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ABSTRACT

This study explores the use of temperature harmonics to detect intrinsic dissipation during cyclic loading in aluminum alloys.
Under sinusoidal loading, the temperature of a solid is modulated by thermomechanical heat sources. The primary source is the
thermoelastic effect, which modulates the temperature at the load frequency and twice the load frequency (second harmonic).
Thermoelastic stress analysis (TSA) signal processing is employed to extract the temperature harmonics and analyze their evo-
lution when the stress amplitude increases. The detected second harmonic comprises three main contributions: a thermoelastic
component, predicted by the second-order thermoelastic effect theory, a spurious contribution due to load components at twice
the nominal frequency, and a dissipative second harmonic. The main aim of this work is to separate the thermoelastic and
spurious contributions from the measured second harmonic to isolate and capture dissipation. AL 2024 alloy samples, which
exhibits strong second-order thermoelastic response, are employed in the investigation. Aluminum has already been reported as
a material where thermomechanical dissipation is difficult to quantify, or even qualitatively observe, with other more traditional
thermographic methods. The results show interesting features of the second-harmonic decoupled components, providing insight

into intrinsic dissipation of aluminum alloys under fatigue-loading conditions.

1 | Introduction

Evaluating changes in the structural health of materials and
structures using infrared thermography (IRT) has become a
concrete and appealing practice due to notable progress in in-
frared hardware and digital signal processing technologies.
A critical factor in harnessing such technological potential
is the capacity to correlate the mechanical behavior with the
temperature field measurable on the structure's surface [1-3].

This requires a comprehensive understanding of the thermo-
mechanical sources under various loading conditions and the
associated energy dissipation and heat transfer. A particularly
focused area of research pertains to the behavior of materi-
als under cyclic loading characteristic of fatigue regimes. The
objective of thermographic methods in this context is to cor-
relate temperature-based metrics to the material irreversible
changes induced by fatigue loading. During the last 25 years,
considerable effort has been spent in the tentative development
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Summary

« A novel framework isolates dissipative phenomena in
the temperature second harmonic.

» Application to AL 2024 T3 confirms weak dissipation
and strong second-order thermoelasticity.

« Dissipation signs emerge in the second harmonic of
the load signal.

 The approach advances thermography for metals with
strong higher order thermoelastic effects.

of a thermographic procedure to rapidly determine the fatigue
performances of metallic materials using infrared thermogra-
phy. This has resulted in a wealth of approaches and methods
recently comprehensively reviewed in a few articles [4-7]. The
central aim of these studies is the development of a fatigue
thermographic method, and more specifically a fatigue limit
thermographic method (FLTM). Most of such works are based
on applying the so-called stepwise testing approach [2, 8-28].
This consists of loading tensile samples at constant mean and
amplitude sinusoidal loading for a certain number of cycles
(typically below 20,000). This loading block is repeated in a
series of analogous blocks, increasing the load amplitude
while maintaining a constant mean value or a constant load
ratio. The temperature measured during each loading block
is processed to obtain specific thermal metrics that are then
plotted against the loading amplitude of each block. The in-
trinsic dissipation of the material is then correlated with the
trend of such thermal metrics. It is usually found that beyond
a certain stress amplitude, the observed thermal metric starts
experiencing a significant variation, most often in the form
of a higher increase-rate, which is considered as a signature
of the onset of dissipative irreversible damage mechanism
and accumulation eventually bringing the material to develop
macroscopic cracking and fatigue failure.

Since the original works of Luong et al. [8] and La Rosa and
Risitano [9], the fatigue thermographic method has continu-
ously expanded, with the proposition of different thermal, en-
ergetic and entropic metrics, as well as procedures to enhance
and elaborate signatures of intrinsic dissipation. Among the
most commonly employed methods, many rely on evaluating
temperature and its slow evolution over time. This exposes the
metrics analyzed to spurious environmental influences, such as
environmental energy reflection and heat conduction/convec-
tion towards the sample surroundings [1, 29, 30]. Alternative
temperature metrics, intrinsically more robust against environ-
mental influences, are those derived from the harmonic con-
tent of the temperature signal, and hence used in the so-called
Harmonic Methods [7]. Such harmonic temperature metrics
are primarily correlated to reversible thermomechanical heat
sources and are modulated at frequencies higher than the usual
environmental fluctuations, making them more insensitive to
spurious variations. In an ideally linear elastic loading regime,
the main reversible thermomechanical coupling is the ther-
moelastic effect [31]. Thermoelastic stress analysis (TSA) is an
experimental technique based on lock-in correlation to extract
the thermoelastic harmonic from the temperature signal [32]. In
its simplest form, the temperature variation AT induced by the

thermoelastic effect in an isotropic material subject to sinusoidal
loading can be expressed as

AT(f) = — %TOAI1 sin(2zf,t + ¢) @

where AI represents the amplitude of the first stress invari-
ant variation, p is the density, C, the specific heat at constant
pressure, a the coefficient of thermal expansion (CTE), T, the
absolute mean temperature, f; the loading frequency and ¢ the
phase shift between the loading wave and the thermoelastic
wave. Under adiabatic conditions, ¢ is zero or 180° depending
on the stress-invariant fluctuation with respect to the applied
load. Equation (1) shows that the amplitude of the temperature
harmonic at the frequency f; is linearly correlated to the ampli-
tude of the first stress-invariant modulation.

