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Fatigue limit evaluation of metals using an infrared
thermographic technique

Minh Phong Luong

CNRS-LMS Ecole Polytechnique, 91128 Palaiseau, France

Abstract The paper aims to illustrate three advantages of infrared thermography as a non-destructive, real-time and non-
contact technique. It permits first observation of the physical processes of damage and failure in metals, and in
particular, automotive components subjected to fatigue loading, second detection of the occurrence of intrinsic dissipation,
and third evaluation of the fatigue strength in a very short time, compared to traditional testing techniques. In
addition, infrared thermography readily describes the damage location and the evolution of structural failure.

Keywords: Automotive components; Damage detection; Fast evaluation of fatigue limit; Infrared thermography; Intrinsic dissipation;

Non-destructive testing

1. Introduction

Metal fatigue of aircraft components was detected
very early in the history of powered flight (Mann,
1983), and it was also of major importance in deter-
mining the durability of ground vehicles. The failure
mode was identified early by railway engineers.
Vehicles and tracks are expected to last up to 40
years, and bridges 120 years. A large number of
potential opportunities for fatigue failure exists. Even
very low failure rates can produce an appreciable
number of failures (McLester, 1988). Fatigue phe-
nomena, leading for example to the failure of diesel
engines (Habib and Husain, 1994), were poorly un-
derstood until recently because they occur unexpect-
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edly at relatively low stress levels. Some progress
has been made recently in design methods (Ballard
et al., 1995). Nevertheless, these methods must be
used in conjunction with reliable experimental proce-
dures. Fatigue criteria and fracture controls are
needed, together with practical and economic consid-
erations. Thus fatigue testing is central to the process
of design assessment, and is complementary to ana-
Iytical and numerical methods. Traditionally, experi-
mental methods correlate the fatigue life of a smooth
specimen under uniaxia stress conditions with con-
stant amplitude of either plastic strain or stress.
Multiaxial fatigue assessment is then carried out with
the help of an appropriate rule or criterion that
reduces the complex multiaxial loading to an equiva-
lent uniaxia loading. Morrow (1965) investigated
the relationship among cyclic stress, plastic strain,
and the fatigue damage process. Since fatigue is



generally caused by cyclic plastic strain, the plastic
strain energy plays a very significant role in the
damage process (Ellyin and Kujawski, 1984; lrwin,
1965; Mroz, 1983). Therefore, the idea of relating
fatigue to the intrinsic dissipation is highly relevant.

This paper emphasises the application of infrared
thermography to detect the occurrence of damage
and the fatigue process in metals, and subsequently
to evaluate the fatigue limit in a very short time,
defined as a drastic change in the rate of intrinsic
dissipation.

2. Quantitative measurement of damage

Damage theories rely on assumed discontinuous
phenomena at the microscopic scale (Bui and Stolz,
1987). At the macroscopic scale, damage parameters,
considered as internal variables, are introduced ac-
cording to the following three main approaches.

2.1. Effective stress

Kachanov (1958) introduced a continuous vari-
able D, related to the scalar density of defects. The
elastic body is assumed to contain many cracks.
Thus, the cracks increase the compliances and de-
crease the stiffness. This has been the starting point
of damage theories developed for analysing fatigue
in metals, creep, and creep-fatigue interaction.

2.2. Plasticity formalism

The plasticity formalism describes the inelastic
behaviour of progressively fracturing solids by intro-
ducing the concept of fracturing stress and fracturing
strain. The elastic—plastic fracturing model combines
the elastic—plastic law and the elastic—brittle law.
Taking into account the most fundamental aspects of
inelastic deformation and neglecting the details at the
microstructural level, Mroz (1986) suggests phe-
nomenological constitutive models that are widely
used in engineering applications.

2.3. Micromechanics
On the basis of micro- and macro-scale relation-

ships, Dang-van (1973) proposed a multiaxial fatigue
criterion with a realistic physical interpretation of

fatigue phenomena. During a polycyclic fatigue test,
the stress at the macroscopic scale remains elastic.
However, at the microscopic scale, the metal is
neither isotropic nor homogeneous. It is constituted
of randomly oriented crystals. This induces local
fluctuations of the microscopic stress and defines the
macroscopic stress. Thus, the local microscopic stress
can locally exceed the yield strength in certain un-
favourably oriented grains, whereas the macroscopic
stress remains elastic. If the cyclic plastic response
of the grain is not an elastic shakedown, then some
microcracks will be nucleated. They could coalesce
to form a crack of detectable size. This formulation
has been recently extended for a better fitting with
experimental results (Deperrois, 1991).

