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Abstract

Infrared thermography has been under review in the last 30 years due to its

versatility and potential in the detection of the thermal signature associated

with intrinsic energy phenomena due to dissipative processes, specifically

those relying on mechanical fatigue. Nowadays, it is a well-established tech-

nique that can support mechanical and structural engineers to implement a

damage-tolerant design, assess the residual life, and finally characterize the

fatigue behavior of materials. The aim of this work is to review all

thermography-based approaches and procedures for fatigue limit estimation

by rapid tests, drawing considerations on the applicability of thermal methods

in fatigue assessment of mechanical components, proposing the capabilities of

different thermal indices in fatigue assessment, and discussing the pros and

cons of each method as well as the open points. On one hand, this review

intends to sum up what has already been done in the field; on the other hand,

it provides a guideline to direct new researches toward issues that should be

resolved or understood.
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1 | INTRODUCTION

Over the years, infrared (IR) thermography has proven to
be a versatile tool in the field of experimental mechanics
and mechanical design. This contactless and non-
destructive technique allows for comprehensive struc-
tural integrity investigations1,2 (the defect detection in
steel plates,3 composites,4-7 3D printed materials8 and
welded joints,9 and the evaluation of fatigue cracks10),
the stress analysis (thermoelastic stress analysis [TSA])
evaluations,11-16 and energy-based assessments to study
fatigue processes.17,18

Thermography-based methods have come a long way,
thanks to improved equipment and robust data analysis
tools. Nowadays, some considerations can be drawn upon
the robustness and reliability of such methods to support
fatigue investigations in terms of damage analysis and
assessment, residual life predictions, and most impor-
tantly, fatigue limit estimations.19,20

Basically, the motivation for the development of
alternative and innovative procedures to estimate the
fatigue limit, relying on the use of an experimental tech-
nique during fatigue tests, can be attributed to two
factors:
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1. the rapidity of the testing procedures compared to
classic protocols,

2. the potential to obtain more information about the
material state during the loading.

Referring to the first point, classic and well-established
fatigue characterization methods,21,22 such as constant
amplitude tests to obtain the Wöhler curve, serve as a stan-
dard approach. However, they are time and cost-
consuming due to the number of samples being tested to
obtain a statistically significant fatigue limit estimation,
and the test duration involving high energy, operability,
and maintenance costs. In general, a classic fatigue test
involves a pristine material tested until the failure at a spe-
cific stress level, stress ratio, and mechanical frequency.

To reduce testing time and costs, rapid fatigue tests
were developed according to the approach of La Rosa and
Risitano.22 This method entails using a series of constant
amplitude loading blocks applied incrementally. During
each block, the stress amplitude and mean stress increase
while keeping the frequency and stress ratio constant for a
specific number of cycles, continuing until material failure
occurs. During such a test program, the material experi-
ences different damage regimes,23,24 as discussed later. The
move from one regime to another results in shifts in
behavior that can be associated with critical stages of
fatigue life, leading to the fatigue limit estimation. In other
words, the main concept behind the so-called “stepwise”
test, is that the value of the fatigue limit coincides with the
first significant temperature variation associated with the
damage, using a specific loading procedure.22-25

Regarding the second point, a key role in the develop-
ment of such a thermography-based technique is the pos-
sibility of obtaining more complementary information
about the fatigue behavior, from a simple classic test.
This includes the estimation of energy dissipated due to
the fatigue and the identification of the onset and loca-
tions of damage.26 The processing of thermal signal
ensures somehow the just said outputs.

Indeed, it has been four decades since the development
of tests using an IR camera to reliably capture parameters
that describe fatigue processes.27–31 The mentioned tech-
nique has undergone advancements in its original proce-
dure and has seen numerous developments, especially in
the evaluation of the heat sources related to intrinsic dissi-
pations.32,33 The approaches presented in the literature,
relying on the estimation of heat sources accompanying
damage phenomena,31,34,35 are based on the assessment of
specific energy-based indices/parameters, including

a. mean temperature increase (usually the mean value of
the steady state temperature),36-40

b. initial slope of the temperature,20,41,42

c. energy loss per cycle,43

d. temperature harmonic components,26,32,44,45

e. loss of the adiabaticity which the approach relies on
the study of the thermoelastic signal and the thermoe-
lastic phase shift,26,46-48 and

f. fracture fatigue entropy.49

Providing an overall perspective, Figure 1 highlights sub-
stantial progress in fatigue assessment through thermo-
graphic methods. It is worth noting that in addition to
these advancements, further studies in this context will
be discussed later.

In Figure 2, an overview of the main idea of the well-
established methods based on the above parameters is
presented. Once the parameters have been assessed, well-
established procedures21,22,50-52 can be applied to estimate
the fatigue limit.

This study is organized as follows: In Section 2, the
heat dissipations induced by fatigue damage are dis-
cussed. Section 3 covers the approaches relying on well-
established methods to obtain thermal indices and recent
advances. In Section 4, the basics of fatigue under stress-
controlled tests and the typical experimental setups for
fatigue tests using an IR camera are presented. Section 5
presents the procedures to obtain the fatigue limit using
stepwise and static tensile tests, in a rapid way. Section 6
engages in a comprehensive discussion of the methods,
highlighting their pros and cons, achieving milestones,
and addressing open points for further improvement.
Finally, Section 7 concludes the paper based on the find-
ings presented.

2 | THEORY: HEAT SOURCES
RELATED TO FATIGUE DAMAGE

2.1 | Micro/macro mechanisms involved
in fatigue

As already demonstrated by pioneer researchers,53 it is
well-established that fatigue is a dissipative process54-58

starting at the microscopic level59-61 and culminating in
fatigue cracks; as explained in the work of Schijve,62 the
crack onset occurs at stress amplitudes below the yield
limit.

Bauschinger60 showed that during cyclic loading,
very small inelastic, that is, plastic, microstrains take
place.63 However, the microscopic reasons that cause
fatigue failure remained unclear and were not thor-
oughly studied until the early twentieth century, when
Ewing and Humfrey64 observed the emergence of slip
bands and microcracks on the surface of a fatigued
steel. Later, the damage mechanics explained that the
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appearance of cyclic slips as a non-recoverable phe-
nomenon due to strain hardening,62 results in slip
accumulation. This, in turn, leads to the formation of a
microcrack, which has the potential to continue

growing when subjected to additional cyclic loading, as
illustrated in Figure 3A.

From a macroscopic point of view, the slip bands,
produced during cyclic loading, result in the formation of

FIGURE 1 Some milestones in developing the history of thermographic techniques for fatigue assessment. [Colour figure can be viewed

at wileyonlinelibrary.com]
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extrusion–intrusion pairs that in turn produce surface
roughness; it could be a direct cause of crack initiation
(see Figure 3).

According to Murakami,63 the fatigue limit can be
defined as the “threshold stress for crack propagation”
rather than the “critical stress for crack initiation.”
The key, still relevant, conclusion drawn from the work
of Bauschinger60 and Ewing and Humfrey64 is that
fatigue damage results from the accumulation of many
very small irreversible plastic cyclic microstrains.

2.2 | Energy dissipation in fatigue

Under an energetic point of view, during a fatigue test,
by neglecting the possible phase transformations in mate-
rial (i.e., shape memory alloys or crystallizable rubbers),
two inner heat sources are generated due to mechanical
loading: dissipative and thermoelastic sources.67 The for-
mer contributes to the specimen's temperature increase,
while the latter, the reversible one, is related to thermo-
mechanical coupling phenomena. In Boulanger's work,33

FIGURE 2 Thermal parameters to study fatigue and procedures for estimating fatigue limit. [Colour figure can be viewed at

wileyonlinelibrary.com]
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the authors analytically separated the thermal contribu-
tions of the abovementioned sources to analyze their
influence on fatigue damage, separately. Referring to the
dissipative heat component, it is related to fatigue dam-
age mechanisms due to the inelastic/anelastic behavior
of the material.61,68

As discussed before, irreversible plastic deformations
are responsible for crack nucleation/growth and propaga-
tion. When macroscopic strains are present in the mate-
rial during fatigue tests, the mechanical energy is
dissipated in each loading cycle. Graphically, this energy
consumption can be represented by a hysteresis loop in
the stress–strain curve69-71 and the area is the measure of
the dissipated energy. A portion of this energy converts
into heating, while another portion remains internally
stored, leading to irreversible deformations.68,72,73

As can be seen in Figure 4A, according to the first
principle of thermodynamics applied to a body subjected
to a mechanical load, the total power balance is as
follows72,73:

_W þ _Q¼ _U ¼ _Erevþ _Edþ _Es, ð1Þ

where _W is the rate of total work energy supplied to the
material, _Q is the rate of the heat exchanged with
the environment, and _U is the internal energy variation
from the initial to the end of the test. _Erev is the power of
reversible energy variations, _Ed is the portion of supplied
mechanical power that converts into heating, and _Es is
the rate of internal energy that does not convert into

FIGURE 3 (A) Fatigue crack initiation mechanism65 and (B) schematic illustration of slip band extrusions during a cyclic straining.66

FIGURE 4 (A) Energy balance during cyclic loading.72 (B) The

temperature change during the fatigue test for the C45 specimen

tested at R = �1 (σa = 200MPa and 305MPa below the fatigue

limit, σa = 335MPa above the fatigue limit, and σa = 425MPa at

the end of the test).74 [Colour figure can be viewed at

wileyonlinelibrary.com]

ZAEIMI ET AL. 615

 14602695, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14206 by Politecnico D

i B
ari, W

iley O
nline L

ibrary on [27/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


heating. The combination of _Edþ _Es represents the rate
of irreversible energy variations that are related to fatigue
damage. Different techniques indirectly derived it by ana-
lyzing the difference between the mechanical energy _W

�
)

and the energy released as heat _Q
�

).73 It should be noted
that an inner heat source due to the damage (the blue cir-
cle in Figure 4A), produced during the cyclic loading, can
be detected by its signature on the surface of the speci-
men (the red circle in Figure 4A) using the Infrared ther-
mography technique. For instance, in Figure 4B, a
temperature map associated with a C45 specimen sub-
jected to fully reversed loading (R =�1) can be observed.
These maps illustrate how temperature changes at the
specimen's surface, acting as an indicator of dissipation,
in response to the stress amplitude. Below the fatigue
limit, this temperature increase is minimal. However,
beyond the fatigue limit, it rises significantly as damage
accumulates, ultimately reaching its highest point when
the specimen fails.

