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Abstract

This paper deals with the calorimetric analysis of fatigue mechanisms of an aluminium alloy. Local 1D and 2D expressions of the heat
diffusion equation were used to separately estimate the coupling and dissipative sources accompanying the fatigue test. The image pro-
cessing was based on local approximations of surface temperature fields provided by an IR camera. The set of approximation functions
accounted for the spectral properties of the sought sources. The analysis of thermoelastic source distribution allowed us to point out the
possible heterogeneous character of fatigue loading from the beginning of the test. We observed that the zones where thermoelastic
source amplitudes were the highest were potential loci of fatigue crack onset. On the other hand, such fine results on the dissipative
source distribution were hard to obtain because of low signal-to-noise ratios. Nevertheless, we observed that the global dissipated energy

rates increased linearly with the loading frequency.
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1. Introduction

Fatigue characterization of materials and mechanical
components requires statistical processing of numerous
time-consuming and expensive mechanical cyclic tests. This
problem is even greater for aluminium alloys since the
Wéhler curve construction does not generally show asymp-
totic stress classically associated with fatigue limits.

Alternative experimental approaches were developed to
rapidly provide reliable fatigue characteristics. Among
these, thermal methods based on the analysis of self-heat-
ing during a stepwise loading fatigue test must be men-
tioned [1-4]. The authors of the latter studies claim that
the remarkable change in the heating regime, observed
within a certain stress range, is empirically related to the
fatigue limit of the material. Although realistic estimates
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of this limit were sometimes obtained, these thermal
approaches often led to questionable results. Indeed, the
physical meaning of the threshold stress evaluated by these
thermal methods is not very clear. In [5], it was shown that
this stress is not actually the fatigue limit since it is closely
related to the appearance of localized plastic phenomena
(persistent slip bands) and not to the crack onset.

In some previous works, it was shown that the direct use
of temperature specimens as fatigue indicators is not
always reliable because the temperature variation is not
totally intrinsic to the material behavior [6]. It actually
depends on the diffusion properties (material effect) but
also on the thermal boundary conditions and the heat
source distribution (structure effects).

In this work, fatigue phenomena are therefore studied
using a calorimetric approach—the aim is to assess the
different heat sources accompanying the fatigue test.
The application of this approach to aluminium alloys is
particularly tricky because of their high thermal diffusivity.
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The regularizing effect of heat diffusion actually limits tem-
perature variations and flattens the thermal gradients.

Heat sources were derived from thermal images pro-
vided by an infrared camera using a local expression of
the heat equation. A specific thermal image processing pro-
cedure was developed to separately estimate the dissipated
energy coming from the irreversible variations in the micro-
structural defects and from the thermoelastic coupling
sources induced by the reversible thermal expansion of
the crystalline network.

The paper is laid out as follows: Section 2 is devoted to the
description of the theoretical tools used to construct the local
heat equation, define the different heat sources and discuss
the 1D and 2D thermal diffusion models. Section 3 describes
the experimental setup. Section 4 shows the image processing
method together with some numerical simulations in order
to illustrate the consistency but also the limits of the heat
source computation in cases of noisy, under-sampled ther-
mal signals. Finally, some experimental results are shown
in Section 5 for the aluminium alloy 2024 T3 considered here.

2. Theoretical tools

From mechanical and thermodynamic standpoints, fati-
gue was considered as a dissipative, quasi-static process.
The Thermodynamics of Irreversible Process concept was
the thermomechanical framework used to interpret the
experimental results—this concept is based on the local state
axiom and consequently characterizes the equilibrium state
of each volume material element through a set of N state vari-
ables. The selected variables are the absolute temperature 7,
the linearized strain tensor ¢ and N — 2 scalar components
0,0, .., 0n_2 Of the vector o gathering the internal vari-
ables. These latter describe the macroscopic effects of com-
plex and often coupled microstructural phenomena.

Using the generalized standard materials formalism it is
possible to sum-up the material thermomechanical behav-
ior by means of a thermodynamic potential and a dissipa-
tion potential. By construction, the thermodynamic
potential is the specific Helmholtz free energy ¥(7,¢,a;)
and the dissipation potential is a function of the state var-
iable fluxes, i.e. ¢(g,¢,d;T), with ¢ being the heat influx
and T acting as a parameter [7].