Despite this wealth of methods developed by
engineers over the years, the principal question that
remains unanswered is. what is the physica phe-
nomenon called fatigue damage? Severa types of
fatigue damage have been identified by Mughrabi et
al. (1983) and Polak et a. (1996) without leading to
a practical quantitative characterisation. Many at-
tempts have been made to measure local plastic
strains within individual grains (James and Morris,
1983; Field et al., 1983; Cabahas-Moreno et al.,
1983; Baxter, 1983; Pluvinage and Raguet, 1983;
Kitagawa et al., 1983; McEvily, 1983; Loye et al.,
1983; Ranganathan and Petit, 1983).

The ASTM STP 811 meeting in 1982 concluded
that fatigue damage can be defined as: (i) a chemi-
cal—physical process whereby irreversible degrada-
tion of a specific property results from the applica-
tion of cyclic stress and strain, or (ii) a physica
separation of the material (cracks, cavitation, etc.).

Understanding fatigue damage requires making a
clear distinction between the physical damage, the
process of damage, and the manifestation of damage.
This experimental work is based on the assumption
that intrinsic dissipation and damage present the
same evolution under cyclic loading as they occur in
traditional fatigue tests used for determining the
endurance limit.

3. Heat production mechanism

Various heat production mechanisms have been
proposed by various authors and are now discussed.



According to Moore and Kommers (1921), the tem-
perature test was suggested and to some extent used
by C.E. Stromeyer of Manchester in England as
early as 1913. However, their search for some short-
time test to predict fatigue resistance, based on the
use of thermocouples was not conclusive since they
could not identify a critical temperature with the
endurance limit of steel specimens subjected to cyclic
loading.

Traditionally, the question of why a crack initiates
and propagates is raised. It seems to be rather philo-
sophical when searching for short-time testing tech-
nigques to determine the fatigue limit. This paper
proposes using differential infrared thermography to
quantitatively evaluate the evolution of temperature
generated by the specimen under reversed stresses
applied for a few minutes or less. The infrared
thermographic technique could readily detect the oc-
currence of both initiation and propagation of failure.
It could be used to establish allowable stress levels
and inspection requirements so that fracture cannot
occur.

Infrared thermography has been successfully used
as an experimental method to detect the plastic de-
formation of a steel plate under monotonic loading
(Bui et al., 1981), or as a laboratory technique for
investigating damage, fatigue, and failure mecha
nisms occurring in engineering materials (Luong,
1990). Plagtic deformation is not homogeneous and
the stress acting on a plastic inhomogeneity embed-
ded in an elastic surrounding is a function of its
plastic strain, diminishing with increasing strain. Due
to the thermomechanical coupling, the generated
plastic dissipation is readily detected by infrared
thermography.

4. Infrared thermography background

The development of the thermo-elastic—plasticity
equations requires three basic assumptions (Allen,
1985; Dillon, 1963; Kratochvil and Dillon, 19609;
Farren and Taylor, 1925).

+ The basic thermomechanical quantities describ-
ing thermodynamic processes. the motion x, the
second Piola—Kirchhoff stress tensor S the body
force per unit mass b, the Helmholtz free energy ¢,

the specific entropy s, the heat supply r,, the abso-
lute temperature T, the heat flux vector per unit area
g, the elastic strain tensor E®, the inelastic strain
tensor E', and a set of internal state variables o
characterising the material.

- The fundamental balance laws of linear mo-
mentum, angular momentum, and energy, as well as
the second law of thermodynamics expressed in the
variables given above.

- The congtitutive laws describing the material
response.

This leads to the following coupled thermome-
chanical equation:

. 4 . .
pCVT=rO+KV2T—(B:D:Ee)T+S:E|

where B denotes the coefficient of the thermal ex-
pansion matrix, C, (Jkg~* K~*: Joule per kilogram
per kelvin) the specific heat at constant deformation,
4

D the fourth-order easticity tensor, e the specific

internal energy, K (W m~* K~ 1: Watt per metre per
kelvin) the thermal conductivity, and finaly, T the
absolute temperature. The volumetric heat capacity
C=pC, of the materia is the energy required to
raise the temperature of a unit volume by 1°C (or
kelvin).

This equation shows the potential applications of
the infrared scanning technique in diverse engineer-
ing domains (detection of fluid leakages, non-de-
structive testing using thermal conduction phenom-
ena, elastic stress measurements, and localisation of
dissipative phenomena). The detected temperature
change, resulting from four quite different phenom-
ena, must be correctly discriminated by particular
test conditions and/or specific data reduction. This
is the main difficulty when interpreting the thermal
images obtained from experiments under the usua
conditions.