2.3 | The relationship between energy
dissipation and temperature

Stress–strain hysteresis behavior in metals is dependent
on micromechanisms, which dissipate energy during
cyclic deformation. These processes determine a loss of
linearity between the applied stress and the correspond-
ing strain leading to a lag in the response of the material
(strain) to the applied stress70 and ultimately the appear-
ance of the hysteresis loop (from Greek
ὑστέρησις = hysteresis = delay). The ability of materials
to dispel energy by internal adjustments is referred to as
damping.71

In general, when a material undergoes cyclic loading,
it generates heat. This heat dissipation is a result of the
material's internal friction and damping. The total energy
dissipated by this internal friction during cyclic loading is
the sum of all the individual work done within the vari-
ous elements of the material. Considering sinusoidal
stress applied to the material and due to the imperfect
elasticity of the material, the unit deformation will not be
equal instant by instant to the ratio of stress to the modu-
lus of elasticity (σ=E), as predicted by elastic theory.
Instead, it will intermittently deviate from this theoretical
value. This leads to the stress–strain diagram taking the
form of a closed curve known as a “hysteresis loop.”
The area enclosed by this loop represents the energy dis-
sipated by internal damping within a unit volume during
a single cycle.75,76

As the temperature is a sentinel of inner heat sources
produced by cyclic loading, different authors studied the

thermal signature associated with reversible and irrevers-
ible heat sources12,13,18,46,72,77,78 as shown in Figure 5. In
this figure, the quantities ΔθE and ΔθD are respectively
the phase lags due to thermal diffusion of the first har-
monic and second harmonic and Δθ the difference
between them.

The reversible energy variations produced by small
volume changes inducing the “thermoelastic effect”26 are
represented in Figure 6. In the case of uniaxial sinusoidal
loading, the thermoelastic coupling-related temperature
variations can be expressed as follows:

T¼Tthe sin 2πftþπþφð Þ, ð2Þ

where T is the temperature variations at the mechanical
exciting frequency f , Tthe is the peak-to-peak signal
amplitude, and φ is the phase angle between temperature
and loading signal.79 According to the classic theory of
thermoelastic stress analysis, the temperature and first
stress invariant have opposite signs,13 which is why “π” is
included in Equation (2). Figure 6 depicts the relations
between T and φ in two opposite cases.26,47

A phase shift depending on several factors can occur
in the presence of phenomena leading to the loss of adia-
batic conditions. The loss of adiabaticity can be associ-
ated with a thermal dissipative process.

In general, intrinsic dissipations produce heating in
the form of two distinct contributions:

• the heat produced under the hysteresis conditions
(anelastic regime),61

• the heat produced under visco-plastic deformations
regime,58,80

FIGURE 5 Schematic illustration of temperature variations

due to reversible (thermoelastic) and irreversible (dissipated

energy) phenomena.32 [Colour figure can be viewed at

wileyonlinelibrary.com]
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These heat contributions, clearly affect the adiabaticity of
the processes and then determine the variation in φ
values. It is necessary to remark that in the case of a
purely elastic cyclic response, the adiabaticity level (and
the value of φ) depends on the loading frequency. The
higher the loading frequency, the higher the adiabaticity
level.

By focusing on the irreversible energy variations dur-
ing fatigue tests (Figure 4A), the irreversible work energy
supplied to the material depends on the adopted stress
ratio. When the stored energy Es is negligible, heat-
converted energy (Ed) can be obtained directly from ther-
modynamic balance. Ed, however, can be assessed by
analyzing the surface temperature of the sample6,81 and
can be expressed as follows:

Ed ¼ ρ CpΔTd, ð3Þ

where ΔTd are the dissipative temperature variations, ρ
is the density, and Cp is the heat capacity at constant
pressure. In previous research, Jordan30 found a direct
relationship between the mechanical energy variation
(area under the hysteresis loop) and heat-converted
energy during fatigue. Figure 7A shows the variation of
the hysteresis loop within the fatigue regimes during clas-
sic constant amplitude tests to build Wholer's curve.68

2.4 | Self-heating effect

During rapid fatigue tests,82 a self-heating effect (the
mean steady-state temperature variations with the stress
amplitude)35,83 is produced in the material involving two
mechanisms. According to Mareau,83 the first one is asso-
ciated with a reversible movement of the dislocations
(mechanically reversible but thermally irreversible) and
the second one is with plastic activity. The latter is associ-
ated with the progressive appearance of microplasticity,84

while some open points still exist about the mechanisms
occurring during the primary regime.

In Figure 7B, according to Munier's study,35 a model
was proposed to link the self-heating measurements and
high cycle fatigue properties of metals in terms of temper-
ature variations. In particular, in Figure 7B a representa-
tive elementary volume (REV) is defined as an elasto-
plastic matrix containing several lattice discontinuities
e.g. inclusions.

At low stress amplitudes, inclusions were considered
to behave in the same way as the matrix, while the dissi-
pation was mainly due to the elasto-plastic behavior of
the matrix. However, once the stress exceeded a certain
threshold, plastic hardening within the inclusions
became active. In these conditions, the dissipation associ-
ated with the matrix corresponds to the primary regime,
while the dissipation in the set of inclusions was linked
to the secondary regime. The latter, according to Munier's
approach,35 governed the physical process of fatigue dam-
age initiation.

In the following sections, the well-established and
recent advanced approaches to obtain thermal parame-
ters to study fatigue behavior are presented.

3 | DIFFERENT METHODS TO
INVESTIGATE THE THERMAL
BEHAVIOR FOR FATIGUE
PREDICTION

3.1 | Direct temperature assessment

3.1.1 | Mean temperature increase

The self-heating phenomenon can be traced back to the
work by Stromeyer85 in 1914. Since then, it has been used
for rapid fatigue limit prediction. In 1983, the pioneer
researcher, Risitano,23 and in 1986 Curti et al,86 explored

FIGURE 6 Thermoelastic phase shift φ: temperature and stress relation (A) under adiabatic conditions and (B) under non-adiabatic

conditions.26 [Colour figure can be viewed at wileyonlinelibrary.com]
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the ability of thermography as a non-contact sensing
technique for determining the fatigue limit based on the
surface temperature.22

It is worth noting that the variation in the surface
temperature is mainly due to a macroscopic result of the
energy transfer. The advent of heat dissipation and self-
heating regime during the cyclic loading can be mainly
tracked by internal mechanisms of fatigue damage or
simply microplasticity. Furthermore, external factors, for
example, thermal convection and radiation, can signifi-
cantly affect the temperature change.40,74,77

La Rosa and Risitano22 studied the behavior of the
surface temperature of specimens under cyclic loading.
As proposed in Figure 8, (Ns and Nf are the number of
cycles to reach the stabilized temperature and the failure,

respectively), for loads higher than the fatigue limit, the
temperature exhibits a typical behavior. It shows an
increase from the beginning of the test (Phase 1), fol-
lowed by a “stabilization” stage (Phase 2) until a short
time before failure, and finally a sharp increase before
the failure (Phase 3).

They noted that the greater the stress with respect to
the fatigue limit, the higher the rate of temperature in
Phase 1 and the “stabilization” temperature in Phase
2.22,24 By using the temperature of the steady state
(ΔTsteady) acquired during a stepwise loading procedure,
it is possible to investigate the fatigue behavior of mate-
rial and components.25,26

In another pioneer study,21 intrinsic dissipation was
introduced by Luong as an accurate indicator of damage

FIGURE 8 Surface temperature

behavior and phases (thermal

increments vs. the number of cycles).

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 (A) Fatigue life and dissipated energy.68 (B) Modeling of men temperature variations and micromechanical damage

processes.35 [Colour figure can be viewed at wileyonlinelibrary.com]
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initiation. Using the coupled thermomechanical equation
and subtracting the thermal image at different reference
times, it became possible to estimate intrinsic dissipation
based on the mean temperature.

It should be noted that the quantification of the
intrinsic dissipation for engineering materials poses some
challenges. For example, the measurements of surface
thermal signature can be affected by heat exchanges,
making the resulting measurement merely an estimate of
the internal energy dissipated.25 The quantification of
intrinsic dissipation becomes more complex when deal-
ing with brittle or highly diffusive materials due to small
temperature changes,25 which requires the development
of specific smoothing procedures. For this purpose, De
Finis et al,25 developed a new procedure of thermal data
analysis. They filtered out the superficial temperatures
including the environmental temperature and the one
produced by the heating from the hot servo-hydraulic fix-
ture of the loading machine. On one hand, the ambient
temperature effect was removed by subtracting the sur-
face temperature of a dummy specimen from the surface
temperature of the sample. On the other hand, the load-
ing machine contribution was eliminated by assuming a
linear temperature increase and using a specific data fit-
ting procedure for thermal profiles in the longitudinal
direction of the gage length. These recent advances in
image processing, have enhanced the capability of IR
thermography to detect the fatigue limit for different
types of materials, particularly automotive components,
and stress paths (reversed tension, rotating bending,
cyclic torsion, etc.).81

As shown in Figure 9, the onset of the evolution of
damage and defects leads to changes in the dynamic
characteristics. Specifically, it affects properties such as
the specific damping capacity Ψ , and the natural fre-
quency of the materials which are related to damping

parameters (e.g., the loss factor and damping ratio).78

Damping is a material or system property to dissipate
energy under cyclic loading, which can be obtained
either from the exponential free decay curve or the half-
power bandwidth method in the time or frequency
domain, correspondingly.78 Crupi found a relationship
between the stabilized temperature increment,
ΔTstabilized, and the square of the applied stress amplitude
(σ2a) based on damping parameters as follows78:

ΔTstabilized ¼ 0, σa < σc

ΔTstabilized ¼ a σ2aþb, σc ≤ σa ≤ σy

�
ð4Þ

where a and b denote material constants depending on
the specific damping capacity Ψ and σc and σy are the
fatigue limit and the stress amplitude, respectively.