A more general characterization of the temperature change with
time would include also a second harmonic term 2f;, so that
Equation (1) can be rewritten as

AT(t) = A, sin(wt + ¢,,) + Ay, sin (20t + ¢,,) )
where w = 2xf; is the angular load frequency.

Harmonic methods are based on adopting the harmonic met-
rics A,, A,,, ¢, and ¢,, in the stepwise procedure, plotting
them versus the stress amplitude of each loading block, to
identify signatures of the onset of intrinsic inelastic dissipa-
tion. This also offers the advantage of significantly expedit-
ing the analysis process, as the harmonic content is typically
derived within a few seconds of high-frequency temperature
sampling and then processed using appropriate frequency do-
main analysis algorithms, such as Discrete Fourier Transform
or Least Square Fitting. The ability of the four harmonic
metrics to identify intrinsic dissipation has been recently
reviewed in [27]. The term A, is mainly dominated by the
thermoelastic signal which is supposed to remain linearly cor-
related to the stress amplitude as long as the material is linear
elastic. However, several works report a slight sensitivity of A
to intrinsic dissipation [10, 12, 16, 19]. Some explanations for
such observations include the increase of the mean tempera-
ture T, (which composes the thermoelastic signal, as shown
in (1)) [27], or the influence of material inelastic changes on
the thermoelastic constant [33]. The correlation of ¢, with in-
trinsic dissipation is proposed and discussed in [14, 20]. The
amplitude of the second harmonic A,, is arguably the most
effective harmonic metric to monitor intrinsic dissipation.
Enke [34] already observed that energy dissipation increases
at peaks and troughs of the loading wave, thus producing a 2
modulation on the temperature signal. Some theoretical con-
firmations of Enke's explanation have recently been provided
[20, 25, 35, 36]. The use of A,, as a dissipation index during
fatigue loading was introduced by Bremond et al. [37] and
Krapez [10], who also used this metric in a step-wise FLTM
test on a stainless steel 316 L and an aluminum alloy 7010.
Since then, several other works have reported the adoption of
A,,[11, 12, 14-20, 35, 36, 38-40].

More recently, some authors have proposed the phase of the
second harmonic, ¢,,, as a potential additional metric to
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monitor the evolution of dissipation [15, 27, 28, 41]. As men-
tioned above, the dissipative second harmonic wave has its
peaks positioned near the peaks and troughs of the first ther-
moelastic harmonic. At small loading amplitudes, when con-
ditions for intrinsic dissipation are not yet fully established,
the ¢,, is expected to have a different relative position com-
pared to the first thermoelastic harmonic. The work from
[15] has suggested that this position is dictated by spurious
second harmonic components of the imposed loading wave.
It is reported that the loading signal from testing machines is
not a pure sinusoidal wave and a spurious second harmonic
is usually introduced, which produces a thermoelastic signal
at ¢,,, hereinafter indicated as Second Loading Harmonic
(SLH) to distinguish it from the Second Dissipative Harmonic
(SDH). On the other hand, [27] observed that the higher order
Thermoelastic Law, as developed in [42], predicts the exis-
tence of a Second Thermoelastic Harmonic (STH), that under
uniaxial stresses is opposite in phase to the SDH when the
derivative of Young's modulus with respect to temperature is
negative; that is, dE/dT < 0. Therefore, the second harmonic,
evaluated through a TSA experiment, will be the result of the
combination of three components:

« A dissipative component that should emerge as dominant
beyond a certain load amplitude threshold, with peaks
closely aligned to the peaks and troughs of the first har-
monic thermoelastic wave;

« A thermoelastic component that is the response to a second
harmonic load-component introduced by mechanical vi-
brations [15, 28] or imperfect load application by the testing
machine, and whose phase is generally unknown;

+ A thermoelastic component predicted by the higher order
thermoelastic effect, dependent on the thermomechanical
properties of the analyzed material (in particular %), with a
well established phase.

The above terms can also be made explicit in (2), which can be
rewritten as

AT() =A,sin(wt+4¢,)—A,,p cos(Cwt)

. (©)
+ A, sin Qwt + ¢, )+ A, cos 2wt)

where the STH and SDH waves have well-defined phase posi-
tions related to the sin loading wave, as reported in [27], while
the SLH has a not predictable phase shift indicated by ¢,,;.

The progression of the second harmonic wave is expected to
present two main stages. Initially, at lower stress amplitudes,
the phase ¢,, is expected to arise from the interplay of the two
competing terms, STH and SLH, both associated with the ther-
moelastic effect. With an increase in the loading amplitude, a
second stage will predominate, during which the ¢,,, is mainly
governed by the SDH. It can be observed that the coexistence of
thermoelastic second harmonic waves with the dissipative wave
might badly condition the accuracy of the second harmonic am-
plitude A,, in detecting the onset of dissipation, if not properly
decoupled of the thermoelastic terms. On the contrary, moni-
toring the evolution of the second harmonic phase might bet-
ter reveal the mutual influence of thermoelastic and dissipative

waves as the loading amplitude increases. Indeed, the use of
the Second Harmonic amplitude as a successful metric for the
FLTM is mainly documented for steels, where the second-order
thermoelastic effects are more negligible [42], and a significant
intrinsic dissipation is generally observed. Krapez et al. [10] con-
ducted one of the very few studies evaluating the second har-
monic in an aluminum alloy sample during a stepwise test. They
report a gradual increase of the second harmonic of tempera-
ture, and it remains unclear whether the deviation from linear-
ity observed in the study is a result of dissipation development or
a second-order thermoelastic effect. This uncertainty highlights
the importance of gaining a more comprehensive understand-
ing of these parameters by combining both amplitude and phase
information.