4.1. Heat sources

The first term on the right-hand side of the ther-
momechanical equation is due to sources or sinks of
heat in the scanning field. The surface heat patterns
displayed on the scanned specimen could be either
established by external heating, referred to in the



literature as passive heating, and due to local differ-
ences in thermal conductivity caused by variations
on isothermal patterns, or by internally generated
heat referred to as active heating. In the following
reported experiments, therma noise generated by
gripping systems could obscure the intrinsic dissipa-
tion generated by the specimen under test loading.

4.2. Thermal conduction

The second term on the right-hand side of the
thermomechanical equation governs the transfer of
heat by conduction which leads to a uniform temper-
ature on the specimen. The variation in thermal
conductivity could be caused by local inhomo-
geneities or flaws in the materials. If a transient flow
exists, then thermal behaviour is governed not only
by the therma conductivity but also by the heat
capacity. The ratio of these two properties is termed
the thermal diffusivity « = K/C (m? s™ 1) that be-
comes the governing parameter for transient states. A
high value of the thermal diffusivity implies a capa-
bility for rapid and considerable changes in tempera
ture. It is important to bear in mind that two materi-
als may have very dissimilar thermal conductivities.
A pulsed heat flux has been used to characterise a
delamination in a composite by the break cause in
the temperature-time history.

4.3. Thermoelasticity

The third term on the right-hand side of the
thermomechanical equation illustrates the thermoe-
lastic coupling effect. Within the elastic range and
when subjected to tensile or compressive stresses, a
material experiences a reversible conversion between
the mechanical and thermal energy responsible for a
temperature change. Provided adiabatic conditions
are maintained, the relationship between the change
in the first stress invariant and the associated change
in temperature is linear and independent of loading
frequency. It is the reversible portion of the mechani-
cal energy generated. A stress analysis technique
known as SPATE (Stress Pattern Analysis by Ther-
mal Emissions) measures the temperature due to the
thermoelastic heating and cooling of a body under
cyclic loading (Oliver, 1986).

4.4, Intrinsic dissipation

The last term on the right-hand side of the ther-
momechanica equation defines the energy dissipa
tion due to plasticity and/or viscosity. Its has been
recognised by many scientists (Dillon, 1963; Lee,
1969; Nied and Batterman, 1972; Raniecki and
Sawczuk, 1975; Mroz and Raniecki, 1976; Lehman,
1979). A significant contribution of the work by
plastic deformation is converted into heat. The work
done by plastic deformation per unit volume can be
evaluated by integrating the material stress—strain
curve. This internal dissipation term, which consti-
tutes an important part of the nonlinear coupled
thermomechanical analysis, is readily detected by
infrared thermography. The proposed infrared ther-
mographic technique is mainly concerned with the
differences in temperature (or thermal gradients) that
exist in the material rather than with the absolute
values of temperature. It conveniently detects the
dissipation evolution of the material under loading.
Ignoring the significance of the coupled thermome-
chanical equation, the attempt by Leaity and Smith
(1989) was unsuccessful in monitoring thermoemis-
sions during fatigue crack-propagation tests. The
SPATE technique they used was not designed to
detect quantitatively the changes in thermoemissions
caused by small and slow crack tip advances.

The work, reported in this paper, considers the
intrinsic dissipation as the most accurate indicator of
damage manifestation. It highlights the advantages of
the infrared thermographic technique, used for the
detection and the discrimination of physical phenom-
ena involved in this nonlinear coupled thermome-
chanical effect.

5. Short-time evaluation of fatigue limit

Infrared thermography is a convenient technique
for producing heat pictures from the invisible radiant
energy emitted from stationary or moving objects at
any distance and without surface contact or any
perturbation of the actual surface temperature of the
objects viewed. The temperature rise ahead of a
fatigue crack has been measured and thus proved
using an AGA thermovision camera by Attermo and



Ostberg (1971). Attempts to measure and charac-
terise the heat generated during the cyclic straining
of composite materials have also been made. The
scanning infrared camera was used to visualise the
surface-temperature field on steel and fiberglass-
epoxy composite samples (Charles et al., 1975) dur-
ing fatigue tests. In this work, al tests are performed
with the usual infrared system AGEMA.