Combining the first and second principles of thermody-
namics leads to the following local heat equation:

pCT — div(K : gradT)
=(c—py,)ié—py,:d
d
+ TV, t e+ pTY 2 0+ Text (1)
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where p is the mass density, C the specific heat, K the mate-

rial conduction tensor, and ¢ the Cauchy stress tensor.
The left-hand side of Eq. (1) is a differential operator

applied to 7T, while the right-hand side groups all possible

heat sources accompanying the deformation process. They
are in turn: the intrinsic dissipation d;, the thermomechan-
ical coupling sources consisting of the thermoelastic source
Sthe and the other internal coupling sources s;., and the
external volume heat supply rey:.

The overall heat source can then be theoretically esti-
mated by evaluating the left-hand side of heat equation.
Nevertheless, the thermal information given by the IR
camera only concerns surface temperature fields. The heat
source evaluation throughout the specimen gauge part
(3D inverse problem) is an ill-posed problem that is
impossible to solve without any information on the heat
source distribution [8]. If thermal gradients remain small
throughout the thickness of the specimen (Fig. 1), a
depthwise averaged heat source distribution can be still
be estimated [9].

To perform the heat source evaluation, the following
hypotheses were formulated:

e the heat conduction is isotropic and the related coeffi-
cient k remains constant during the test;

e the density p and the specific heat C are material con-
stants, independent of the internal state;

e the convective terms included in the material time deri-
vation are neglected;

e the external heat supply r.y (here only due to radiation
heat exchanges) is time independent. Consequently, the
equilibrium temperature field T, verifies the equation:

7kAT() = Fext (2)

The temperature variations § = T — T, induced by fatigue
mechanisms are too small to have any influence on the
microstructural state. It is then possible to state that
sic = 0. Under these hypotheses, the local heat Eq. (1) can
be rewritten in the following simplified form:

00
pcgkaH:lerslhe:s (3)

where s = d| + s 1S henceforth the overall volume heat
source s.

By integrating Eq. (3) over the thickness and assuming
that the measured surface thermal map is very close to
the depthwise averaged temperature field 0(x,y,?), the fol-
lowing equation can be obtained:

Fig. 1. Shape of the specimen.
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where s = s(x, y, ) is the 2D heat source distribution and
2P is a time constant that characterizes the perpendicular
heat exchanges (by convection and radiation) between the
front and back specimen faces and the surroundings. This
2D-approach has already been successfully used to track
localization zones during monotonic tensile tests [10].

The next possibility is to consider a one-dimensional
(1D) diffusion problem, which leads to an estimate of the
mean heat source over each sample cross-section S
(Fig. 1). The integration of Eq. (3) over S leads to

0 0 %0
(e ap) +5e) = ®

where the mean temperature of the cross-section 0(x,?) is
identified with the surface temperature, and s = s(x,?) is
the longitudinal heat source profile. Moreover, the time
constant T} characterizes lateral heat exchanges by con-
duction, convection and radiation between the specimen
and the surroundings. These exchanges are supposed to
be proportional to the temperature variation (linear Fou-
rier boundary conditions).

In order to estimate the left-hand side of Eq. (5), longi-
tudinal temperature profiles were built by averaging the
surface temperature over the specimen width.

3. Experimental setup

The material under examination is the aluminium alloy
2024 T3. The fatigue tests were conducted using an MTS
servo-hydraulic machine equipped with a 425 kN load cell.
Thin flat specimens were used with a gauge part volume
equal to 3 x 15 x 10 mm? (Fig. 2).

The experimental setup included a focal plane array
infrared camera (IRFPA Cedip MW). The maximum
frame-rate of the IR camera was 250 images per second,
with each image consisting of 64 x 120 pixels.

During the tests, the infrared device was placed in front
of the specimen, with the lens axis being fixed and perpen-
dicular to the specimen surface. The spatial resolution was
approximately 0.13 mm/pixel.

The fatigue tests were carried out by imposing a series of
loading blocks (Fig. 3).
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Fig. 2. Specimen drawing.
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Fig. 3. Stepwise loading procedure: blocks of 20,000 cycles.

Each block consisted of 20,000 cycles performed at con-
stant loading frequency f1, constant load ratio R,, and con-
stant stress range Ao.

At the end of each loading block, the thermal equilib-
rium was established before the next block started.