In light of the above, the present work investigates means of de-
coupling the influence of various concurrent second harmonic
terms under nominally sinusoidal tensile loading. A specific sig-
nal post-processing framework has been developed to decouple
the three second harmonic contributions. The key and novel as-
pects of the proposed approach are:

« Theanalysis of the harmonic components of the applied load
to both identify components at twice the loading frequency,
and quantify the influence of spurious load components.

« The evaluation of the higher order thermoelastic effect and
the subsequent correction of its influence with respect to
the second harmonic metrics.

The final aim of the study is to evaluate if decoupled dissipative
second harmonic amplitude and phase metrics can improve the
detection of intrinsic dissipation in metals known for their mild
thermo-mechanical coupling. For this purpose, the proposed
procedure is applied to Al 2024 T3 tensile specimens: renown
for their poor dissipative behavior [43] and characterized by a
high thermal diffusivity, which makes the detection of intrinsic
dissipation particularly challenging.

2 | Materials and Methods
2.1 | Experiments

The material investigated in this study is the aluminum alloy AL
2024 T3, with dog-bone-shaped samples cut from a plate and sub-
ject to traction-compression tensile sinusoidal loading. The choice
of this material was based on its tendency to exhibit a pronounced
variation of Young's modulus with temperature [42, 44], and hence
a strong second-order thermoelastic effect [42].

The geometry of the specimen was defined in accordance to
the sub-size specimen described in the ASTM standard ES8
[45], with a nominal cross sectional area of A =3 X6 mm?.
The surface of each specimen was cleaned with acetone and
then painted with matt black paint to uniform and increase
infrared emissivity.

A FLIR X6540sc cooled sensor thermal camera was used to mea-
sure the temperature of the surface of the specimen. The integra-
tion time was set equal to 659 p s while the sampling frequency
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was selected to 200 Hz. An analog output signal from the load
cell is connected to the lock-in input of the thermal camera to
acquire the loading signal synchronously to the thermograms.

A sinusoidal load was applied employing an Instron ElectroPuls
E10000 electro-dynamic testing machine, with a loading fre-
quency of 15Hz and load ratio R= -1 (R= """) Tests have
been conducted following a step-wise approach “where blocks
of increasing loading amplitude have been applied to the speci-
mens. Each loading step had a duration of 300 s, with the ther-
mal camera acquiring the last 30 s of each block, after ensuring
the stabilization of the surface temperature.

The choice of a 15-Hz loading frequency is sufficiently high to
ensure adiabatic conditions [1] and allows for the detection of
intrinsic dissipative heat generation. This frequency has proven
effective in capturing early-stage dissipation phenomena even in
aluminum alloys, as demonstrated in [2].

Table 1 reports all the details of the experimental testing
parameters.

2.2 | The Higher Order Thermoelastic Theory

The heat diffusion equation provides a comprehensive descrip-
tion of the local thermodynamic state and the thermomechanical
heat sources for a specific point within a solid body [27, 46, 47].
Among the various terms describing the thermo-mechanical
couplings, this study considers conditions where two terms pre-
vail: (i) the thermoelastic heat source and (ii) the dissipative heat
source. The prediction of temperature changes associated with
the thermoelastic and dissipative heat sources under sinusoidal
loading follows the same development outlined in [27]. In par-
ticular, it is initially assumed that the material behaves as linear
elastic under low-mean and low-amplitude cyclic strain (as ex-
pected under high cycle fatigue), and the loading frequency is
high enough to allow thermoelastic-effect induced temperature
changes under adiabatic conditions. In this scenario, the ther-
moelastic heat source is the main thermomechanical coupling
in the heat diffusion equation, which can be rewritten as [48]

T 99 ,
pcsf = ﬁeij (4)

where dotted terms denote time derivatives, p and C, the mate-

rial density and specific heat at constant volume, and ¢;; and £
the stress and elastic strain tensors. The derivative of the stress

TABLE1 | Testing parameters forR= —1.

Loading ratio R= -1

Tested specimens AL3 AL4 AL5 AL6

60, 80, 100, 120, 130, 140,
150, 160, 180, 200 MPa

Stress amplitude

Loading frequency 15Hz
Sampling frequency 200Hz

Time window 30 s (450 loading cycles)

tensor to temperature can be further developed considering the
generalized Hooke's elastic law. In [42], this was performed con-
sidering the temperature dependence of the elastic parameters.
The resulting expression as a function of stresses is reported:

el far(HE Loy, I,
Prer = E2oT EoT /K |Ckk

E2 oT EoT/ "'

where « the coefficient of thermal expansion, oy, the first stress
invariant and ¢; a principal stress (i = 1,2, 3). In the case of a uni-
axial stress field, (5) can be simplified in

pczz—[a— ()

1 oF 7.
T ]

