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ABSTRACT: This paper presents several properties of heat source fields accompanying the high-

cycle fatigue of a dual-phase steel grade. Heat sources were derived from thermal data provided by

an infrared focal plane array camera. An especially developed image processing estimates separately

the thermoelastic coupling source amplitude and the mean dissipation per cycle. Our experiments

underline that dissipation sources are heterogeneous and this forms the beginning of the fatigue test.

They also point out a linear evolution of the mean dissipation per cycle as a function of the loading

frequency for a given stress range and a given loading ratio.
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NOTATION

C Specific heat

d1 Intrinsic dissipation
�d1 Mean dissipation per cycle

�Edh Mean value of dh

fL Loading frequency

fS Sampling frequency

k Heat conduction coefficient

K Material conduction tensor

Nlc Set of loading cycles

N Set of state variables

pi i ¼ 1,…,4, second-order polynomials in x and y

rext External volume heat supply

Rr Loading ratio

s heat sources

sic Internal coupling sources

sthe Thermoelastic source

t Time

T Absolute temperature

T0 Equilibrium temperature field

W Specimen width of the virtual test

x Loading axis

y Transversal axis

a Vector gathering the internal variables

dh Difference between hexp and hfit

Dr Stress range

Dsthe Amplitude of the thermoelastic sources

e Linearised strain tensor

h Temperature variations; h ¼ T ) T0

hd Dissipative component of the temperature

signal

hexp Experimentally measured temperature

hfit Local fitting function of the temperature

hthe Thermoelastic component of the temperature

signal

q Mass density

rdh Standard deviation of dh

ry Yield stress

s Period of the virtual test

s2D
th Time constant that characterises the perpen-

dicular heat exchanges between front and back

specimen faces and the surroundings

Introduction

The classical fatigue characterisation of materials

and structural components requires the statistical

processing of numerous mechanical cyclic tests

which are time consuming and particularly expen-

sive. Alternative experimental approaches have

been developed for several years to provide reli-

able fatigue characteristics more rapidly. Among

these, the thermal methods, based on the analysis

of the self-heating during a stepwise loading

fatigue test, must be mentioned [1–5]. These

methods claim that the change of the heating

regime, observed at a certain stress range, is related

to the fatigue limit of the material. Although real-

istic estimates of this limit were sometimes

obtained, the thermal approaches often led to

questionable results [6]. Indeed, the empirical



construction of the threshold stress evaluated by

the thermal methods and its physical meaning are

not sufficiently satisfactory. This stress cannot be a

proper fatigue limit as it corresponds to the

appearance of persistent slip bands and not to the

macrocrack creation [7].

In previous studies we also underlined that the

direct use of the specimen temperature as fatigue

indicator is not always reliable because the tempera-

ture variation is not intrinsic to the material behavior

[8, 9]. It depends actually not only on the diffusion

properties (material effect) but also on thermal

boundary conditions and on the distribution of heat

sources (structure effects).

In this analysis, the fatigue phenomena were

therefore studied using a calorimetric approach. The

aim was to assess the heat source fields created during

the fatigue test. The heat sources are derived from

thermal images provided by an infrared camera using

a local expression of the heat equation. A specific

thermal image processing was developed to sepa-

rately estimate the dissipated energy associated with

the irreversible evolutions of the microstructural

defects and the thermoelastic coupling sources

induced by the reversible thermal expansion of the

crystalline network.

The paper is composed as follows: the thermal

diffusion model used to compute the heat source is

first introduced. The experimental set-up and the

image-processing method are then presented together

with some numerical simulations in order to illustrate

not only the consistency but also the limits of the heat

source computation in the case of noisy, under-

sampled thermal signals. Several experimental results

obtained on a dual-phase steel are finally analysed.