The specific damping capacity is related to the stabi-
lized hysteresis loop, a fatigue parameter, and ΔTstabilized.
Briefly, ΔTstabilized related to different loading levels can
be found by acquiring thermal sequences in a stepwise
loading of a single specimen.78 It is worth noting that
other relations as the same as the above power function
can also be found in the literature but with different
exponents.22,87-90

The relationship between ΔTstabilized and σa was fur-
ther developed by considering the number of cycles to
the failure (Nf ). Using the shakedown theory and multi-
scale concept, Wang et al91 provided theoretical support
for the relevant energy analysis and an intrinsic correla-
tion between the above three parameters and called it
quantitative thermographic methodology (QTM).

Recently, Feng et al92 proposed a modified version of
QTM by including the heat exchange with the help of the
heat diffusion equation18,33 and considering the variable
amplitude loading. They assumed that the damage could

FIGURE 9 Specific damping Ψ

versus the stress range Δσ, relative to
AISI304 specimens at a load ratio R = 1

and a frequency f = 100 Hz.78
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be equivalently transformed from one loading block to
another.93

3.1.2 | Initial slope of the temperature curve

Through the fatigue tests, it was shown that there exists a
close connection between the temperature rise and the
material degradation under cyclic load. For aluminum
6061-T6, Figure 10 shows the evolution of the tempera-
ture slope as a function of the normalized number of
cycles with respect to the number of cycles to failure. It
can be seen that it increases at the beginning of the test,
followed by a rapid decline, and then remains relatively
flat in the stabilization phase for about 90% of the life-
span before rising sharply at the end.82

As a pioneer, Huang et al94 experimentally observed a
sharp increase in temperature, for some stainless steel
and superalloys, shortly after reaching a steady-state con-
dition. This temperature increase, as shown in Figure 11,
was linked to the commencement and spread of macro-
cracks [50] and the forthcoming fracture.37 However, this
temperature rise seems to be an ineffective index since it
is determined after a huge damage accumulation and
involves a time-consuming process.

On the other hand, on the left-hand side of the tem-
perature curve in phase I before the stabilization, the
temperature rise angle was reported to be a possible
index for fatigue assessment, as already mentioned in
pioneer works by Curti et al86 and Botny and Kaleta.95

Boulanger et al,33 showed that the initial slope of the
temperature rise was useful for studying the fatigue
behavior and specifically for estimating the dissipated

energy. Mehdizadeh and Khonsari49 proposed that the
capability of this slope (see Figure 12A) for fatigue limit
estimation depends on the sharp slope change in Rθ�σ
curve (see Figure 12B for SS 304 with fatigue limit around
230MPa49). In addition, a relation for determining the
fatigue life as a function of the temperature slope in
the first phase of the temperature trend was reported by
Amiri and Khonsari.41,42

Since the slope of the temperature evolution,
R¼ΔT=N , is measured in the early stages of the test, it
offers a very rapid technique to predict fatigue life, pre-
serving testing time and avoiding catastrophic failure.
However, the drawback is that the relationship applies
specifically to fatigue tests conducted on pristine

FIGURE 10 The evolution of the

temperature slope in bending fatigue of

aluminum 6061-T6.82 [Colour figure

can be viewed at wileyonlinelibrary.

com]

FIGURE 11 Temperature slope just after a steady-state

condition. [Colour figure can be viewed at wileyonlinelibrary.com]
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specimens without any prior damage. In other words, it
does not account for the history of the specimen. Meyen-
dorf et al96 demonstrated that when the specimen has
already experienced fatigue, its microstructure has been
changed and thus its thermal response differs from the
pristine specimen. Through a series of fatigue tests on
cylindrical dog-bone samples machined from forged tita-
nium, they reported a gradual change in the rate of tem-
perature as the number of cycles accumulated.96 To
eliminate this limit, Khonsari and colleagues modified
the aforementioned relationship by considering the accu-
mulated damage for a non-pristine sample.20

As the sample experiences cyclic fatigue, the tempera-
ture rises after each step considerably increases. Accord-
ing to this observation, Amiri and Khonsari20 proposed
that this slope as a function of time can be utilized to esti-
mate the remaining This approach allows for the quanti-
fication of prior fatigue damage. It is worth pointing out
that all of these works were accomplished during an exci-
tation loading, which involves a short-time mechanical
loading.96

In another work by Liakat and Khonsari,97 the rela-
tive slope (Rr) was introduced for predicting the remain-
ing fatigue life. It was defined as a difference between the
slope of the temperature rise (R) and the intercept of
the slope and number of load cycles (R–N) curve. By
defining the relative slope Rr , Liakat and Khonsari97

showed that it exhibits a linear function of N and can be
applicable to both constant and variable amplitude cyclic
loadings. Furthermore, the slope of temperature can be
utilized to predict fatigue life by estimating the entropy

accumulation and plastic energy generation,98 which are
discussed later.

3.2 | Thermoelastic stress analysis

Although the thermoelastic effect was observed by
Gough,36 the first experiments were performed
by Weber,99 and eventually, the theoretical foundations
were defined by Thomson (later known as Lord
Kelvin).100 Briefly, the concept of thermoelastic stress
analysis (TSA) is based on the reversible temperature
changes during the elastic deformation of a homogenous
solid under adiabatic conditions. Under these assump-
tions, a linear relationship between surface temperature
variations and the first invariant of stress can be
defined15,16,101-103 considering the classic TSA
equation103:

ρCp
ΔT
T0

¼�αΔs, ð5Þ

where ρ is the density, Cp is the specific heat under
constant strain, ΔT is temperature change, T0 is the
reference temperature, α is the coefficient of linear
thermal expansion, and Δs is the change of the first
invariant of the stress tensor.102 This linearity is violated
in the presence of non-adiabatic phenomena like
heat diffusion due to the intrinsic damage. A detailed
review of this can be found in the studies conducted by
Wong et al.102,104,105

FIGURE 12 (A) Temperature slope at the beginning of the test and (B) fatigue limit predicted by initial slope of temperature for SS

304 (redrawn based on Amiri and Khonsari41). [Colour figure can be viewed at wileyonlinelibrary.com]
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In the classic TSA equation, the temperature varia-
tions can be described as follows by considering uniaxial
stresses with sinusoidal loading:

T¼ α

ρCp
Ta sin ωtþπþφð Þ: ð6Þ

Equation (6) presents a phase angle between tempera-
ture and loading signal, which depends on different fac-
tors such as the thickness of the painting or the gripers.
When high-stress gradient and viscoelastic–plastic behav-
ior are present, notable changes occur in the phase signal
due to the departure from adiabatic conditions and the
emergence of fatigue damage.47

As mentioned before, the capability of TSA is not lim-
ited to the presence of the adiabatic condition. Thermoe-
lastic temperature amplitude (T1ω) and thermoelastic
phase can be used as indicators of non-adiabatic condi-
tion, indirectly leading to the study of damage behavior
of material estimating the fatigue limit during a stepwise
loading test,30,44,45,106,107 as presented below.

3.2.1 | Loss of adiabaticity (thermoelastic
phase analysis)

Palumbo and Galietti47 proposed a novel empirical
method to study the fatigue behavior of stainless steels,
called thermoelastic phase analysis (TPA), based on the
phase of the thermoelastic signal. In addition, TPA can
also be useful to estimate the fatigue limit. In effect,
phase can change due to the presence of either visco-
plastic behavior of material50,79 or high stress gradient,
which leads to heat conduction and loss of adiabatic con-
ditions.13,15,108,109 Consequently, this loss of adiabaticity
leads to shifts in the thermoelastic phase trend.

For a better explanation, Figure 13A shows the
change in phase signal with four stress amplitudes,
the first two are below the fatigue limit (around 170 MPa
of ASTM A182) and the other are beyond the fatigue
limit. As can be seen, a significant rise in the phase was
observed when stress amplitudes exceeded the fatigue
limit. This rise signifies the loss of adiabatic conditions
and the damage occurrence.47

In TPA, the thermoelastic data were extracted during
the second phase of the temperature trend in Loung's
method where the average surface temperature remains
constant.47 For each loading step, the maximum phase
change (Δφmax ) was calculated by subtracting the maxi-
mum and minimum phase values during a certain ther-
mographic sequence. Then, from the variation of Δφmax

with stress amplitudes, the fatigue limit can be found

from a point where the curve experiences a sharp shift in
its slope (see Figure 13B).47

A similar variation, ϕEI in Figure 14, was also
reported by Cappello et al for C45.110 Compared with the
classical thermographic method (ΔTmax ) in Loung's
method, TPA showed superior performance for some
materials or components that experience relatively low-
temperature variations. It was reported that TPA outper-
forms methods based on only the stabilized temperature
in materials with higher ductility.47 In Figure 14, The
green and blue cross marks show the minimum value
(5th percentile) and the maximum value (95th percen-
tile), which were changed with the loading amplitude.110

The reliability of the fatigue limit prediction using the
phase shift data was examined by De Finis et al.26 Fur-
thermore, they showed that the sensitive behavior of the
phase with the stress amplitudes26 makes it a proper
index to monitor the transition between the plastic and
viscous phenomena and to describe the dissipative phe-
nomena related to the plastic stress regime.