Eﬁa o

Integrating Equation (6) over time requires a time variation law
of the stress component, that is here expressed as a sine wave:
6 =0, +0,sin(wt)and 6 = o, cos(wt). Integrating between an
initial instantt =0(T = T,, ¢ = 6,,,) and a final time ¢ yields

t . t
T 1 0E sin (wt)
log| — =—|lg—-—= 27
pee Og[To]o [01 E? 0T Gm] O'aw[ ]0 %)
1 JE 0, o) _ cos (2a)t)
E2 0T 2

If the temperature change is small compared to the average
value T, then the log term reduces to AT/T,, and the relation-
ship Equation (7) becomes:

AT JF .
e, = [ E2 ar ’"]"a sin (et) o
8
1 oE
+ [E—ﬁT (l—COS(za)[))

Retaining the time varying terms in Equation (8), it is seen that
these comprise two harmonics: sin (wt) and — cos (2wt), which
have a well-established relative phase shift. Equation (8) can
also be written as

AT 1 0E 1 0E .
pCET = — [(x — Eﬁam]a sin (wt) + I:ETZﬁle sin’ (wt)

o]

©)

which clearly shows that the sin?(wt) term has a 2w modulation
whose peaks align with the peaks and troughs of the sin(wt)
term when both coefficients have the same sign.

In light of the above, the temperature variation AT from a tensile
test can be expressed as [42]

AT = - T,(K, — K,6,,)0, sin (ot) — T,K,(5,)? cos 2wt) (10)

where T, denotes the average temperature in the sample and o,
and o, represent the mean and amplitude of the applied stress,
respectively; K, K;, and K, are the thermoelastic constants that
can be defined as

1 K_LL@_E K
°T pC T pC.E2oT 2T 4 an
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In addition to the well-known first-order thermoelastic signal,
which is modulated at the same frequency as the applied load,
it is essential to highlight the presence of the second-order ther-
moelastic effect as indicated by Equation (10). This effect leads
to a reversible temperature variation occurring at twice the
loading frequency and modulated by a cosine wave.

Table 2 reports a representative value of % for the aluminum
alloy investigated in this study, alongside values reported in the
literature for other metallic alloys that have been employed in
TSA studies involving the higher-order formulation. In most
cases, % is negative, resulting in K, < 0 and a second harmonic
thermoelastic contribution modulated as cos(2wt), according
to Equation (10). An exception to this behavior is observed in
shape memory alloys, such as Nitinol, for which a positive %
yields a second-harmonic thermoelastic response modulated as
— cos (2wt) [48].

The other element to consider is the activation of a dissipa-
tive heat source upon reaching a specific stress level, which
involves the accumulation of inelastic strain over each load-
ing cycle [25, 26, 34, 46]. In the case of a reversed loading test
(R = —1), dissipative heat is generated at each peak and trough
of the loading cycle. This irreversible heat generation, followed
by subsequent cooling, produces a thermographic signal rich
in harmonic content [25]. When analyzed in the frequency do-
main, this signal reveals a pronounced second harmonic com-
ponent, (AT,,,) modulated at twice the loading frequency, that
can be expressed as

ATy, = — T cos 2wt) 12)

As illustrated by Equation (12), the second harmonic of dissipa-
tion is modulated as— cos (2wt). Consequently, the resulting tem-
perature variation caused by the activation of this heat source
will be in opposite phase compared to the Second Thermoelastic
Harmonic component described in Equation (10).

2.3 | Harmonic Analysis of the Load Signal

Although the imposed load should ideally be a purely sinusoi-
dal wave with a single harmonic component, some studies have
observed the presence of higher loading harmonics. These can
be introduced by intrinsic inaccuracies of the testing machine
controller, but could also originate from mechanical vibrations
of the heavy mechanical grips and the frame of the testing ma-
chine [15, 27, 28]. The presence of these harmonics could also

TABLE 2 | % for metals commonly used in TSA applications.

Material g—i [%] Reference
Aluminum -36 [42]
Stainless steel -19 [49]
Titanium —48 [42]
Nitinol, austenite 2230.6 [49]
Nitinol, martensite 49.5 [49]

depend on the material, the applied load range and frequency,
and the tuning of the testing machine. Both the analog load and
a reference signal extracted directly from the acquired thermo-
grams, exploiting the so-called “edge effects” described in [50],
are analyzed. In the present work, such an edge effect is gen-
erated by focusing the Region Of Interest (ROI) on the edge of
the alignment device attached to the moving grip (hereinafter
referred to as ROI1), as shown in Figure 1. The signal averaged
within the ROI1 (see Figure 1a,b) is composed by a hot portion
belonging to the alignment device and a cold portion corre-
sponding to the background. Therefore, the movement of the
alignment grip produces a modulated wave which describes the
deformation applied to the sample.

Figure 1c reports the Discrete Fourier Transform (DFT) spec-
trum of the ROI1 and when a stress amplitude of 180 MPa was
applied. The Fourier analysis of the averaged ROI1 signal pro-
vides a broad overview of the load frequency content. In addi-
tion to the main applied load component at 15 Hz, other peaks
at its integer multiples (i.e., 30 and 45 Hz) are found. The pres-
ence of such a significant spurious Second Loading Harmonic
introduces an undesired first-order thermoelastic effect that
combines with the previously described components. This load-
related second harmonic then overlaps with the previously de-
scribed Second Thermoelastic and Dissipative Harmonic terms.
A similar harmonic content is found in the temperature varia-
tion, as shown in the Fourier spectrum of the ROI2, positioned
in the central part of the specimen.