5.1. Infrared scanner

A scanning camera, analogous to a television
camera, utilises an infrared detector in a sophisti-
cated electronics system. It detects radiated energy
and converts it into a detailed real-time thermal
picture in a video system either in colour or
monochromatically. Response times are shorter than
1 ws. Temperature differences in the heat patterns
are discernible instantly and are represented by sev-
eral hues. The quantity of energy W (W m~2 um™1),
emitted as infrared radiation, is a function of the
temperature and emissivity of the specimen. The
higher the temperature, the more important the emit-
ted energy. Differences of radiated energy corre-
spond to differences of temperature. The AGA 782
SW infrared scanner unit in use comprises:

- aset of infrared lenses which focuses the electro-
magnetic energy, radiating from the object being
scanned, into the vertical prism,

- an eectro-optical mechanism which discriminates
the field of view in 10* pixels by means of two
rotating vertical (180 rpm) and horizontal (18,000
rpm) prisms with a scanning rate of 25 fields per
second,

- aset of relay optics containing a selectable aper-
ture unit and a filter cassette unit which focuses
the output from the horizontal prism onto a sin-
gle-element point detector, located in the wall of
a Dewar chamber,

- a photovoltaic SW short-wave infrared detector
composed of Indium Antimonide InSb which pro-
duces an electronic signal output varying in pro-
portion to the radiation from the object within the
spectral response 3.5 um to 5.6 um,

- aliquid nitrogen Dewar which maintains the InSb
detector at a temperature of —196°C allowing a
very short response time of about one microsec-
ond, and

- an electronic control with preamplifier that pro-
duces a video signal on the display screen.

The received radiation has a nonlinear relation
with the object temperature, can be affected by
atmosphere damping, and includes reflected radiation
from the object’s surrounding. In consequence, cali-
bration and correction procedures have to be applied.
Knowing the temperature of the reference, the view-
field temperature can then be calculated with a sensi-
tivity of 0.1°C at 20°C. This infrared device is used
to scan the following two fatigue test programs.

5.2. Rotating bending tests

The material for the rotating bending tests was
XC55 steel, quite extensively used in automobile
construction. To minimise scatter, the 6.74 mm in
diameter specimens have been prepared from a sin-
gle melt. The number of load cycles was 107 corre-
sponding to the automobile fatigue damage. Cyclic
fatigue tests were performed on a four-point loading
rotating bending Schenck machine running at a fre-
quency of 100 Hz. A total of 18 specimens was
step-tested according to the Staircase or Up-and-
Down method. This procedure means that each spec-
imen was run for 10" cycles at 380 MPa for exam-
ple, whereupon the stress was raised in 10 MPa steps
in the absence of failure and the stress was lowered
otherwise. Using standard methods of statistical anal-
ysis, the fatigue limit has been estimated to be equal
to 399 MPa with a standard deviation of 41 MPa
(Fig. 1.

A series of five rotating bending tests have been
scanned by the infrared system at different stress
levels that must be chosen in accordance with the
step-by-step procedures for using statistical methods
in usual fatigue testing. All specimens were coated
with matte spray paint to maximise their emissivity.
The paint coating raises the surface emissivity to a
uniform high level. In addition, it allows examina
tion of the surface which is undertaken at oblique
angles, without degradation of sensitivity. The rec-
ommended paint coating will aso reduce surface
reflections and will ensure uniformity of response
across the specimen. With a loading frequency of
100 Hz and after stabilisation of the temperature rise,
the load duration chosen was 30 s and 60 s corre-
sponding to 3000 load cycles and 6000 load cycles,
respectively.
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Fig. 1. Standard staircase determination of fatigue limit of XC55
steel.

The AGEMA SW-782 infrared scanner, incorpo-
rating a high-temperature filter and equipped with a
real-time system DISCON (digital infrared system
for colouration) converting thermal images into a
ten-colour isotherm display, was used to record the
bulk of the heat emission data. That device displays
aten-colour calibrated surface-temperature picture of
the specimen. Each colour hue corresponds to 0.2°C.

Fig. 2. Intrinsic dissipation of the specimen under 380 MPa after
3000 load cycles (Temperature scale is given in °C).
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Fig. 3. Graphical determination of fatigue limit of XC55 steel.

A computer-aided thermography software TIC
8000 alowed the data reduction of the thermal im-
ages that shows heat generation after 3000 and 6000
load cycles (Fig. 2). These thermal images provided
quantitative values of the intrinsic dissipation of a
steel specimen in rotating bending caused by 3000
and 6000 load cycles. The same procedure has been
applied for each load step.

Fig. 4. Connecting rods under tension—compression fatigue tests
(R=+2).