3.2.2 | Loss of linearity of FAH (first
amplitude harmonic)

Krapez et al,30,45 and later De Finis et al,26,111 proposed
similar temperature models to take advantage of using
the first amplitude harmonic of the temperature. By com-
paring the first temperature amplitude with its linear
trend evaluated at the beginning of the test, a significant
difference was reported when the stress amplitude
exceeded the fatigue limit. In other words, the TSA equa-
tion is no longer valid in the presence of damage when
microplastic phenomena occur in the material. In these
conditions, for a given stress level when the loss of linear-
ity of the first harmonic is observed, the fatigue limit can
be predicted. In Figure 15, full field maps of the first har-
monic amplitude of temperature for C45 (with a fatigue
limit of around 200 MPa) and its variation (EI in

110) are
shown. Note that green and blue crosses in Figure 15
indicate minimum and maximum related values.110

As can be seen in Figure 15B, the nonlinearity
occurred around 220 MPa, which is very close to the
fatigue limit of the material.30 It is worth noting that
the intensity of the slope change of the curve depends on
both the material and the stress ratio.26,30

3.3 | Energy-based approaches

Works on the relation between fatigue (or failure) and
energy date back to the 1920s.112 Nevertheless, it was not
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FIGURE 14 (A) Thermoelastic phase map for four different loading steps and (B) its variation for C45, R = 0.1.110 [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 13 (A) Thermoelastic phase map for four different loading steps of ASTM A182 and (B) the maximum phase change curve.47

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 15 (A) First harmonic amplitude map for four different loading steps and (B) its variation for C45, R = 0.1.110 [Colour figure

can be viewed at wileyonlinelibrary.com]
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until the early 1940s and 1950s that several researchers
began to consider a correlation between the fatigue life of
a material and the strain energy dissipation during the
fatigue process.17,69

According to Feltner and Morrow,17 Hanstock113

likely first established a connection between strain
energy density (SED) and fatigue life in 1947. Subse-
quently, in 1965, Morrow took a significant step by intro-
ducing a power function that relates plastic SED, plastic
work, and fatigue life. This function can be regarded as
the prototype of SED-based models in current use.114

Subsequently, various forms of SED-based fatigue
approaches were developed and enhanced.114-117 Histori-
cal development of SED and a collection of equations
directly correlating SED with fatigue life can be found in
a work by Lia et al.114

A promising suggestion was that the strain energy
needed for the failure of a material subjected to a static
test is similar to the strain energy dissipated during a
fatigue process.30 As shown in Figure 16, the strain energy
(or the normalized strain energy which is the strain
energy density per cycle per the strain energy density in
the steady-state strain region) rises with the number of
cycles as plastic deformation or damage accumulated.69

3.3.1 | Second amplitude harmonics (SAH)

Enke and Sandor44 showed how the evaluation of
dissipative heat sources allows the assessment of the dam-
age of material. Under the assumption of no significant
mean strain (fully reversed cyclic loading), they intro-
duced a general form of thermo-elastic-plastic response.

They applied the Fourier sine series on the thermal signal
obtained from an IR camera and mentioned that the
amplitudes at the frequency and twice the frequency of
the mechanical loading are proportional to the elastic and
plastic strains (or deformation), respectively.

For a sinusoidal loading, a schematic description of
the hysteresis loop with the variations of stress, strain,
and temperatures is shown in Figure 17. From point “a”
to “b,” the elastic strain increases while the temperature
simultaneously decreases, both following a sinusoidal
pattern. In elastic unloading, from b to c, the temperature
is due to only elastic deformation (Telastic). This behavior
is repeated for c–d and d–e but with opposite signs for
elastic temperature contribution. As reported clearly by
Enke and Sandor,44 for each cycle of elastic temperature
response, two cycles of plastic temperature response
occur. Therefore, twice the frequency of loading, 2f, plays
a fundamental role in assessing Tplastic. Note that at the
beginning of the test, this temperature contribution is
negligible, while it increases with plastic deformation
and damage. As an example, the full field maps of the
second harmonic amplitude of temperature (DI in

110) for
C45 with the fatigue limit of around 200MPa are shown
in Figure 18.

In addition to the previous studies, Krapez et al30,45

showed that the energy variations produced by irrevers-
ible processes produce a second harmonic temperature
component as a fatigue indicator. They studied the ther-
mal signal in the frequency domain to separate both the
dissipative and thermoelastic sources.30,45 The idea was
first suggested by Bremont and Potet.31

To improve the accuracy of the measurement of the
dissipated energy, Shiozawa et al32,118 proposed a

FIGURE 16 Normalized strain

energy variation during the fatigue test

for Al 6061-T669 [Colour figure can be

viewed at wileyonlinelibrary.com]
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technique that benefits from the phase 2f lock-in IR
method. It works with a double frequency component of
temperature change, which includes the influence of
both energy dissipation and thermoelastic source (see
Figure 4B). This technique effectively eliminates the
superficial portion of dissipated energy (or generally the
noise components) related to thermoelastic temperature,
ΔTE, caused by the harmonic vibration of the loading
machine. The aim was to find the real temperature rise
due to the energy dissipated, ΔTd, and the energy dissi-
pated rate, q. They are formulated as follows:

ΔTE ¼�kTΔσ, ð7Þ

q¼ ρCpΔTd, ð8Þ

where k is the thermoelastic coefficient, T is the absolute
temperature, and Δσ is the sum of principal stresses.

Further investigation in the SAH of temperature,
ΔT2w, was carried out by De Finis et al.72 Particularly, the
capability of ΔT2w signal as an indicator to predict
the heat dissipated energy was studied. Additionally, they
found a relationship between SAH of heat dissipated rate
Δ _Ed2w and mechanical energy rate Δ _W 2w for C45 steel
under two stress ratios, R = 0.1 and �1, as follows:

Δ _W 2w ¼A1Δ _Ed2w þA2, ð9Þ

where A1 and A2 depend on the material. While the first
one was reported to be dimensionless, the second dimen-
sion has the same as either Δ _W 2w or Δ _Ed2w .

FIGURE 18 (A) Second harmonic amplitude map for four different loading steps and (B) its variation for C45, R = 0.1.110 [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 17 A schematic representation of hysteresis loop and temperature variations during a single cycle under sinusoidal stress

(redrawn based on Enke and Sandor44).

ZAEIMI ET AL. 625

 14602695, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14206 by Politecnico D

i B
ari, W

iley O
nline L

ibrary on [27/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


The endurance limit can be estimated from the latter
one, ΔEd2w ,

119 and subsequently the area under the hys-
teresis loop. However, the accuracy of this approach
depends on the following assumptions, (i) the full conver-
sion of the mechanical energy into heat, (ii) the consider-
ation of only a fraction of ΔEd, and (iii) the
determination of ΔEd2w from ΔT2w on the surface, which
is smaller than the value related to the actual heat source.
Furthermore, a framework was analytically developed
and experimentally validated by Meneghetti and
Ricotta73,120 to provide a correlation between intrinsic
dissipation and the second amplitude harmonic.

3.3.2 | Specific heat loss

Meneghetti43 introduced another promising parameter
for fatigue characterization based on the energy per cycle
in a unit volume, rather than the surface temperature.
Using the energy balance equation, a relationship
between thermal power dissipated per unit volume
(including conduction, convection, and radiation) and
the cooling rate (∂T=∂t). It was found from the tempera-
ture evolution curve after a sudden interruption of the
fatigue test, see Figure 19.

After finding the cooling rate from experimental mea-
surements, the heat dissipated was calculated43,74 as
follows:

Q
_
¼�ρC

f
∂T
∂t

����
t¼t�

ð10Þ

where ρ and C represent respectively the mass density
and the specific heat and f is the frequency. This heat
loss only depends on the applied cyclic loading character-
istics: mean, amplitude, and stress state. Applicability of
this method can be found in the literature for different

steels and fracture mechanics approach.121-123 As an
example, for AISI 304 L stainless steel, the fatigue limit
predicted based on the thermal energy dissipated or the
cooling gradient is shown in Figure 20.

For a given material, loading, and mechanical bound-
ary conditions, the surface temperature depends on the
geometry of the sample, the loading frequency, and
the heat exchange from the material to the surroundings.
However, the dissipated energy is only dependent on the
applied stress amplitude and load ratio. Therefore, sur-
face temperature cannot be adopted for geometries and
testing conditions different from the reference ones.43

Rigon et al125 showed that the cooling gradient just
after t� is at least one order of magnitude higher than the
heating gradient at the same time. Therefore, the dissi-
pated fraction is far greater than the self-heating portion
of the total heat production. Furthermore, in a more
recent study, Rigon et al34 successfully applied the
method to fatigue tests under in-phase and out-of-phase
axial/torsional multiaxial loadings. It is worth mention-
ing that the thermographic technique is mainly carried
out in uniaxial fatigue tests where the occurrence of tem-
perature stabilization is feasible. However, this assump-
tion cannot be always made in the case of multiaxial
loadings which is not the focus of this paper. For further
information on the applicability of thermography in
fatigue life prediction under multiaxial and non-
proportional fatigue loadings, readers can refer to the
work by Skibicki et al.126

3.3.3 | Entropy-based methods

Based on the thermodynamic theory of irreversible pro-
cess, as Naderi et al127 proposed, the entropy generation
during the fatigue test can be regarded as a degradation
index. According to this work, entropy accumulates until
it reaches a specific value known as the fatigue fracture
entropy (FFE), which is defined as follows:

γf ¼
Z tf

0

Wp

T
�q:grad Tð Þ

T2

� �
, ð11Þ

where γf is the FFE, tf is the time up to the fatigue fail-
ure, and q is the heat flux across the boundary. An IR
camera was used to record the temperature evolution, T,
during the entire test and the plastic energy, Wp, deter-
mined by Morrow's cyclic plastic energy dissipation for-
mula.128 As an example, the evolution of the rate of
entropy flow of aluminum 6061 up to failure is shown in
Figure 21A.