4. Image processing

The construction of the heat source distribution via Egs.
(4) and (5) 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 ther-
mal gradients. Among several possible methods, a special
local least-squares fitting of the thermal signal was consid-
ered in this work. The approximation function accounts for
the spectral properties of the sought sources.

The linearity of Egs. (4) and (5) and that of the respec-
tive boundary conditions enabled us to separately analyze
the influence of thermoelastic and dissipative heat sources.
Omne and 04 respectively represented the thermoelastic and
dissipative components of the temperature signal, with
the thermoelastic behavior of the aluminium assumed to
be linear and isotropic.

4.1. Heat source spectral properties

For a pure uniaxial, sinusoidal elastic loading, o(¢) =
Om +% sin(2nfit) defined by a mean stress oy, a stress
range Ao and a loading frequency f;, we can show that
the thermoelastic source is written as

Sthe = pTyrs 1 6= —T) [(;- + 91<0m} (6)

where A is the linear thermal expansion coefficient and K is
the elastic bulk modulus in hydrostatic compression.

Combining Eq. (6) with Eq. (5) (or Eq. (4)), we then
obtain that

.0 0’0 . .
pc<e + TI—D> - k<@) _— [a + 9KOA9} (7)
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and therefore
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It is then possible to rewrite the thermoelastic source as

Sthe = —ToA6 (10)

In such conditions, it is easy to verify that

e the thermoelastic source has the same frequency spec-
trum as the stress signal;

e the variation in thermoelastic energy wy,. vanishes at the
end of each loading cycle, so that we get

wthe:j{ SthedT =0 (11)
Cycle

Regarding the dissipative effects, we considered that the
dissipation averaged over a whole number n of complete
cycles (n ~ 50):

6_11 :f nildeldr (12)
neycles

may characterize the slow degradation of the material
microstructure due to fatigue phenomena. The average dis-
sipation per cycle d, is thus a positive heat source whose
spectrum is limited to very low frequencies.

By denoting Asy,. as the range of the thermoelastic
source averaged over n cycles, the aim of image processing
is to separately assess Ase and d.

4.2. Fitting

The local fitting function of the temperature charts is
defined by

Omoa (5, 1) = py (B)1 + pa(%) + s () cos (2m/i1)
+ pyl®) sin(2fi1) (13)

where the trigonometric time functions describe the peri-
odic part of the thermoelastic effects while the linear time
function takes transient effects due to heat losses, dissipa-
tive heating and possible drifts in the equilibrium tempera-
ture into account. The analytical expression of functions
pi(X), i=1,...,4 are

e second-order polynomials in x and y for the 2D model
(Eq. (4));
e second-order polynomials in x for the 1D model (Eq.

(5)).

These polynomials enable us to account for the possible
space homogeneity of the source pattern.

The efficiency of the local data fitting can be illustrated
by the temperature difference between the noisy measure-

ments and the fitted values. In 1D (profile) processing,
the mean absolute error was typically about 0.01 °C, while
the standard deviation was 0.007 °C.

The relative error naturally depends on the temperature
level. In the present situation, however, the relative error
has little influence on the heat source estimate since the lat-
ter mainly depends on the temperature derivative.

4.3. Checking the heat source computation

The reliability of the heat source derivation must also be
checked. To illustrate the capabilities of the image process-
ing, a direct 1D (resp. 2D) thermal problem is first solved
for a given 1D (resp. 2D) distribution of dissipative and
thermoelastic sources. Naturally, initial and boundary con-
ditions also have to be fixed. Because of small temperature
variations, linear Fourier conditions were 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 deter-
mined 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 Figs. 4 and 5, a 1D example was proposed. The evo-
lution of the thermoprofile was derived from the following
parameters: the heat sources were randomly distributed in
space and constant in time. The thermoelastic source
amplitude and that of the dissipation intensity varied
within (100 £+ 5) °Cs™' and (0.4540.2) °Cs™', respec-
tively. This should reproduce the heterogeneous character
of the fatigue process and its slow evolution during the test
for fixed loading conditions. We superimposed Gaussian
white noise in accordance with the analysis of the thermo-
signal given by the camera (crest amplitude 0.05 °C).

Variations in the thermoprofile are plotted in Fig. 4. The
loading frequency f; and sampling frequency fg were,
respectively, 50 Hz and 19 Hz. Both values correspond to
standard loading and sampling conditions used during
the camera shots.