Calorimetric Balance and Definition of
Heat Sources

The fatigue is considered as a dissipative, quasi-static

thermomechanical process. The equilibrium state of

each volume of material is then described by means

of a set of N state variables. The chosen set of state

variables is made of: the absolute temperature T, the

linearised strain tensor e and N ) 2 scalar compo-

nents a1, a2, … aN)2 of the vector a gathering the

internal variables. These describe the macrosco-

pic effects of complex, coupled microstructural

phenomena. Within the framework of Generalised

Standard Materials [10], the local heat diffusion

equation can be written as:

qC _T � divðK grad TÞ ¼ d1 þ sthe þ sic þ rext (1)

where q is the mass density, C the specific heat, K the

material conduction tensor. The left-hand side of

Equation (1) is a differential operator applied to T,

while the right-hand side groups all the possible heat

sources linked with the deformation process. They

are in turn the intrinsic dissipation d1, the thermo-

mechanical coupling sources made of the thermo-

elastic source sthe and the other internal coupling

sources sic, and the external volume heat supply rext.

To perform the heat source evaluation by using

infrared images given by an infrared camera the fol-

lowing hypotheses were formulated [11]:

1 The heat conduction is isotropic and the related

coefficient k remains constant during the test.

2 The density q and the specific heat C are material

constants, independent from the internal state.

3 The convective terms, included in the material

time derivation, are neglected.

4 The external heat supply rext (here only due to

radiation heat exchanges) is time-independent.

Consequently, the equilibrium temperature field T0

verifies:

�kDT0 ¼ rext : (2)

Moreover, it is assumed that the temperature varia-

tions h ¼ T)T0 induced by fatigue mechanisms

remain too small to have any influence on the micro-

structural state. In other words, we assume that sic ¼ 0.

Under these hypotheses the local heat equation (1)

can be rewritten in the following simplified form:

qC
@h
@t
� kDh ¼ d1 þ sthe ¼ s (3)

where s henceforth denotes the overall volume heat

source.

By integrating Equation (3) over the sample thick-

ness (Oz direction in Figure 1) and assuming that the

depth-wise averaged temperature field h(x,y,t) is very

close to the temperature distribution measured at the

specimen surface (small sample thickness and high

material diffusivity), the following equation can be

obtained:

@h
@t
þ h

s2D
th

� k

qC

@2h
@x2
þ @

2h
@y2

� �
¼ s

qC
(4)

where s ¼ s(x,y,t) is now the 2D heat-source distribu-

tion – for the sake of simplicity the same notation is

kept – and s2D
th is a time constant that characterises the

perpendicular heat exchanges (by convection and

radiation) between front and back specimen faces and

the surroundings. Let us note that the sources divided



by qC are then expressed in � C s)1. This operation al-

lows to define, for each type of source, an equivalent

heating speed associated with a monotonous thermal

process in adiabatic conditions and facilitates com-

parison between the coupling and dissipative sources.

Experimental Set-up

Thematerial under examination is the DP600 steel (hot

rolled) produced by Arcelor Research (Maizières-lès-

Metz, France) (flat dual-phase carbon steel). The fatigue

tests were conducted using a servo-hydraulic machine

equipped with a c. 25 kN load cell. Thin flat specimens

were used with a gauge part of 10 mm length, 10 mm

width and 2.6 mm thickness (Figure 1).

The experimental setup included a focal plane array

infrared camera (IRFPA Cedip MW manufactured by

Cedip Infrared systems, Croissy-Beaubourg, France).

The maximum frame-rate of the IR camera is 250

images per second, with an image resolution of

64 · 120 pixels.

During the tests, the infrared device is placed in

front of the specimen, with the lens axis being fixed

and perpendicular to the specimen surface. The spa-

tial resolution is approximately 0.13 mm per pixel.

The fatigue tests are carried out by submitting series

of loading blocks. Each block consisted of 20 000

cycles performed at constant loading frequency fL
(3 £ fL £ 50 Hz), constant load ratio Rr, and constant

stress range Dr. At the end of each loading block, the

thermal equilibrium has been awaited before the

next block starts.