In low-cycle fatigue where the entropy generation is
dominantly due to the plastic deformation, the second

FIGURE 19 Slope of the cooling rate. [Colour figure can be

viewed at wileyonlinelibrary.com]

626 ZAEIMI ET AL.

 14602695, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14206 by Politecnico D

i B
ari, W

iley O
nline L

ibrary on [27/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


term in the integral was shown to be negligible.98 It was
verified that γf is a material constant, independent of the
geometry as well as load and frequency.98

As can be seen from the temperature trend in
Figure 21B, after the steady state phase, entropy increases
sharply at around 90% of the fatigue. This behavior aligns

with the temperature slope shown in Figure 10. From
this observation, Naderi and Konsari129 stated that the
operation, or loading, should be continued until
γ ≤ 0:9 γf , avoiding fracture.

In other studies, it was shown that the cyclic energy
dissipation in the form of thermodynamic entropy can be

FIGURE 20 Fatigue limit

prediction with thermal energy

dissipated or the cooling gradient for

AISI 304 L stainless steel.124

F IGURE 21 Evolution of rate of entropy flow of aluminum until failure occurs: (A) Variation with temperature and (B) variation with

time.82 [Colour figure can be viewed at wileyonlinelibrary.com]
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effectively used to calculate the evolution of the fatigue
damage82 and the remaining life.49 Through an experi-
mentally verified analytical approach, Jang and Khon-
sari130 showed that the energy dissipation caused by the
recoverable internal friction should be removed from the
irreversible microplastic deformation (see Figure 22) to
precisely find the FFE value.130,132-134

3.4 | Thermoelastic point inversion
assessment

A different approach has been adopted by Risitano and
Risitano52 to estimate the fatigue limit, assessing the end
of the thermoelastic effect during a static test, a method-
ology that they referred to as the “Static Thermographic
Method.”

As Risitano and Risitano mentioned, a static tensile
test can be considered a part of the initial cycle of a
fatigue test under fully reversed loading. Thus, it is possi-
ble to find the stress amplitude related to the fatigue limit
by monitoring the surface temperature changes during a
static test.52 It is worth pointing out that this method was
inspired by the work of Bottani and Caglioti135 to some
extent while primarily relying on the research by Plekhov
and Naimark38 and Risitano et al.136

Generally, the thermal behavior of metals or crystal-
line solids under tensile test can be distinguished by two
distinct zones: the elastic zone with linear stress–strain
relationship and the plastic zone where not all crystals
deform within an elastic field.

They proposed that during tensile tests, fatigue fail-
ures happen at points in the material's stress–strain curve
where the local stress is able to produce plastic deforma-
tion.52 These localized stresses intensify compared to the
average applied stress (load/area), leading to fatigue fail-
ure. Therefore, the specimen fails when the load

surpasses this average value.52 This value can be identi-
fied when the linear trend of the maximum surface tem-
perature in Figure 23 (thermoelastic behavior) is lost.52

This non-linearity happens due to the fact that the
local intensified stress causes irreversible microplastic
deformations (Zone II in Figure 23) and consequently
heat dissipation.52 They mentioned that except for some
crystals which are deformed plastically, most of them are
stressed in an elastic field. Conversely, plastic deforma-
tion intensifies within Zone III, ultimately encompassing
every crystal in Zone IV.52

In another work, Risitano et al137 showed that the
method is dependent on the stress rate applied during
the tensile test. However, this dependency does not
impact the results achieved in terms of the fatigue limit.
The method can be conducted even with a limited num-
ber of specimens and within a short timeframe.19,138-140

Nonetheless, for a robust estimation of the fatigue limit,
it is advisable to test at least five samples.

4 | PROCEDURE, TYPICAL SETUP,
AND EQUIPMENT USED FOR RAPID
FATIGUE TESTS

4.1 | Experimental setup

The typical experimental arrangement includes an IR
camera and a set of computer-controlled components, as
shown in Figure 24. Tests are conducted using a mechan-
ical excitation source, which is supplied by a servo-
hydraulic testing machine equipped with an appropriate
load cell capacity. The testing environment is maintained
at an almost constant temperature. Samples should be
sized based on the available standards141 and typically
have a dog bone or hourglass geometry.

As can be seen in Figure 24, a computer collects both
the load cell signal, which serves as the reference signal
for the noise rejection process, and the thermographic
signal. Following this, the software calculates tempera-
ture from the IR signal and presents it as colorful
temperature maps.

The testing procedure includes a sequence of loading
blocks, each with the same duration of loading cycles,
and fixed values for loading frequency and stress ratio.25

This process continues until the material eventually fails.
As proposed in Figure 25, the sequence of loading blocks
is defined by incrementally increasing the applied stress
level, in a procedure known as stepwise loading.

As mentioned before, each block includes a specific
number of cycles, and after completing each block, the
stress is increased until the material fails. For the first
block, it is suggested that the maximum stress should be

FIGURE 22 The schematic diagram of energy generation as a

function of stress or strain showing the contribution of microplastic

and internal friction.131 [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 23 Qualitative stress–
strain and temperature–strain curves.52

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 24 Experimental setup for

the rapid fatigue test. [Colour figure can

be viewed at wileyonlinelibrary.com]
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20%–30% of the ultimate tensile strength of the material
to ensure collecting enough data below the fatigue
limit.142 The stress increment between each block can be
varied but should be set such that the total test duration
remains practical while still collecting a satisfactory num-
ber of data points around the fatigue limit.119

During each block, thermographic acquisitions are
performed for a predefined time period and sampling fre-
quency. Certainly, the quality of the thermal acquisition
depends on the camera specifications (i.e., cooled or
uncooled) and settings (e.g., the frame rate, the integra-
tion time, and the temperature range).

Generally, the Thermographic method25 requires a
continuous temperature acquisition, which can be
accomplished using a typical uncooled microbolometer
camera. However, a cooled camera is essential if the
objective of the test is extracting harmonic components
of the temperature. For this purpose, the thermal signal
should be properly reconstructed, which needs higher
acquisition frame rates. One way to implement all the
presented approaches for fatigue assessment is utilizing
both cooled and uncooled IR detectors simulta-
neously.21,22,25 Interested readers can find a comprehen-
sive comparison between cooled and uncooled cameras
in a study by Deane et al.143

Key factors that significantly impact measurement
accuracy are classified into three groups, as described in
the work by Bagavathiappan et al.144

The first group consists of operational factors, which
relate to the available information and experiences about
the test conditions and samples. The involvement of
skilled thermographers can help to minimize these fac-
tors, resulting in better thermal images from the region
of interest.

Technical factors make up the second group, includ-
ing variables such as the emissivity of the object under

investigation and the distance between the camera and
the object. The emissivity is considered as an effective
parameter in the measurement. To address this, samples
are usually covered by a layer of black paint of appropri-
ate thickness. This coating increases their emissivity and
prevents reflections caused by heat sources in proximity
to the samples during the test.

The final group contains environmental factors,
including ambient air temperature, humidity, and con-
vention. To minimize these effects, it is advisable to
enclose samples in an insulating chamber if it is possi-
ble.25 Furthermore, placing a dummy-unloaded specimen
made from the same material as the tested inside the
insulated chamber provides a temperature reference.47

Table 1 outlines the necessary experimental condi-
tions to obtain various thermal indices. It is worth noting
that the experimental setup required for obtaining the
thermal indices is similar to the one explained earlier,
with specific requirements for each index presented
below.

From Table 1, the first consideration refers to the use
of an appropriate IR camera to acquire suitable data for a
specific thermal index. In contrast to the mean
temperature-related indices (i.e., indices 1, 2, and 6, corre-
sponding to the mean temperature increase, the initial
slope of the temperature, and specific heat loss), which
require a typical low-cost uncooled camera, the acquisi-
tion of harmonic components of the temperature (indices
3, 4, and 5, corresponding to the thermoelastic phase,
first amplitude harmonic, and second amplitude har-
monic) needs a high-performance cooled
camera.42,43,47,72,144

The second row of Table 1 regards the sample rate
used for capturing the thermal sequence. Unlike indices
1, 2, and 6, which do not necessitate a high frame rate,
thermal indices 3–5 require a higher frame rate. This

FIGURE 25 A schematic of

stepwise loading. [Colour figure can be

viewed at wileyonlinelibrary.com]
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increased frame rate is crucial because it ensures the
accurate reconstruction of the temperature signal, which
is a fundamental requirement for obtaining the afore-
mentioned indices.26,30,111

Furthermore, from the third row of Table 1, when
acquiring the first harmonic amplitude, it is important to
conduct the test at a high loading frequency. This ensures
the adiabatic condition during the initial loading stages
and allows for the observation of linearity loss caused by
damage.15,145,146

From the fourth row of Table 1, a dummy pristine
sample should be included when the first two indices are
chosen to eliminate the environmental temperature effect
from the mean surface temperature of the sample.47 For
all indices except the specific heat loss, the use of an insu-
lating chamber is recommended to reduce the influence
of environmental factors.119,147

The last consideration is the way each index should
be captured. As shown in Table 1, except for the mean
temperature index, which needs to be acquired for the
whole of the temperature trend, the other indices can be
captured discretely by considering suitable time windows
during the test.22,26,27,81,110

4.2 | Thermal signal processing

La Rosa and Risitano22 and Luong21 were the first to per-
form signal processing on the mean temperature
acquired from the surface of the specimen by the ther-
mography technique. This process involved subtracting

the environmental temperature from the mean
temperature.