Pace wme

Fig. 4. Variations in the noisy longitudinal thermoprofile (fs = 19 Hz).
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Fig. 4 shows small truncated (under-sampled) oscilla-
tions due to the thermoelasticity superimposed on a ther-
mal drift due to dissipation. Progressive saturation of the
drift is induced by the heat losses.

The reliability of the data processing was checked by
comparing the random heat source distribution with that
resulting from the data processing in the case of a noisy,
under-sampled thermal signal.

A comparison between the given and computed heat
source values is given in Fig. 5(a). We plotted the mean
profiles of Asy,. and d; over the time period chosen for this
numerical test (around 50s). Besides, the sources were
divided by pC and then expressed in °C s~'. This operation
makes it possible 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.

Despite the different orders of magnitude of both
source types, the data processing was able to correctly
extract the weak dissipation intensity (around
0.5°Cs™!). The method may naturally become unstable
and fail when there is lower dissipation intensity or ther-
mal noise of greater crest amplitude. To illustrate these
limits, we tested the data processing with the same previ-
ous conditions, but the source intensities were divided by
10. Fig. 6(a) shows that the data processing still computes
correct thermoelastic source amplitudes. Nevertheless, the
method gives corrupted dissipation amounts, as indicated
in Fig. 6(b), and some values are even negative, which is
physically unacceptable.

Note, however, that if we compute the average values of
the given and computed dissipation profiles, we find
dj =0.0428°Cs~' and d$ =0.0431°Cs~', respectively.
This result shows that, for very low dissipation levels, the
current method can be used to compute at best the mean
dissipation over the sample gauge part.

5. Experimental results
5.1. Thermoelasticity: profile analysis

The 1D data processing enabled us to evaluate the time
course of the longitudinal profile of Asy, related to the fati-
gue of the 2024 T3 aluminium alloy. In Fig. 7, the thermo-
elastic source range (expressed in °C s~') was plotted using
a space—time representation (1 pixel approximately equal
to 0.2 mm). The corresponding o, and R, were, respec-
tively, 27 MPa and 0.1.

The coupling thermoelastic source distribution is here
associated with one of the first steps of the fatigue test
under axial loading. At this level, the number of cycles at
low stress amplitude endured by the specimen is still low
(around 50,000 cycles). Nevertheless, a slight heterogeneity
in the thermoelastic source distribution can already be
detected whereas a uniform distribution should be
observed for a homogeneous uniaxial pulsating test. More-
over, the places where the ranges of the thermoelastic
sources were the most important remained fixed from one
block to another. By using 2D image processing, we stress
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Fig. 7. Time course of the profile of the thermoelastic source range Aspe
during the third loading block.

hereafter that these candidate zones may represent poten-
tial crack onset loci.
5.2. Thermoelasticity: image analysis

The application of 2D image processing confirms the
presence of zones where the coupling source is greater since
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the first step of the test. The space distributions of Asy, rel-
ative to loading block #1 and #15 are plotted in Fig. §(a)
and (b).

Use of the 2D approach naturally gives more precise
spatial detection of critical zones. In Fig. §(a) and (b), we
can observe in particular that in the region centered on
[0,5]%[95,105] the amplitude of Asy, is highest from block
#1 to the beginning of block #15.

This crack occurred at the middle of block #15 (left side,
pixel 103) and propagated widthwise. We observed a sharp
localization of thermoelastic sources in accordance with the
stress concentration at the crack tip.

Fig. 9(a) shows the effects of the crack on the thermo-
elastic source distribution. In Fig. 9(b) the trend of thermo-
elastic sources at failure section is pointed out during a
series of 300 cycles. The displacement of the maximum dis-
tribution profile corresponded to the crack propagation.

5.3. Dissipation: first global assessments

No reliable results have been obtained so far concerning
2D and even 1D distributions of dissipation because of the
bad signal-to-noise ratio. The thermal noise is too high to
correctly extract the dissipation from the thermosignal.
This current limit of the calorimetric approach is directly
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Fig. 8. Two-dimensional distribution of Asy, (f, = 50 Hz, fs = 250 Hz): (a) loading block #1; (b) loading block #15.
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Fig. 9. (a) Two-dimensional distributions of Asye (f. = 50 Hz, fs = 250 Hz): crack propagation. (b) Variations in the Asy,. profile at the failure section

during 300 cycles.



due to the tested aluminium alloy (low dissipation level,
high thermal diffusivity) [11]. Note that for other alloys
(like steels), the method has already given satisfactory
results, even for the 2D approach [12,13].