Computation of Heat Sources

The purpose of the thermal data processing is to

estimate the mean amplitude of the thermoelastic

sources Dsthe and the mean dissipation �d1 per cycle

over a set of Nlc loading cycles. The construction of

the heat source distribution via Equation (4) requires

the evaluation of partial derivative operators applied

to noisy digital signals. To improve the signal-

to-noise ratio, it is then necessary to reduce the noise

amplitude without modifying the spatial and tem-

poral thermal gradients. Among several possible

methods, a special local least-squares fitting of the

thermal signal is considered in this work. The tem-

perature approximation function accounts for the

spectral properties of the underlying heat sources.

Moreover, the linearity of Equation (4) and that of

the respective boundary conditions enabled us to

separately analyse the influence of thermoelastic and

dissipative heat sources with hthe and hd respectively

denoting the thermoelastic and dissipative compo-

nents of the temperature signal.

The local fitting function hf of the temperature

charts is chosen as in [12]:

hfitðx; y; tÞ ¼ p1ðx; yÞt þ p2ðx; yÞ þ p3ðx; yÞ cosð2pfLtÞ
þ p4ðx; yÞ sinð2pfLtÞ (5)

where the trigonometric time functions describe the

periodic part of the thermoelastic effects while the

linear time function takes transient effects due to

heat losses, dissipative heating and possible drifts in

the equilibrium temperature into account.

The functions pi(x, y), i ¼ 1,…,4, are second-order

polynomials in x and y. These polynomials enable us

to account for the possible spatial heterogeneity of

the source pattern. The efficiency of the local fitting

of the temperature field can be estimated by the

temperature difference dhijk between the noisy

measurements hexp
ijk ¼ hexpðxi; yj; tkÞ and the fitted val-

ues hfit
ijk ¼ hfitðxi; yj; tkÞ. Let us take for example the

following standard situation where the approxima-

tion data regroups (21 · 21) pixels · 57 frames. For

such an example, the mean error �Edh ¼ dhh i is about

0 (centred Gaussian distribution), while the standard

deviation rdh is about 0.030 �C. These estimates were

performed by using a set of experimental noisy

thermal data extracted from a real fatigue test.

Besides, the noise in the infrared measurements is

characterised by a centred Gaussian distribution of

standard deviation 0.026 �C. Both results show that

the approximation function set is convenient to

correctly construct a denoised temperature signal.

Nevertheless, the efficiency of the fitting must also be

checked in terms of heat source computations, these

latter being mainly related to the temperature der-

ivatives.

To test the capabilities of the image processing, a

direct 3D thermal problem is first solved for a given
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Figure 1: Specimen drawing (dimension in mm and t the

sheet thickness)



3D distribution of dissipative and thermoelastic

sources. Naturally, realistic initial and boundary

conditions have also to be fixed. Because of small

temperature variations, linear Fourier conditions are

systematically chosen to model heat exchanges

between the sample and the surrounding air and

between the sample and the grips of the testing

machine. The temperature field, as determined by the

solution of the (direct) partial derivative problem, is

finally used to test the image-processing method

(inverse problem), with the reconstructed distribu-

tion of heat sources being compared with the given

initial one.

In Figures 2 and 3, comparisons between given and

computed heat sources are proposed. The material,

geometrical and optical parameters were chosen close

to their experimental values. Besides, the evolution

of the surface temperature field is derived from the

following parameters. The heat sources are randomly

distributed within the sample volume and are

time-independent. The thermoelastic source ampli-

tude and the dissipation intensity varied within

(100 ± 10)�C s)1 and (0.1 ± 0.1)�C s)1, respectively.