Finally, the analysis of an additional ROI comprising only the
background allows to assess the noise present in the acquisition:
a spurious component at about 30 Hz is found in all ROIs, to be
attributed to vibrations of the thermal camera [27].

The analysis of the load signal is repeated for each thermal ac-
quisition, to quantify the harmonic components of the applied
load at different frequencies. Unlike the other second harmonic
components discussed earlier, which exhibit specific phase shifts
attributable to their physical mechanisms, the phase of this load
component is expected to be random. Therefore, an individual
evaluation of such components is needed for each load step.

In the signal processing framework proposed in the present
work both reference signals are employed: The amplitude of the
first and second loading harmonics are obtained from the ana-
log lock-in signal fed into the thermal camera, while the edge
effect signal (ROI1 in Figure 1) is employed to check and ac-
count for potential undesired phase delays between the analog
reference and the sampled thermograms.

2.4 | Modelled Harmonic Content

Assuming that the main component of the load follows a purely
sinusoidal wave, the resultant stress will induce a first-order
thermoelastic effect. The modelled second harmonic response
reveals the following:

« The second harmonic arising form the second-order ther-
moelastic theory is characterized by an expected phase
modulation of a cosine wave, that is, a cos(2w).
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« A first-order thermoelastic signal arises from the presence
of a spurious load second harmonic component with initial

random amplitude and phase.

« The dissipative second harmonic, that is expected to arise
after a certain load threshold has been reached, exhibits
a specific modulation of a negative cosine wave, that is,

— cosQw).

The relative phase shifts described are summarized in Table 3.

50 100 150

ROI 2

[°C]

avg. temp [°C]

avg. temp [°C]

2.5 | Harmonic Components Filtering

In this work, the signal sampled from the IR camera was pro-
cessed using the least-squares fitting (LSF) procedure [51]. In
the context of TSA signal processing, this methodology is gener-
ally preferred since it allows for the comprehensive characteri-
zation of the harmonic component (evaluation of amplitude and
phase), without concerns about spectral leakage or frame drop
correction, the only requirement being an accurate selection of
the loading frequency to be filtered [51].

ROI 1

n
F g

N
0
©

N
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©

N
w
N
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N
g
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n
]
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N
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n
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(b)

ROI 1 ROI background

first harmonic

second harmonic

avg. temp. spectrum [°C]

- _
Frequency [Hz]

first harmonic

second
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(c)

harmonic

60 60 80
ncy [Hz] Frequency [Hz]

FIGURE1 | (a)ROIsselected for the analysis: load signal (ROI 1), sample temperature signal (ROI 2), and background signal; (b) average tempera-
ture plots from ROI 1 and ROI 2; (c) harmonic content of the average ROIs temperatures. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3 | Relative phase positions of load, thermoelastics, and dissipative terms.

Signal Time Phase shift with reference Reference
component modulation to a pure sine wave equation
Load sin (wt) 0°

First harmonic — sin (wt) +180° Equation (1)
Second-order second harmonic cos 2wt) 90° Equation (10)
Dissipation second harmonic — cos 2wt) -90° Equation (12)
Load second harmonic cos Qwt + ?) Unknown
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The LSF approach employed here involves fitting each point
within the field of view (FoV) of the thermal camera by means of
the following equation:

T(t)=T,+B-t+Ecos(w-t—Pgz)+DcosQw -t —Pp) (13)

where ¢ is time; T, is the absolute temperature of the sample; B
represents a linear increase of the temperature; w is the angular
frequency of the applied sinusoidal load; E is the amplitude of
the first harmonic of temperature (i.e., the thermoelastic signal);
@, is the phase of the first harmonic, expected to be opposite
to the applied load (i.e., ®; = x); D is the second harmonic am-
plitude, resultant of all the components discussed earlier; lastly,
@, is the phase of the second harmonic and should give insights
on the underlying physical mechanisms dominating the second
harmonic parameter.

2.6 | Proposed Methodology for Data Correction

In this section, a simple framework is proposed for the evalua-
tion of the dissipative component of the temperature signal. It is
worth pointing out that the proposed correction will affect only
the second harmonic, and not the first harmonic, which will re-
main unchanged.

The correcting procedure consists of the following steps:

1. Lock in of the temperature signal in the central area of the
specimen (ROI 2 of Figure 1a) and evaluation of the first-
harmonic amplitude E with Equation (13).

2. Selection of an appropriate ROI for the evaluation of the
reference signal (i.e., ROI 1 in Figure 1a) and application of
the LSF to the load signal from the testing machine to eval-
uate its amplitudes in the first and second harmonics (L,
and L,) and phases (®; and @; ). The signal from ROI 1 is
used to check for the presence of any phase delays between
the thermograms and the analog reference loading signal
fed into the thermal camera lock-in input.

3. Calculation of the first-order thermoelastic effect due to
the load second harmonic [27]:

L,

B, = L_lE (14)

and reconstruction of the wave in the time domain as

AT, = Ey cos Qowt — o, + ) 15)

The 180° phase shift is introduced to transform the load
modulation into the corresponding thermoelastic effect.
Information about the amplitude and phase of the second
harmonic of the load are obtained from step 2.

4. Evaluation of the second order, second harmonic thermo-
elastic effect, as described in Equation (10). In this work, a
referecence 0E/dT has been taken from [42], and experi-
mentally confirmed as described in Section 3.4.