As with the second numerical example, we computed the
dissipation corresponding to the whole specimen gauge part
for the different stress ranges of the 15 blocks. We compared
these mean dissipations with those associated with the
energy of the hysteresis area during the cyclic stress—strain
response. The hysteresis areas were estimated using the
extensometer and load cell signals at low loading frequency.

In Fig. 10, the mechanical estimate of the mean dissipa-
tion per cycle was plotted during a fatigue test performed
at fi =1 Hz for a sampling frequency of fs = 50 Hz.

Comparing mechanical and thermal estimates of dissi-
pation is quite problematic for aluminium because the
clamping system of the extensometer becomes unstable at
high f1, while at low f; the thermal drift is essentially due
to warming of the testing machine. To offset this problem,
the dissipation property has been studied by testing several
small loading frequencies.

In Fig. 11, the mean dissipation per cycle divided by the
loading frequency were reported for two fatigue tests per-
formed at f =1 Hz and fi =0.5 Hz (with fg =25 Hz),
respectively.

This figure clearly shows that dissipation is proportional
to f... From a thermodynamic viewpoint, this result is inter-
esting to qualify the irreversibility accompanying the fati-
gue test. The mechanical results obtained at low
frequencies are in agreement with the dissipation model
introduced in plasticity theory even though the stress level
is obviously under the macroscopic yield stress.

If this dissipation property is now assumed for higher
loading frequencies, it is possible to compare the mechani-
cally predicted values of dissipation at f; = 50 Hz with
those obtained thermally.

Fig. 12 shows this comparison. The data are scattered at
low stress ranges. Conversely, the comparison is quite good
for stress ranges greater than 60 MPa. The divergence at
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Fig. 10. Estimates of d,/pC via hysteresis area measurements.
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Fig. 12. Comparison of thermal and mechanical estimates of d/pC.

low stress levels is not surprising considering that the ther-
mal drift of the testing machine induces a bad signal-to-
noise ratio.

6. Concluding comments

In this paper, we presented an infrared image processing
method that enabled us to estimate the different coupling
and dissipative sources accompanying fatigue of the 2024
T3 aluminium alloy. Therefore a local expression of the
heat equation was used. The frequency spectra of the ther-
moelastic amplitude and of the mean dissipation per cycle
enabled us to compute both sources with the same thermo-
signal. As expected, the sensitivity of the method strongly
depended on the intensity and distribution of the investi-
gated heat sources and then on the signal-to-noise ratio
of the temperature measurements. Several sub-cases were
thus successively explored: the 2D method directly uses
the thermal image supplied by an IR camera and computes
the surface distribution of depthwise averaged sources; the



1D method uses widthwise averaged thermal images and
then derives (longitudinal) heat source profiles. Numerical
tests were shown to illustrate the capabilities and limits of
the calorimetric approach. In particular for low dissipation
levels (<0.05 °C s~ ') and for standard thermal noise crest
amplitudes (0.05 °C), global amounts of dissipation were
estimated at best.

Applications to the 2024 T3 aluminium alloy gave 1D
and 2D heterogeneous thermoelastic source amplitude dis-
tributions. These heterogeneities may be attributed to the
loading conditions or to the heterogeneity of the specimen.
Whatever the origin, the localized zones, where the ampli-
tude was more important, remained the same from one
block to another. Moreover, we observed that these zones
were potential loci of fatigue crack inception. The thermo-
elastic source profile associated with the cross-section
where the crack occurs may be used to track crack
propagation.

The low dissipation levels of the 2024 T3 aluminium and
its high thermal diffusivity did not allow us to show reliable
2D or 1D dissipation distributions. We were then led to
compute the average dissipation for the entire specimen.
For the 15 blocks of the fatigue test, we also derived the
mean dissipation from the computation of the mechanical
hysteresis area. These comparisons were possible by
extending, to high frequencies, the linear dependence of
the dissipation with respect to fi. For stress amplitudes
greater than 60 MPa at 50 Hz, we noted close agreement
between the mechanical and thermal dissipation estimates.
Prompted by these first encouraging results, our next objec-
tive is to improve the signal-to-noise ratio of the thermal
images in order to be able to build 1D or even 2D dissipa-
tion distributions.
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