A more complicated signal processing was conducted
by Krapez et al,30 which involves the assessment of har-
monic components of a thermal signal in terms of ampli-
tudes and phases. Indeed, Krapez was the first to deeply
investigate the thermal signal by examining the harmonic
components of the temperature signal. A particular signal
demodulation procedure was used to extract the first two
Fourier components and the mean temperature rise of
some stainless steel and aluminum alloys. They found
experimentally that for stress amplitude roughly close to
the fatigue limit, three phenomena occur: (i) a significant
increase in the mean temperature; (ii) a sharp change in
the slope of the thermoelastic curve (representing the
temperature component at the frequency of loading and
stress amplitude); and (iii) the appearance of the temper-
ature component at twice the frequency of the loading
(2f). This procedure is called Lock-in74 because it needs a
reference signal (load or strain) for processing the tem-
perature field via the fast Fourier transform (FFT). With
lock-in thermography, all aforementioned phenomena
can be captured [50]. Krapez et al30 modeled the temper-
ature as follows:

T tð Þ¼T0þΔTftþT1 sin ωtþφ1ð ÞþT2 sin ωtþφ2ð Þ,
ð12Þ

where f is the loading frequency, T0 is the temperature
level at the beginning, ΔT is the mean rise of the

TABLE 1 Experimental requirements for the acquisition of different thermal indices.

Requirements

Thermal indices

1 2 3 4 5 6

Mean
temperature
increase

Initial slope
of the
temperature

Thermoelastic
phase

First
amplitude
harmonic

Second
amplitude
harmonic

Specific
heat
loss

1 IR Camera Uncooled
camera

X X X

Cooled
camera

X X X

2 High frame rate X X X

3 High loading frequency X

4 Dummy specimen X X

5 Insulating chamber X X X X X

6 Thermal
acquisition
type

Continuous X

Discrete X X X X X

ZAEIMI ET AL. 631
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temperature per cycle. T1, φ1, T2, and φ2 are the ampli-
tudes and phases associated with the first and second
Fourier components. A schematic presentation of the
above thermal signal processing is shown in Figure 26.

Note that the above model can also be implemented
in the least square method for thermal signal reconstruc-
tion.30 To improve the signal-to-noise ratio, the tempera-
ture maps in the central part of the sample or a region
with a particular thermal behavior were averaged. It
should be noted that in contrast to Risitano's method,
which is based on the mean temperature, analyzing the
first and higher harmonic orders of the temperature sig-
nal is based on the amplitude and phase. Therefore, ther-
mal cameras with higher frame rates are necessary.40,74

As explained by De Finis et al,26,111 T1 shows the
stress field on the surface of the sample, reflecting the sig-
nal variation or thermoelastic effect, while T2 is propor-
tional to the intrinsic dissipation energy. ϕ can be related
to various factors including the loss of the adiabatic con-
dition, plastic deformation, damage, and surface treat-
ment. The change of these parameters with respect to the
stress amplitude was used to probe into the thermoelastic
and plastic behavior of the material, the fatigue behavior
of materials148 especially with high diffusive behavior
like aluminum,142 and estimating the fatigue limit.26,111

5 | METHODS FOR RAPID
ESTIMATING OF THE
FATIGUE LIMIT

In the present section, the focus is on the well-established
methods used for estimating the fatigue limit in a rapid
way. It begins with the pioneering approach and then
provides an overview of recent developments in this area.
In fact, there are only a few methods available for rapid
fatigue limit estimation: the thermographic method by
Luong–Risitano or referred also to as Luong's
method”,22,81 the “iterative method” by Curà et al,39 the

“threshold method” by De Finis et al,25 and the “thermo-
elastic point inversion” by Risitano and Risitano.52

5.1 | Luong–Risitano's method

As mentioned before, in this method, the stabilization
temperature serves as a fatigue parameter. By plotting
the curve of the stabilized temperature for each stress
magnitude (see Figure 8), La Rosa and Risitano22

expressed that the fatigue limit can be achieved by indi-
cating a point on the curve where a sharp change in the
slope occurs. An interesting aspect of this method is that
it lasts only a few cycles to reach the stabilization temper-
ature, the entire process usually encompasses just 10% of
the specimen's entire lifespan. Therefore, it is possible to
use the same specimen for different levels of loading;
because the cumulative damage is considered negligible
up to temperature stabilization.27,29

Furthermore, as La Rosa and Risitano mentioned,22

only three specimens are sufficient to estimate the fatigue
limit because the data show minimal scattering. As
shown in Figure 27, through plotting the temperature
related to high dissipation (observing from the surface of
the sample) with the stress level, Loung noticed a break-
point (i.e., a point with sharp slope change), which can
be used for fatigue life prediction.21,81

5.2 | Iterative method

Curà et al,39 proposed another rapid method based on
the stabilization temperature for the determination of the
fatigue limit of materials (mild steel Fe 510 in their study)
and components based on the Luong approach.21,81 As
shown in Figure 28, the method initially involves select-
ing a trial stress magnitude to separate the thermal data
into two groups, below and above the stress value. Next,
two straight lines are fitted to interpolate each group of

FIGURE 26 From the

thermographic signal to temperature

components acquisition. [Colour figure

can be viewed at wileyonlinelibrary.

com]
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data in the space of temperature difference and stress
amplitude. The intersection of these two lines shows a
trial fatigue limit.

Here is where the iteration process comes into play. If
the difference between the trial stress and estimated
fatigue limit is positive, the next trial stress must be
selected lower than the first one, and vice versa. The pro-
cess of selecting a trial stress and finding the trial fatigue
limit continues until the difference between them falls
below a predefined threshold. When this condition is
met, the trial stress is considered a reliable estimation of
the fatigue limit.

On the contrary, in Luong's method, there is not any
trial-and-error procedure. Once the first intersection point
is found, its corresponding stress value indicates the
fatigue limit. Therefore, the accuracy of the iterative
method is highly dependent on the chosen trial stress.

5.3 | Threshold method

Another method for rapid estimation of fatigue limit was
introduced by De Finis et al.25 They managed to approxi-
mate the temperature changes due to the damage by
removing the effects of the environment and loading
machine. For this purpose, a linear function of stress
amplitude with two constants was introduced. These

constants were initially identified by fitting a line to the
experimental data during the initial loading stages and
were then used as known values for the next steps.

As shown in Figure 29B, they showed that when the
difference between the maximum temperature change
(or steady state temperature) acquired from the surface
by an IR camera and the linear function, exceeds a
threshold value, fatigue failure is likely to happen; this
difference called “residual of the temperature,” ΔTmax_r .
The threshold value was defined as six times the standard
deviation of residuals for the first five experimental data
(ΔTh_6σ).

Moreover, as shown in Figure 29B, in contrast to
Luong's method81 in Figure 29A, it is not necessary
to continue the test up to the failure in order to evaluate
the fatigue limit.25 As they mentioned, the threshold
method can be used to determine the transition that
occurs in the behavior of the material.25

5.4 | Thermoelastic point inversion in
tensile test

According to the work by Risitano and Risitano,52 if the
temperature curve is added to the typical stress–strain
curve (see Figure 30), it becomes feasible to find a limit
temperature that marks the beginning of the nonlinearity
of the temperature curve. The corresponding stress value
associated with this limit temperature can be regarded as
a good estimation of the fatigue limit.

From Figure 30, the temperature evolution is charac-
terized by three zones. Initially, there is an approximately
linear decrease, mainly due to the thermoelastic effect.
Subsequently, non-linearity emerges as mechanical
energy is transformed into heat, signifying the initiation
of microplastic deformation, and this phase reaches a
minimum temperature value. Finally, the temperature
starts to rise, ultimately leading to material failure.

6 | DISCUSSION AND OPEN
POINTS

In this section, the thermal fatigue indicators and ther-
mographic methods as well as their respective pros and
cons and related unresolved issues are discussed. Table 2
summarizes all the parameters utilized in the literature
for estimating fatigue limit. References to pioneering and
relevant works for each parameter, along with the associ-
ated procedures, are indicated. It is worth mentioning
that both temperature and energy-based parameters are
suitable to be implemented in the procedures presented
in the previous section to estimate the fatigue limit.

FIGURE 27 Graphical determination of the fatigue limit of

steel by Luong.81
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6.1 | Capabilities of each thermal index
for fatigue assessment

In the present section, the capability of all studied ther-
mal indices is investigated according to different factors
that can affect the measurement and/or the analysis. To

enhance simplicity and readability, Table 2 is proposed
to summarize this investigation; each index is numbered
as follows:

1. mean temperature increase
2. initial slope of the temperature
3. thermoelastic phase
4. first amplitude harmonic of temperature
5. second amplitude harmonic of temperature
6. specific heat loss

Referring to the sensitivity to the heat diffusion effect
(the first row in Table 3), the methods relying on the
direct measurement of the temperature, such as the
mean temperature, encounter difficulties when dealing
with materials exhibiting high diffusivity. Indeed, the
temperature variations, especially the mean temperature
variations, can be extremely subtle and challenging to
measure even with high-performance equipment such
as IR-cooled cameras.22,25,39,81 Indices 3, 4, and 5, which
rely on either the harmonic amplitudes26,30,32,45,72 or
the phase information,47 are likely the most
accurate for fatigue limit estimation. This is because
they involve a postprocessing analysis of the thermal
data.

As explained below, various studies demonstrate their
superior performance in comparison to the mean temper-
ature. Kawai et al149 conducted a study comparing the
performance of the mean temperature and the second
amplitude harmonic. They clearly stated that, unlike the
latter, the mean temperature should not be used in high-
stress concentrated parts. The reason is the formation of
a significant temperature gradient between the region

FIGURE 28 Schematic

representation of Curà et al method.

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 29 Comparison between (A) Luong's method and

(B) threshold method for ASTM a 182 grade F6NM.25
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with stress concentration and its surroundings. By
increasing the load level, this gradient becomes more pro-
nounced, leading to the distortion in the correlation
between load amplitude and the mean temperature,
which, in turn, affects the fatigue limit evaluation.149 In
another work, De Finis et al,148 showed the effectiveness
of the second harmonic amplitude and thermoelastic
phase in martensitic stainless steels, where the martens-
itic microstructure leads to stress concentrations during
cyclic loading. In addition, in a more recent work by
Lepitre et al,150 the reliable performance of the first
amplitude harmonic in fatigue crack detection of steel
was demonstrated.