5. Subtraction of the signal obtained from steps 3 and 4
to the measured temperature signal from the points of

ROI2. The subtraction has to be performed in the time
domain, to correctly account for the phase shift induced
by the different second harmonic influencing compo-
nents. Also, all signals are reported into a common phase
reference, following the procedure outlined in [27]. This
operation is feasible since the phase shift of the load ®;
is known from step 2.

6. Application of the LSF filtering to the corrected frames and
analysis of the second harmonic metrics.

3 | Results and Discussion

This section presents and discusses the results obtained before
and after applying the proposed correction methodology.

The results are presented as averages of the full-field measure-
ments for the four specimens tested to provide a comprehensive
analysis. This approach has been shown to be valid for identi-
fying dissipation in similar tests [27]. Additionally, dispersion
bars are included for each stress level to indicate the standard
deviation among the analyzed specimens.

3.1 | Mean Temperature and First Harmonic
Metrics

Figure 2 illustrates the evolution of the mean temperature and
the first harmonic amplitude.

The mean temperature increase shown in Figure 2a exhibits a
really modest rise, limited to around 1° between the first and
last test. Despite the high loading frequency employed, the neg-
ligible increase in temperature might mostly be attributed to the
high thermal diffusivity of the aluminum. However, this param-
eter starts to slightly deviate from the linear behavior at a stress
level of about 140 MPa.

The first harmonic amplitude exhibits a fairly linear behavior
over the whole range of step amplitudes, showing no clear ev-
idence of a deviation due to dissipation or a change of trend
across the expected fatigue limit (which for this AL alloy is ex-
pected at around 138 MPa [52]). Figure 2b clearly shows that,
for none of the applied stresses, the variation of the thermoelas-
tic first harmonic E significantly deviates from the expected
linear behavior. According to Equation (1), the modest rise in
the mean temperature in the ROI does not promote nonlinear
variations in the first harmonic. The observed behavior is also
in agreement with some recent observations from [25], which
show that dissipative components may arise also at the first
harmonic frequency only when the applied stress ratio is R > 0.

3.2 | Analysis of the Second Harmonic Metrics
Figure 3 presents the plots of the second harmonic amplitude (a)
and phase (b) prior to implementing the correction procedure

outlined in Section 2.6.

Figure 3a clearly shows that the second harmonic ampli-
tude deviates from the linear fit only at the highest applied
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FIGURE2 | (a)Mean temperature T, and (b) first harmonic amplitude E. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE3 | (a)Second harmonic amplitude D and (b) second harmonic phase ®;,. Plots obtained before the application of the proposed correction.

[Colour figure can be viewed at wileyonlinelibrary.com]

stresses. This behavior could be attributed to the inherent
180° phase shift between the two dominant physical phe-
nomena—namely, the second-order thermoelastic effect and
dissipation—which leads to destructive interference between
the temperature changes modulated at the second harmonic,
delaying the rise of the second harmonic parameter. However,
the second harmonic phase in Figure 3b exhibits a smooth
transition to a value of approximately 60°, that suggests that
the prevailing physical phenomenon driving the second har-
monic is the second order thermoelastic effect (modulated at
+90°, Table 3).

The distinct behavior of the second harmonic phase can be ob-
served by examining the histograms presented in Figure 4 for
specimen AL6. Figure 4 displays four histograms (right), along-
side their respective full-field maps (left), for stress levels of 60,
120, 140, and 200 MPa. The histograms clearly depict the pres-
ence of a higher peak around +90°, related to the second-order
thermoelastic effect, and a smaller contribution around —90°,
which could be linked to dissipation. The peak corresponding
to the second-order thermoelastic effect is present across all
stress levels. This is also noticeable in the full-field maps, where
the bimodal trend is particularly visible at lower load levels,
with a nearly uni-modal behavior aligned to the second-order
thermoelastic effect at higher loading values. It is important to
note that the second-order thermoelastic effect is proportional
to the square of the applied stress amplitude, as described by

Equation (10), and its influence strongly increases with the load-
ing amplitude, thus acting as a competing mechanism against
the Dissipation Second Harmonic and affecting the ability of D
to pinpoint the onset of dissipation.

3.3 | Analysis of the Second Harmonic Component
of the Load Signal

For each performed test, as outlined in Section 2.6, the load sig-
nal from the load cell was extracted and its harmonic content
analyzed.

Figure 5 presents the second harmonic amplitude and phase for
the four specimens. The amplitude is expressed as the ratio be-
tween the second and first harmonics of the load (2—2), and the
phase is expressed by shifting the load signal to a common refer-
ence (the first harmonic of the load as a pure sine wave).

Interestingly, all analyzed curves obtained from different spec-
imens exhibit a similar trend in terms of both amplitude and
phase. The amplitude of the second harmonic of the load is typi-
cally lower than 0.5% of the first harmonic, and the phase values
display a decreasing trend with increasing load. This consistent
behavior might either be an intrinsic characteristic of the testing
machine or a response of the load cell to changes in the materi-
al's behavior under increased load.
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FIGURE 4 | (Left) full field maps and (right) histogram of the dis-
tribution of the second harmonic phase ®;,. Data obtained before the
application of the proposed correction procedure. [Colour figure can be
viewed at wileyonlinelibrary.com]
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If the latter hypothesis is correct, the second harmonic of the
load signal could provide valuable information about the onset
of dissipative behavior in the material during stepwise load-
ing. Figure 6 shows the first-order thermoelastic effect derived
from the second harmonic of the load, applying Equation (14).
Surprisingly, this curve reveals a bilinear trend, with a distinct
increase in the thermoelastic effect beginning at 130 MPa.