This should reproduce the heterogeneous character

of the fatigue process and its slow evolution during

the test for fixed loading conditions. We have also

taken into account the orders of magnitude of the

dissipative and coupling sources (�d1=Dsthe � 10�3)

experimentally evidenced. We finally superimposed

on the temperature variations a noise in accordance

with the metrological analysis of the camera signal

(Gaussian white noise, std ¼ 0.026 �C, [13]). The

loading frequency fL and sampling frequency fS were

50 and 19 Hz respectively. Both values correspond to

standard loading and sampling conditions used dur-

ing the camera shots.

To illustrate the capabilities of the heat source

computation method, the temperature of four pixels

surrounding a fifth one is plotted as a function of

time in Figure 2. The analogical loading signal is also

drawn to underline the under sampling level allowed

by the image processing. The reliability of the source

computation is checked by comparing the given heat

source distribution with the one resulting from the

data processing in the case of a noisy, under-sampled

thermal signal.

In Figure 3A and B the longitudinal profiles of

Dsthe(x ¼ W/2,y,s/2) and �d1ðx ¼ W=2; y; s=2Þ, respe-

ctively, both captured in the middle of the sample

width W/2 at the half-period s/2 of the virtual test are

plotted. Despite the different orders of magnitude of

both source types, data processing is able to quanti-

tatively detect different heat source intensity and to

qualitatively reproduce the global trends in their

distribution. The method may naturally become

unstable and fail for smaller dissipation intensity or

noisier thermal data.

To illustrate these limits, we chose an example of

data processing with the same previous conditions,

but with dissipation intensities 5 times smaller.

Figure 4A shows that the data processing still

computes correct thermoelastic source amplitudes.
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Figure 2: Examples of sampled thermal data

Figure 3: Comparison between given and computed values:

(A) thermoelastic source range; (B) dissipative source



Nevertheless, the method gives corrupted dissipa-

tion values, as indicated in Figure 4B where some

values are even negative, which is physically

unacceptable.

Examples of Experimental Results

The image processing then allows us to analyse noisy

thermal images provided by the infrared camera for a

wide range of experimental conditions. In what fol-

lows, properties of thermoelastic source amplitude

and mean dissipation during high-cycle fatigue test

performed on a dual-phase 600 steel grade are suc-

cessively presented. The selected monitoring area is

shown in Figure 1.

Properties of Dsthe

Until the crack onset, we observed quasi-uniform

patterns of thermoelastic source amplitudes as

expected for a simple tension–compression test [14].

Besides, the experiments showed that Dsthe increased

linearly with Dr and fL as predicted by linear ther-

moelasticity.

In the test shown below, the specimen was slightly

misaligned in order to induce slight gradients in the

distribution of thermoelastic sources. As previously

mentioned, the test was made of loading blocks at

different Dr with Rr ¼ 0 and fL ¼ 50 Hz.

Despite the out-of-axis loading, Figure 6, derived

from Figure 5, shows that the min/max values of

Dsthe(x, y) increase linearly with Dr until the yield

stress is reached (ry ¼ 360 MPa). This means that

the ‘elastic’ stress field changes with Dr in a

homothetic way so that the overall stress range

remains representative of the stress pattern, as it can

be qualitatively observed between Figure 5A and

Figure 5B. We arbitrarily chose to plot the Dsthe(x, y)

pattern at time t ¼ 54 s, the distribution being

approximately constant throughout the loading

block.

During the next blocks (Figure 5C,D), plasticity

develops, inducing a stress redistribution. The presence

Figure 4: Comparison between given and computed values:

(A) thermoelastic source range; (B) dissipative source

(A) (B)

(C) (D)

Figure 5: Patterns of Dsthe(x,y) for 4 Dr (i.e. loading block),

fL ¼ 50 Hz and Rr ¼ 0
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Figure 6: (o) min/(+) max values of Dsthe versus Dr



of stress concentration may explain why the maximal

value of Dsthe is no longer proportional to Dr. The

loss of linearity is naturally less important in regions

where the stress gradients are softer. Before the crack

onset, Figure 5C (plotted for t � 54 s) shows a

homothetic pattern of Dsthe(x, y) compared with

Figure 5A,B. In Figure 5D, corresponding to the crack

onset (t � 270 s), a localisation of thermoelastic

sources can be observed at the crack tip. The effect of

the crack propagation at constant stress range on the

thermoelastic source can be observed on the right

side of Figure 6.

