left) and high stress (right).
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Fig. 5. : Phase signals vs strain from stress scans at ﬁxed frequencies within the elastic regime; (a) intact coated Sample 1 (f =2.03 Hz); (b) defective coated substrate Sample 2 (f
=1.07 Hz); (c) bare aluminum substrate reference sample (f =2.5 Hz, redrawn from Ref. [19]).

measurement methods for the reference sample and sample 1. The
larger discrepancy between FS and SS with respect to sample 2 is
understood due to the defect in the substrate. The strain values on the
x-axis were independently obtained from the attached strain gauges
over the entire elastic regime. These curves can be used as calibration
data for making PTMR a quantitative strain gauge methodology.
A higher resolution analysis for the coated samples was subsequently performed by ﬁtting the FS and SS phase data to Eq. (7) using
Eqs. (8). The full frequency range (0.5 Hz~16 Hz) data were used for
ﬁtting. The thermal diﬀusivities of coating and substrate were extracted

only the phase channels of the PTMR signals were used for data
analysis as they showed better stability and reproducibility than
amplitudes, in agreement with our previous studies [19]. Since phase
is independent of eﬀusivity, Eq. (4b), this parameter will not be
considered henceforth. To minimize the inaccuracy impact of multilayers in samples 1 and 2 to the simpliﬁed model, it was necessary to
choose only the lowest frequency range (0.5–5 Hz) for data ﬁtting. The
results are shown in Fig. 6(a). Both FS- and SS-derived parameters
indicate linear strain dependencies of the (eﬀective) thermal diﬀusivities of all three samples in excellent agreement between the two

Fig. 6. Thermal diﬀusivity strain dependencies quantiﬁed from frequency scan (FS) and stress scan (SS) data. (a) Eﬀective thermal diﬀusivity ﬁtted to Eqs. (4) for the three samples
(reference sample results were redrawn from [19]); (b) Thermal diﬀusivity of NiCo coating and (c) of aluminum substrate ﬁtted to Eq. (7) using Eqs. (8).
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Table 1.
The relative change of thermal diffusivity of the samples at 1200 µm/m strain.
Sample

(Effective) diffusivity
change

Diffusivity change of the
NiCo coating

Diffusivity change of the
aluminum substrate

Proportionality factor Q of the
NiCo coating (m2/s)

Proportionality factor Q of the
aluminum substrate (m2/s)

Reference sample
Sample 1
Sample 2

11%
1.6%
6.1%

–
3.4%
17%

–
0.55%
2.3% (effective)

–
7.3×10−4
2.9×10−3

5.5×10−3
3.1×10−4
1.4×10−3 (eﬀective)
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independently, as depicted in Fig. 6(b) and (c). These results also
exhibit linear relations in both coating and substrate for the both
samples. The FS and SS determined thermal diﬀusivities show
excellent consistency.
Table 1 shows the thermal diﬀusivity changes obtained using the
two theoretical models for all samples at ﬁxed strain. The diﬀusivitystrain proportional factors of both coating and aluminum substrate
were also calculated from the three-solid-layer model for sample 1 and
sample 2, one-solid-layer model for the reference sample. For the
defective aluminum substrate, the stretch is larger for both substrate
and coating at the same strain (obtained under diﬀerent stress), thus
the coating undergoes more deformation and therefore larger thermal
diﬀusivity change. At the same strain, the defective substrate sample
undergoes larger tensile loading because its waist is more “yielding”
(less resistive to external stress) than the intact substrate. Therefore, it
elongates more and so does the coating. The results demonstrate that
NiCo nanocoating can substantially enhance the mechanical performance of the aluminum substrate by acting as a protective elastic layer,
in addition to its general anti-corrosion and anti-abrasion capabilities.
The nanocoating layer over the defective substrate aluminum also
provides outstanding mechanical stiﬀness which far outperforms the
mechanical strength of the bare aluminum reference within the elastic
regime.
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5. Conclusions
As a fully non-destructive and non-contacting methodology, PTMR
was proven to be capable of evaluating the mechanical strength of
nanocoated materials subjected to external loads by quantifying the
applied strain based on derivations of thermophysical property (thermal conductivity, eﬀusivity, and diﬀusivity) dependence on strain. In
conjunction with a multilayer thermo-mechanical-wave model, PTMR
quantitatively determined changes in the stress dependent diﬀusivity of
each layer at ﬁxed strain, thereby measuring the stiﬀness (mechanical
strength or resistance to external force) of the layer. A simpliﬁed onesolid-layer model was also able to yield consistent eﬀective stiﬀness
trends through thickness-averaged diﬀusivity changes at ﬁxed strain
(but without layer-by-layer resolution). The measurements of the
conductivity and diﬀusivity vs. strain coeﬃcients R and Q, respectively,
render PTMR into a non-contacting quantitative optical (photothermal) strain gauge capable of resolving intralayer strains. The application of PTMR to nanocoated NiCo aerospace aluminum alloy substrates
demonstrated the degree of mechanical strength (and protection)
aﬀorded coated intact and defective samples, compared to an uncoated
reference and can be used for assessing the eﬀectiveness of the coating
process toward strengthening the mechanical properties of the substrate.
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