3.4 | Procedure for the Evaluation
of the Thermoelastic Constant K,

The correction procedure outlined in Section 2.6 requires the
determination of the second-order thermoelastic effect. To avoid
relying on theoretical thermomechanical properties of the ma-
terial, the higher-order thermoelastic constant K, is determined
directly from the measured second harmonic of temperature.
The analysis of @, in Figure 3b showed that the dominant ther-
momechanical component in the second harmonic of tempera-
ture is the second-order thermoelastic effect.

The determination of the thermoelastic constant K, is performed
by fitting a second-order polynomial to the second harmonic of
temperature. In a scenario where the only effect is the second-
order thermoelastic effect, Equation (10) can be written as:

AT

= — Kzai (16)

[

AT . . .
where — is measured and o2 is known, since the tests are per-
formed n load control.

To reduce the influence of noise and achieve a more accurate
determination of K, the fitting of Equation (16) is performed on
the average temperature signal; that is, the signal inside the ROI
is averaged before applying the lock-in algorithm. Additionally,
the thermoelastic effect generated by the second harmonic of
the load, identified in the previous section, is accounted for and
subtracted (see Section 2.6, step 3). The temperature second har-
monic amplitude and phase, after correcting for the load's sec-
ond harmonic, are presented in Figure 7.
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FIGURE 5 | (a) Ratio between the second and first harmonics of the load signal. (b) Phase of the second harmonic component of the load o,
Results are reported for each test. [Colour figure can be viewed at wileyonlinelibrary.com]
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All experimental points are included in the fitting procedure,
since their phase values are reasonably close to the theoret-
ical +90°. The results of the fitting procedure are shown in
Figure 7a. The green fitting line closely approximates the sec-
ond harmonic of temperature, and the calculated value of the
thermoelastic constant is K, =7.14x 10710 @. Inputting
p =2780 %, C, =875 ﬁ and E = 73000MPa [52], in the defini-
tion of K, (Equation 11%, avalue of £ = —37.1 M g found, in

excellent agreement with % =-36 % reported in [42].
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FIGURE6 | First-order thermoelastic effect of the second harmonic,
obtained multiplying the average of all curves in Figure 5a by E. [Colour
figure can be viewed at wileyonlinelibrary.com]
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3.5 | Application of the Proposed Methodology

Figure 8 displays the plots of the second harmonic amplitude
(a) and phase (b) after implementing the correction procedure
outlined in Section 2.6.

The corrected plots of the second harmonic amplitude and
phase permit several noteworthy observations. In Figure 8a,
the amplitude of the second harmonic clearly detects a devia-
tion from the linear behavior observed at lower stress levels.
However, instead of presenting a distinct increase, the bi-linear
trend appears as a pseudo-convergence, starting at a stress value
of around 130 MPa.

The second harmonic phase in Figure 8b remains very close to
zero for all the analyzed stress levels. This indicates no transi-
tion to a dissipative behavior, suggesting that no clear signature
of dissipation can be identified in the averaged phase results.

The average phase close to zero can be explained by examin-
ing Figure 9 (right), which presents the histograms of the same
specimen and the same four stress levels previously shown in
Figure 4 (right). After the correction, the histograms display the
expected bi-modal trend for all stress levels, but no clear tran-
sition to either the dissipative or higher order thermoelastic be-
havior is observed.
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FIGURE 7 | (a)Second harmonic amplitude D, with the experimentally obtained K, thermoelastic constant. (b) Second harmonic phase @,. Plots
obtained after subtracting the load's second harmonic component. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 | (a)Second harmonic amplitude D, (b) Second harmonic phase @, Plots obtained after applying the correction. [Colour figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 9 | (Left) Full-field maps and (right) histogram of the dis-
tribution of the second harmonic phase @, after applying the proposed
corrective procedure. [Colour figure can be viewed at wileyonlineli-
brary.com]

3.6 | Discussion

The proposed correction allowed for the isolation and extraction
of information potentially linked to the onset of dissipative
phenomena from the second harmonic of temperature. Before
the correction, the second harmonic amplitude would provide
misleading information about the onset of dissipation if not
carefully decoupled of all competing effects and their phase in-
formation, which offers insights into the physical phenomena
governing the material's behavior.

A comparison between Figures 4 and 9 demonstrates the ef-
fects of the proposed methodology on the phase of the second
harmonic. In Figure 4, prior to correction, the second har-
monic phase histograms exhibit a characteristic peak asso-
ciated with the second-order thermoelastic effect at a phase
value of 90°, which influence increases with the applied load
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—2000 1 0, = 140 MPa
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FIGURE 10 | Evolution of the hysteresis loops with different load-
steps for specimen AL3. [Colour figure can be viewed at wileyonlineli-
brary.com]

amplitude. This peak is less relevant in the corrected data, as
depicted in Figure 9. This is an interesting result and must be
interpreted in conjunction with the amplitude of the second
harmonic.