Properties of dissipation

Figure 7 shows the pattern of mean dissipation per

cycle calculated at different stress ranges (i.e. for

different loading blocks). During a block, this het-

erogeneous pattern remains constant as long as a

fatigue crack does not initiate. Contour plots in Fig-

ure 7 also show that areas where the dissipation is

high (respectively low) remain approximately the

same from one block to another even if the dissipa-

tion naturally increases with the stress range. During

a (last) loading block, we observed a localised zone of

high dissipation several hundreds of cycles before the

crack initiation. This zone indeed corresponds to the

location of the crack inception. Moreover, we also

noticed that this zone always corresponds to a can-

didate zone where the dissipation level is high since

the beginning of the fatigue test (i.e. for low stress

ranges.)

Besides, Figure 8 shows examples of dissipation

evolution associated with zones of the same speci-

men as a function of Dr and fL. During this test per-

formed with a load ratio of )1, the stress range was

increased from 170 to 500 MPa and for each load

level several frequencies fL were used from 9 up to

30 Hz. Values of dissipation in the first location

(Figure 8A) are twice smaller than the one measured

in the second area (Figure 8B). First, it can be noticed

that the shape of both surfaces �d1ðDr; fLÞ is very

similar. At constant stress, we also underline that �d1

increases with the load frequency fL in a quasi-line-

arly way for both zones and for all stress ranges.

Finally, the same specimen was used to perform

two tests with different loading ratio (Rr ¼ )1 and

Rr ¼ 0) and for a given loading frequency (fL ¼
20 Hz). The corresponding dissipation patterns,

shown in the Figure 9, are roughly the same. More-

over, if the specimen is rotated up side down, the

dissipation field follows this rotation. Consequently,

this test shows that the distribution of dissipation is

actually related to material microstructure and not,

for example, to loading misalignment.
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Concluding Comments

In this paper, an infrared image-processing method

that enables to estimate the coupling and dissipative

sources accompanying the fatigue is presented.

Therefore a local expression of the heat equation is

used. The frequency spectra of the thermoelastic

amplitude and of the mean dissipation per cycle

allow us to compute both sources with the same

thermosignal. As expected, the sensitivity of the

method is strongly dependent on the intensity and

distribution of the investigated heat sources but also

on the signal-to-noise ratio of the temperature

measurements. Numerical tests are shown to illus-

trate the capabilities and limits of the calorimetric

approach. In particular the method fails for very low

dissipation levels (< 0.03 �C s)1) and/or for low

signal-to-noise ratio.

Applications to Dual Phase 600 steel sheet show a

linear evolution of the thermoelastic source ampli-

tude as a function of the stress range and the loading

frequency in agreement with the linear thermolas-

ticity theory. We also observed a heterogeneous dis-

tribution of the dissipation since the beginning of the

test. This distribution remains time independent and

does not change with the stress range and/or the

loading ratio until a fatigue crack initiate. Besides,

the linear evolution of the dissipation intensity with

the loading frequency is underlined.

In terms of structure design, this method may be

useful to detect fatigue zones in homogeneous load-

ing areas. In terms of material analysis, the dissipa-

tion distribution can be combined with kinematical

measurement fields to build up a complete energy

balance [15]. We are now developing a method

combining infrared thermography and digital image

correlation using a synchronisation system. The

dissipative source will can be compared with the

hysteresis area of the stress–strain curve. Our ultimate

objective is to determine both stored and dissipated

energy patterns useful to identify fatigue kinetics of

materials.
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