From the second row of Table 3, the microstructure
of the material presents another limitation for fatigue
limit prediction with certain indices. Among them, index
3 stands out as the only one with almost insensitive
behavior to this problem.47 As explained by Palumbo and
Galietti,47 this sensitivity can be due to the fact that the
heat generation and the maximum temperature that can
be achieved during the test are considerably lower when
dealing with brittle materials. Consequently, accurate
data processing becomes essential to extract the signal
from the noise, in this case.

Concerning the effect of the environmental condi-
tions, as placed in the third row of Table 3, all indices
based on the mean temperature, except for the specific
heat loss index, show sensitive behavior. However, the
harmonic components have been reported to exhibit less
sensitivity compared to the others. Since they are ana-
lyzed in the frequency domain which effectively filters
out the impact of environmental factors.26,32

Of course, there are other factors that can affect the
above indices, but the influence is almost the same for all
considered indices. These factors can be the inaccuracy
associated with the assumption that the surface tempera-
ture is representative of what happens throughout the
thickness, the material geometry, loading frequency,

loading ratio, and the heat conduction produced by the
hot oil in the loading machine gripper.124,151

1. mean temperature increase
2. initial slope of the temperature
3. thermoelastic phase
4. first amplitude harmonic of temperature
5. second amplitude harmonic of temperature
6. specific heat loss

Considering the information summarized in Table 3, it
can be concluded that the presented parameters can be
also used in synergy to obtain complementary informa-
tion for fatigue characterization, enabling the selection of
the most suitable one for a specific test condition.

6.2 | Accuracy and uncertainty in
predicted fatigue limit by thermographic
methods

First, in this section, the accuracy of different methods in
the fatigue limit estimation is examined. Four rapid
methods for fatigue limit estimation are compared, which
include (I) Loung-Risitano's method,22 (II) the iterative
method39 (III) the threshold method,25 and (IV) the ther-
moelastic point inversion method in tensile test,52 are
compared with the traditional method of fatigue limit
prediction, the staircase method, to investigate their
effectiveness. Next, the uncertainty in the predicted
fatigue limit is discussed based on some features.

As can be seen in Table 4, methods (I)–(III) can esti-
mate the fatigue limit very close to those determined by
the staircase method.22,25,39 However, it is worth
highlighting that, as suggested by Risitano et al,137 the
estimated fatigue limit using method (IV) is considerably
below the traditional staircase procedure, essentially pro-
viding a conservative estimation of the fatigue limit.137

FIGURE 30 Fatigue limit

prediction from tensile test. [Colour

figure can be viewed at

wileyonlinelibrary.com]
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TABLE 2 A summary of fatigue indicators and specific implementation.

Method Index Author(s) Year Procedures

Fatigue limit
estimation
procedure

Direct temperature
assessment

Mean
temperature
increase

La Rosa &
Risitano22,23

1983&
2000

• The first usage of
thermography on fatigue
using the stabilized
temperature for fatigue
limit estimation; the
slope of Tstabilized�σa
curve can used for fatigue
limit estimation.

Luong–Risitano's
method

Luong21 1995 • Estimating the intrinsic
dissipation from the
mean temperature;

• a sharp change in the
dissipation-stress
amplitude curve can be
related to the fatigue
limit.

Curà et al.39 2005 • The method is used as a
basic procedure for other
methods based on other
indices.

• Considering a trial
fatigue limit and applying
some stresses below and
above it to find thermal
data; finding the
intersection of two fitted
lines on the thermal data
and comparing it with
trial one; continuing the
process until the trial
value and the one from
the intersection of
thermal data are almost
the same; at the end,
updated trial value shows
the fatigue limit.

Iterative method

De Finis et al.25 2015 • Filtering out the
superficial temperatures.

• Modeling a linear
relation between
ΔTstabilized and σa;
evaluating the residual of
ΔTstabilized; The first
statistically significant
value of temperature
residuals was used to
estimate the fatigue limit.

Threshold method

636 ZAEIMI ET AL.
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TABLE 2 (Continued)

Method Index Author(s) Year Procedures

Fatigue limit
estimation
procedure

Initial slope of the
temperature

Khonsari and
colleagues41,42,49

2012 • A sharp change in the
initial temperature rise
slope and stress
amplitude (Rθ�σa) curve
is used for fatigue limit
estimation.

Luong–Risitano's
method

Loss of adiabaticity within
the thermoelastic stress
analysis framework

Thermoelastic
phase analysis

Palumbo &
Galietti47

2017 • Observing the phase
change of the
temperature signal;

• a sharp point in the Δφ�
σa curve shows the
fatigue limit.

Luong–Risitano's
method

First amplitude
harmonic

Krapez et al.30 2000 • Using the loss of linearity
of the trend of the first
harmonic of
thermoelastic signal with
stress amplitude used to
estimate the fatigue limit.

/

De Finis et al.26 2019 • Using the first amplitude
and phase shift of the
thermal signal;

• The sharp change in the
slope of either of them
with stress amplitude is
used for fatigue limit
estimation.

Threshold-like
method

Energy-based approaches Second amplitude
harmonics
(SAH)

Shiozawa et al.32 2016 • Assessing the accurate
dissipated energy (q);

• finding a sharp change in
q�σa curve as a fatigue
limit.

Luong–Risitano's
method

De Finis et al.72 2021 • finding a relationship
between the heat
dissipated rate and
mechanical energy rate;

• Estimating the fatigue
limit with the trend SAH
and plastic work.

/

Specific Heat loss Meneghetti43 2007 • Finding the heat
dissipation based on the
cooling rate;

• Drawing dissipated
energy per cycle—σa
curve to estimate the
fatigue limit.

Luong–Risitano's
method

Thermoelastic point
inversion or minimum

Risitano and
Risitano52

2013 • Inspiring from
temperature gradient due

(Continues)
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It should be noted that the results are taken from the
publications where each method was proposed for
the first time. Furthermore, it is important to emphasize
that the predicted values from each method were based
on a single test or specimen, which is not adequate for a
precise comparison with the staircase method. When
only one specimen is tested, the standard deviation theo-
retically approaches 0; thus, thermal methods do not esti-
mate the scatter in the anticipated fatigue limit, in
contrast to the staircase method. However, a useful

comparison can be suggested by checking the difference
between the fatigue limit estimated via thermographic
technique and the fatigue limit determined with the stair-
case procedure for a 50% survival probability. Another
suggestion can be involving more samples in thermo-
graphic methods.

After comparing the accuracy, as listed in Table 5, a
concise overview of different features that significantly
affect the effectiveness (the first row in Table 5) and
applicability (rows 2, 3, and 4 in Table 5) of the

TABLE 2 (Continued)

Method Index Author(s) Year Procedures

Fatigue limit
estimation
procedure

temperature in a tensile
test

to the advent of the
plastic zone in a tensile
test;

• adding a temperature
curve to the typical
stress–strain curve;

• Finding a point in the
curve shows the
beginning of the
nonlinearity which is
associated with the
fatigue limit.

Thermoelastic
point inversion
method

TABLE 3 The capability of different indices to different factors.

Item/factor # Description of the item

Parameters/indices*

1 2 3 4 5 6

1 Sensitivity to the heat diffusion effect x x x

2 Sensitivity to the microstructures, that is, ductility or
brittleness

x x x x x

3 Sensitivity to the environmental condition x x x

*Indices:

TABLE 4 Comparison fatigue limits obtained from each method with the traditional one.

Material Method for fatigue limit prediction Fatigue limit (mean value) Difference (%)

XC55 steel22 Staircase 399 -

Luong–Risitano 375 6

Fe 510 steel39 Staircase 203 -

Iterative method 199 1.97

17–4 PH Steel25 Staircase 212.1 -

Threshold method 201.7 4.9

Fe360 steel52 Staircase 43.5 -

Thermoelastic point inversion 44 1.15

638 ZAEIMI ET AL.
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thermographic method in fatigue limit prediction is pro-
posed. These features can be helpful to investigate uncer-
tainties in fatigue limit estimation procedures.

From Table 5, the first considered feature is the effect
of the loading block definition and the number of sam-
ples on the accuracy of the predicted fatigue limit.

On the one hand, it is important to recognize that the
definition of loading blocks is a highly influential factor,
as inappropriate settings could lead to underestimation/
overestimation of the fatigue limit. As shown in Table 5,
the step dimension including the load increment from
one step to another and the number of cycles for each
block (see Figure 25), is one of the main parts of the load-
ing blocks definition that should be considered for
methods (I)–(III). Furthermore, the number of loading
blocks is another part of this procedure. According to the
literature,22,25,39 method (III) can make predictions using
fewer than 10 loading blocks, unlike methods (I) and
(II) which require more. Thus, it can be concluded that
method (III) is more time-efficient when compared to
methods (I) and (II). Finally, the last part of the loading
block definition is the stress level of the first block.
Unlike methods (I) and (II), the load of the initial block
is clearly mentioned for method (III), which is

approximately 30% of the ultimate tensile stress (in terms
of maximum stress).25

On the other hand, another factor highlighted in
Table 5 is the number of samples required by each
method to estimate the fatigue limit with the desired
accuracy. As can be seen from Table 5, this factor is basi-
cally dependent on the loading block definition. In a dif-
ferent way, the number of samples in method (IV) also
relies on the loading rate during the tensile test.

Certainly, the least number of samples required for
each method affects significantly both the time and cost
of the test. In methods (I)–(III), samples should be under
the cyclic loading up to the stabilized temperature for
each loading block, theoretically necessitating only one
sample to estimate the fatigue limit, since the loading is
removed before any damage occurs.22,25,124 However,
uncertainties related to the environmental conditions,
material microstructure, geometry, and so forth, intro-
duce statistical variations in results from one sample to
another.124 Accounting for this variability while keeping
the test fast, at least three samples are typically recom-
mended.22,124 Therefore, the estimation of the fatigue
limit with only one specimen is useful only for explor-
atory purposes.

TABLE 5 Summary of different features of the fatigue limit prediction methods.