The decrease and convergence of the amplitude of the second
harmonic in Figure 8 could be explained as follows: the magni-
tude of the dissipative heat source, which is opposite in phase to
the second-order thermoelastic effect, is very low and hardly de-
tectable for AL 2024 T3 [43]. Hence, the activation of such dissi-
pative source is not able to drive the thermal response and cause
the expected increase in amplitude due to the very high thermal
diffusivity of the material. Instead, it manifests as a reduction
of the second harmonic amplitude, buried in the second-order
thermoelastic effect if the correction is not performed. If this in-
terpretation is correct, the dissipative effect could be indirectly
assessed, and further investigation is encouraged in this direc-
tion. Another interesting outcome, as analyzed in Section 2.6,
is that the thermoelastic effect due to the second harmonic of
the load signal appeared to reveal traces of dissipative behavior.
The load cell exhibited a curious and peculiar second harmonic,
consistent throughout the analyzed samples, indicating that the
load signal might also contain valuable information about the
material's behavior. It is worth to point out that deviations from
the trends are found at the same stress levels in Figures 6 and
8, and reasonably close to values reported in the literature for
the fatigue limit of this material (¢, = 138 MPa [52]): This result
is encouraging, but further studies are required to confirm this
interpretation.

An analysis of the hysteresis loops, obtained by plotting dis-
placements versus force of the load cell, could give additional
information about the dissipative behavior of this material. As
an example, Figure 10 compares the evolution of the hysteresis
loops with different load steps for the sample AL3 (the same
behavior has been encountered in all the tested specimens).
The small areas of the hysteresis loops provides another qual-
itative evidence that supports the lack of onset of a marked
dissipative behavior for this aluminum alloy: The low amount
of dissipative heat produced would be immediately dispersed
through the material due to its high thermal diffusivity. It is
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here recalled the strong correlation between the dissipation
codified in the second harmonic of temperature and the hys-
teresis loops [20, 25, 34].

In conclusion, the proposed correction appears to be promis-
ing in isolating traces of dissipative phenomena buried in the
rich harmonic content of the second harmonic metric—that is,
second-order thermoelastic effect and second harmonic of the
load—potentially extending the application of rapid thermo-
graphic methods to materials with a strong higher order ther-
moelastic behavior.

4 | Conclusions

In this work, a framework for the detection of early dissipa-
tive phenomena in materials that exhibit non-negligible sec-
ond order thermoelastic effects is proposed. Four nominally
identical dogbone AL 2024 T3 specimens were tested with a
loading ratio of R = — 1, with the aim of detecting dissipa-
tive phenomena via a second harmonic Thermoelastic Stress
Analysis. A range of different metrics has been analyzed, and
a thorough investigation of the harmonic content of the load
signal has been carried out.

The main conclusions of the investigation can be summarized
as follows:

« It has been confirmed that the commonly used testing
machines introduce an undesired second harmonic in the
spectrum of the applied load. Given the typically low mag-
nitude of the temperature second harmonic components,
accounting for this effect provides more accurate estima-
tions of the thermomechanical heat sources at twice the
loading frequency.

» Materials that exhibit a pronounced second order ther-
moelastic effect produce a second harmonic component
opposite in phase to the dissipation: This may results in a
non-adiabatic behavior due to the proximity of points with
a prevailing 2 thermoelastic or 2w dissipative components
whose opposite phase determines strong local temperature
gradients. This occurrence increases the difficulties in uni-
vocally identifying the stress level that leads to the onset of
the dissipative behavior in the material.

« Experimental calibration of the second-order thermoelastic
constant demonstrated remarkable agreement with litera-
ture values, providing an efficient indirect method to evalu-

O
ate —.
oT

+ The evaluation of the mean temperature increase T, pres-
ents a small deviation from linearity that can be correlated
to the fatigue limit [8, 9], whereas the first harmonic ampli-
tude did not aid in identifying dissipative phenomena onset.

« Prior to the application of the corrective methodology, the sec-
ond harmonic amplitude D, and phase @, are unable to pro-
vide any information about the onset of dissipation, showing
a clear prevalence of the second-order thermoelastic effect.

« The proposed corrective procedure effectively identifies a
bi-linear behavior in the second harmonic of temperature,

which shows a convergence rather than an increase at a
stress amplitude of 130 MPa. This unexpected behavior can
be linked to the activation of the dissipative heat source;
however, the intrinsic phase opposition to the second-order
thermoelastic effect, together with the low magnitude of
such dissipative heat source and the high thermal diffusiv-
ity of the material do not allow for the heat to develop and to
be detected. This is further confirmed by the average phase
of the second harmonic consistently approaching 0°, and
the histograms corroborate the presence of the two antag-
onist phenomena.

« The first-order thermoelastic effect originated by the sec-
ond harmonic of the load signal revealed some interesting
features, suggesting the sensitivity of the testing machine's
load cell to changes in material's behavior, that is, dissi-
pation onset. Further studies are required to confirm this
hypothesis.

The proposed methodology constitutes a significant step
forward towards developing experimental protocols to iden-
tify fatigue dissipative phenomena for the important class
of aluminum alloys, which are used in important industrial
sectors such as aerospace and prosthetics, as well as for ad-
ditive manufacturing applications. Similar outcomes are also
expected for Titanium alloys, which are also renowned for
their marked compliance with the second-order thermoelastic
theory [42, 53].
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