Fig. 5. Intrinsic dissipation of the connecting rod after 2000 load
cycles (Temperature scale is given in °C).

The manifestation of the fatigue damage mecha
nism is revealed by a break of the intrinsic dissipa-
tion regime of the loaded specimen. Experimental
results have been summarised in Fig. 3 where it can
be seen how the fatigue limit is determined using a
graphical procedure. The threshold of critical thermal
dissipation is roughly the same for the 3000 cycles
and 6000 cycles curves, and it corresponds to the
value deduced from standard procedure. The star
point at coordinates (600 MPa, 180°C) represents the
last load step at which failure occurred. These exper-
iments have shown that the infrared thermographic
technique can provide the fatigue limit of X C55 steel
within a few hours instead of the several months
required when using the standard staircase method
(Fig. 1). As the results on the cylindrical specimens
were successful, this infrared thermographic tech-

nique was used to determine the fatigue limit of the
connecting rods.

5.3. Tension—compression tests on connecting rods

Five tension—compression tests on connecting
rods, prepared from a single melt and subject to a
stress ratio R = o;,,,/ 0min = — 2, have been scanned
by the infrared system at different stress levels in
accordance with the step-by-step procedure as speci-
fied in Section 5.2. All connecting rod specimens
were also coated with matte spray paint to maximise
their emissivity (Fig. 4).

The testing procedure was similar to the one for
the rotating bending case with cylindrical specimens.
With a loading frequency of 20 Hz and after stabili-
sation of the temperature, the load duration chosen
was 100 s corresponding respectively to 2000 load
cycles. The thermal images (Fig. 5), processed by
TIC 8000, provided quantitative values of the intrin-
sic dissipation of the connecting rods causing by
2000 load cycles. The same procedure has been
applied for each load step.

The same therma phenomenon as for the previ-
ous case of rotating bending was detected. Experi-
mental results have been summarised in Fig. 6 where
it can be seen how the fatigue limit is determined
using a graphical procedure. The threshold of critical
thermal dissipation corresponds to the value deduced
from standard procedure. These experiments have
shown that infrared thermography can provide the
fatigue limit of connecting rods within a few hours

O T ]
z 80 ‘I
e | | |
; I | e |
§ 60 — ! % FATIGUE_
E i o 1:_» o ‘r J ¥ -
8 40 — — ‘ e %
S ' | I
Z ? i
£ 20 + .
g j 1 :
z ‘ _
0. s
0 40 80 120 160 200
STRESS MPa

Fig. 6. Graphical determination of fatigue limit of a connecting rod.



instead of several months when using the standard
staircase method. Subsequently, several other differ-
ent fatigue test programs have been performed.

5.4. Fatigue testing on other automotive components
and systems

This experimental procedure has been extended
with success to the fatigue resistance evaluation of
other automotive components and systems. steel
cylindrical specimens under cyclic tension—compres-
sion (stress ratio R= —1), nodular cast iron cylin-
drical specimens under cyclic torsion loading (stress
ratio R= —1), cast iron, micro-aloyed, quenched,
and tempered sted connecting rods under cyclic
tension—compression (R= —1), and welded steel
tubes under cyclic bending.

6. Concluding remarks

This work has demonstrated that the materia
dissipativity under fatigue loading is the most sensi-
tive and accurate manifestation of damage. Owing to
the thermomechanical coupling, infrared thermogra-
phy provides a non-destructive real-time test with no
contact to observe the physical processes of metal
degradation and to detect the occurrence of intrinsic
dissipation.

Thus, it readily provides a measure of the material
damage and permits evaluation of the sharp limit of
a low accumulation of damage beyond which the
material leads quickly to failure.

This paper illustrates the use of quantitative in-
frared thermography as a non-destructive and non-
contact technique to detect the manifestation of the
physical process of fatigue, and to evaluate rapidly in
a few hours the fatigue limit of automotive compo-
nents. The proposed technique has been applied suc-
cessfully to metallic materials: different types of
steels, cast iron, etc., on diverse stress paths (re-
versed tension, rotating bending, cyclic torsion, etc.).
It consists of detecting the onset of intrinsic dissipa-
tion or damage indicator, due to the thermomechani-
cal coupling, as the specimen is excited by a fluctuat-
ing load. Intrinsic dissipation is thus a scalar parame-
ter which is readily evaluated by infrared thermogra-

phy. It provides a rapid evaluation of the fatigue
strength of connecting rods, traditionally determined
by very time-consuming procedures.
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