Features

Fatigue limit estimation procedure

(I) Luong–
Risitano

(II) Iterative
method

(III)
Threshold
method

(IV)
Thermoelastic
point inversion

1 Factors affecting
the accuracy
of fatigue limit
estimations

Loading
block
definition

“Step
dimension”
between
two
loading
blocks

YES YES YES -

Minimum
number of
loading
blocks

More than
1022

More than
1039

Below 10
25

-

Stress of the
first
loading
block

Not specified Not specified σmax =30%
UTS

-

Number of specimens
required

Dependence
on the
definition
of loading
blocks

Dependence
on the
definition
of loading
blocks

Dependence
on the
definitions
of loading
blocks

Dependence on
the loading
rate in the
tensile test

2 Possibility to be done automatically NO YES NO NO

3 Applicability to more than one thermal index YES - YES NO

4 Analytical expression to evaluate the uncertainty NO NO NO NO
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In method (II), it can be expected that having an
insufficient number of points in T�σa could make it
challenging to fit straight lines into the thermal data.39

Thus, it can be concluded that more thermal data seems
to be needed in this method than in (I) and (III). Conse-
quently, obtaining additional thermal data may necessi-
tate more testing time and of course, more samples (the
more thermal points, the higher the possibility of damage
initiation) might be required.

In method (III), the identification of the relation
between the temperature rise and stress amplitude, as
well as finding the threshold value, can be accomplished
during the initial loading steps. Once the residual exceeds
the threshold value, the fatigue limit can be estimated
without the need for further loading. Theoretically, this
method has the potential to introduce a new generation
of non-destructive fatigue testing, suggesting that method
(III) can offer faster fatigue limit predictions compared to
methods (I) and (II).

According to Risitano and Risitano,52 the thermoelas-
tic point inversion method is faster than the methods
with cyclic loading, methods (I)–(III). However, it is
important to note that this method relies on the loading
rate of the tensile test, as indicated in Table 5. To effec-
tively apply this method, it is necessary to perform some
trial tests at different stress rates to observe a sharp and
clear slope change in the temperature trend. Following
this, additional tests should be conducted using the load-
ing rate identified in the previous step, considering possi-
ble scatter as explained by Foti et al.19

The second feature in Table 5 is the ability to auto-
matically conduct a thermographic method. Out of the
four mentioned methods, only method (II) has this
capability.

From the third feature, method (IV) stands out as it
can exclusively utilize the mean temperature, unlike
methods (I) and (III). It should be noted that the Iterative
method (method [II]) has not been tested with indices
other than the mean temperature. However, theoreti-
cally, it might be possible to apply this method to other
indices, particularly indices 5 and 6 in Section 6.1.

Finally, as shown in the last row of Table 5, it is
important to highlight that all considered methods share
a common limitation: None of them provide an estima-
tion for the uncertainty associated with the assessed
fatigue limit.

6.3 | Fatigue limit prediction in
components

In this section, after discussing different aspects of ther-
mal fatigue indicators and thermographic techniques, it

is important to delve into the challenges associated with
assessing the fatigue of components using thermographic
techniques.

One of the issues with the thermographic methods is
their application to out-of-laboratory case studies, such as
the in-situ inspections of components under operating
loads. From a practical standpoint, the in-situ inspection
requires having sufficient space to set up the equipment
(IR camera, computer, etc.) with high spatial resolution
and the possibility to increase the emissivity of the com-
ponent by applying the black coating. Of course, it is
essential to have prior knowledge of the critical regions
of the components and the loading condition.

Applying laboratory techniques to real-world appli-
cations introduces an additional challenge, particularly
concerning component geometry. In thicker compo-
nents, the presence of internal heat sources can create
a minimal thermal footprint on the surface, making it
challenging to detect without conducting specific
postprocessing analyses to differentiate the heat source's
subtle signal from background noise. Without such ana-
lyses, identifying the most critical areas in components
with complex shapes can be quite difficult due to heat
dissipation occurring at various points. In such cases,
the finite element model can be suggested as it
provides valuable support in pinpointing the most
stressed regions.

In addition to the challenges mentioned earlier, the
stress history and the actual stress state are often
unknown in advance, especially for components under
operational loads. Therefore, it is not a straightforward
task to establish a direct connection between the mea-
sured thermal data and the state of stress state as well as
the remaining life.

Considering the analyses conducted in previous sec-
tions, it becomes evident that, before applying a certain
thermographic method to a specific component made of
a specific material, it is crucial to fine-tune all the proce-
dures in the laboratory.

Indeed, taking into account the issues mentioned ear-
lier, determining the fatigue limit of metals at the compo-
nent level poses a significant challenge. This is
highlighted by the limited number of studies dedicated to
this topic on components, especially when compared
to the extensive research conducted on flat and cylindri-
cal samples. To date, only two notable studies can be
found in the literature.

The first attempt was undertaken by Luong28,81 on
XC55 steel connecting rods under tension–compression
fatigue tests. The study showed that the fatigue limit can
be found within a few hours, a significant improvement
compared to the several months typically required when
using the standard staircase method.28,81
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In the most recent study by Faria et al,152 the thermo-
graphic method was used for fast prediction of a rela-
tively more complex component, a cast iron crankshaft.
The results showed a strong correlation between thermo-
graphic findings and the data obtained through the stair-
case method, particularly for dog bone samples extracted
from the crankshaft counterweights.

7 | CONCLUSIONS

This study conducted a comparative review of
thermography-based methods and procedures for esti-
mating the fatigue limit. The realm of thermal fatigue
assessment was explored with an examination of all ther-
mal indices, including the mean temperature rise, the ini-
tial slope of the temperature, the thermoelastic phase, the
first amplitude harmonic of temperature, the second
amplitude harmonic of temperature and the specific heat
loss, employed for either the fatigue limit prediction or
the material damage evaluation. Furthermore, all rapid
methods, including Loung-Risitano's method, the itera-
tive method, the threshold method, and thermoelastic
point inversion in tensile tests, for estimating the fatigue
limit were investigated.

On the one hand, the strengths and weaknesses of
each thermal index were presented, enabling the selec-
tion of the most appropriate one for specific testing con-
ditions. On the other hand, a comparison was made
among rapid thermographic methods for estimating the
fatigue limit. This comparison considered features like
the accuracy and key features affecting their effective-
ness, such as how the loading block is defined, and the
number of specimens required. Additionally, the applica-
bility of the thermographic methods, including the poten-
tial for automation, suitability for multiple thermal
indices, and the level of variability in the estimations,
were discussed. This analysis helped uncover uncer-
tainties in the estimation of fatigue limits.

Furthermore, challenges in using thermographic
techniques for fatigue assessment in real-world scenarios,
such as enough space in-situ inspection, prior knowledge
of critical regions and loads, geometry complexity, and
stress history in the component, were proposed.

In conclusion, it can be stated that

• the thermal indices tied to specific physical processes
(thermoelastic effect, intrinsic dissipation, non-
adiabatic effects, etc.) are effective parameters for
studying the damage from both qualitative and quanti-
tative points of view;

• further exploration of the connection between these
processes and the microstructural phenomena related

to damage is needed to understand better the meaning
of the thermal fatigue limit;

• the harmonic parameters of the temperature signal
provide a more robust method for damage assessment
than simply using the mean temperature;

• while thermographic methods for estimating the
fatigue limit are rapid and promising, additional work
is needed to establish a procedure for calculating the
uncertainty of the prediction, even with limited sam-
ples, to align with standard test methods;

• the application of thermographic methods and proce-
dures in real-world applications is an ongoing topic
that requires more effort.

NOMENCLATURE
A1,
A2,a,b

material constants

Cp specific heat J=kgK½ �
E module of elasticity [Pa]
_Ed portion of supplied mechanical power that

converts into heating W=m3½ �
_Ed2w second amplitude harmonic of heat dissipated

W=m3½ �
_Erev power of reversible energy variations W=m3½ �
_Es rate of internal energy that does not convert

into heating W=m3½ �
F cyclic load in fatigue test [N]
f frequency of loading [Hz]
k thermoelastic coefficient m3=J½ �
N number of cycles
Nf number of cycles to failure
_Q heat rate exchanged with the environment

W=m3½ �
q heat flux W=m2½ �
R stress ratio
Ri,Rθ slope of temperature at the beginning of the

temperature trend
Rr relative slope of temperature at the beginning

of the temperature trend
_se entropy flow W=m3�C

� �
T Temperature [�C�
T0 reference temperature [�C�
T1ω,T1 first amplitude harmonic of temperature [�C�
T2w,T2 second amplitude harmonic of temperature

[�C�
Ta amplitude of the temperature [�C�
Td dissipative temperature [�C�
TE thermoelastic temperature [�C�
Telastic temperature due to elastic deformation [�C�
Tmax_r residual temperature [�C�
Tplastic temperature due to elastic deformation [�C�
Tstabilized stabilized temperature rise [�C�
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Tthe thermoelastic amplitude of the temperature
[�C�

tf time up to the fatigue failure [s]
_U internal energy rate W=m3½ �
_W mechanical energy rate W=m3½ �
Wp plastic energy [J]
_W 2w second amplitude harmonic of mechanical

energy W=m3½ �
α linear thermal expansion coefficient [1/�C]
γf fatigue fracture entropy W=m3�C

� �
Δs first invariant change of the stress tensor [Pa]
ΔT temperature rise [�C�
ε strain
θ slope of temperature at the end of tempera-

ture trend
θE phase lag due to thermal diffusion
θD phase lag due to thermal diffusion
ρ density kg=m3½ �
Σ0 cyclic load in fatigue test [N]
σ stress [Pa]
σa stress amplitude [Pa]
σ0,σy yield stress [Pa]
σi stress level [Pa]
σc fatigue limit [Pa]
φ phase angle between temperature and loading

signal
φ1 Phase of the first Fourier component of

temperature
φ2 phase of the second Fourier component of

temperature
Ψ damping capacity
ω angular frequency [Hz]
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