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Thermal and dissipative effects accompanying Liiders
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Abstract

This study deals with an experimental investigation of thermal and calorimetric effects induced by Liiders band propagation
during monotonic and quasi-static tensile tests. One grade of steel is considered. Temperature variations were measured with an
infrared camera on the surface of flat samples. Heat sources were deduced from thermal data using the local heat diffusion
equation. For elastoplastic materials, when no phase transition occurs, the heat source is essentially due to intrinsic dissipation.
The experiments revealed that a dissipation wave accompanied Liiders band propagation. Some characteristics of the wave, such
as its shape, orientation and velocity, were derived from the experimental measurements and compared to previously published
results. Finally, comparison of the calorimetric and kinematic data revealed a dissipation function proportional to the absolute
value of the longitudinal plastic strain rate. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Strain localization phenomena, often qualified as
‘plastic instabilities’, are observed for a large variety of
materials (metals, woods, polymers). Many experimen-
tal, theoretical and numerical studies have been con-
ducted on this topic. Authors investigating elastoplastic
or viscoplastic materials have naturally focused on
kinematic aspects of localization, while taking into
account various loading conditions [1-7]. Some studies
have dealt with the microstructural origins of specific
localization mechanisms like Liiders band propagation
or Portevin—Le Chatelier effect [§—10]. Some others
have assessed thermal effects associated with these dif-
ferent modes of strain localization [11-14]. Concerning
Liders band localization an interesting review can be
found in [15].

The purpose of this paper is to show that recent
advances in infrared image processing enable observa-
tion and quantitative analysis of the dissipative effects
that accompany Liiders band propagation. Localization
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due to necking, also observable with these imaging
techniques, will be described elsewhere.

After reviewing the form of the heat equation used to
interpret the thermal data, we then present the main
characteristics of the experimental set-up, the numerical
tools of the data processing developed to deduce heat
source patterns from thermal images. We then focus on
the most representative results from a large number of
tests. Thermal and calorimetric effects accompanying
the Liiders band are compared with kinematic measure-
ments obtained by speckle image correlation [22]. The
coupled analysis of kinematic fields and heat source
distributions finally led us to test the thermodynamic
validity of the predictions given by the academic per-
fectly plastic model.

2. Heat emission during plastic deformation

The thermomechanical framework used for interpre-
tation is the so-called ‘generalized standard materials’
formalism [16]. In this framework, the heat conduction
equation can be written as



pC (aa]; +v grad(T)> —div(k grad(T)) = 5.+ 5; (1)
where T is the absolute temperature, v the velocity
vector, p the mass density, C the specific heat, k the
heat conduction tensor, s, the volume heat source of
external origin (e.g. radiation, Joule’s effect), s; the
volume heat source of internal origin (e.g. thermoelastic
effect, latent heat rate, intrinsic dissipation).

The experimental conditions of our quasi-static tests
were based on the following hypotheses: the convective
terms are negligible, C is a material constant indepen-
dent of the hardening state, k is isotropic and also
constant. The source s, is exclusively due to heat ex-
change by radiation and is time independent. Finally,
for the steel samples studied here, the thermoelastic
effects were minor during plastic deformation in com-
parison to the dissipation and no stress-induced phase
transformation occurred. Consequently, s; can be iden-
tified with the intrinsic dissipation d.

When tests are performed on thin flat samples, it has
been shown [17-19] that the temperature on the surface
of the sample remains very close to the depth-wise
averaged temperature. Taking into account all these
hypotheses and integrating Eq. (1) over the thickness of
the specimen, the heat equation can be simplified
markedly into a two-dimensional partial differential
equation:

pC(aa—I—g)—kAH:d )
ot 1y

where 0 = T — T, is the difference between the tempera-
ture T, averaged according to thickness, and the room
temperature 7, while d is the mean dissipation per unit
volume. The constant 7, represents time characterizing
heat losses perpendicular to the plane of the specimen.
The heat conduction in the plane is taken into account

by the two-dimensional Laplacian operator A0.

3. Experimental design and image processing

The experimental set-up involved a 100 kN tension—
compression testing machine coupled with an infrared
camera (Agema 880 sw). The lens axis of the camera
was kept fixed and perpendicular to the sample surface.
Quasi-static monotonic tensile tests were performed on
standard specimens (2.5 x 12.5 x 50 mm). The experi-
ments were displacement controlled and the room tem-
perature was kept constant (300 K). The European

Table 1
Chemical composition of S355MC steel

C Mn P S Si Al Cu N

05 035 <0.02 <00l <0.04 003 <01 <0.009

grade of steel used is S355MC, which is frequently used
in metal forming. Grain size is about 50 pum. The
metallurgical and mechanical properties of this steel are
described in [20], and its chemical composition is pre-
sented in Table 1.

Dissipation was determined by evaluating the left
side of Eq. (2) and by using the digitized temperature
images recorded by the infrared camera. The size of a
thermal image was typically about 256 x 30 pixels. The
pixel area was around 0.18 x 0.22 mm? under the opti-
cal conditions of our tests. As the thermal data was
discrete and noisy, the differential operator was esti-
mated by low-pass filtering and according to the prop-
erties of discrete Fourier transform and Fourier series.
Since the number of images recorded per second was
quite small (6 images s ~!), the data filtering was mainly
performed spatially. To avoid parasitic spatial frequen-
cies due to the non-periodicity of the images and to
reduce the boundary effect incidence — here substan-
tially amplified by the Laplacian estimate — a
parabolic periodic extension of the data was performed
first. The thermal noise was simulated well by white
noise characterized by a Gaussian probability distribu-
tion and a uniform power spectrum. This latter feature
implies that no filtering method can completely elimi-
nate the parasitic frequencies. Consequently, a calibra-
tion of the method in conditions close to the
experimental situation is essential. The data processing
was checked as follows: starting from a given heat
source distribution, the corresponding temperature
charts were calculated using spectral methods with real-
istic boundary conditions. The influence of the noise
amplitude on the data processing was then tested. The
heat sources reconstructed from the noisy thermal data
were compared to the sources given above.

More information on the data processing and its
performances can be found in [18,19]. As expected, the
data processing check showed that the calculation error
on the source determination increased sharply with the
thermal noise amplitude. The unstable nature of the
temperature-source passage (inverse problem) was due
to the regularizing effects of the diffusion phenomena
(direct problem). To limit noise effects, the cut-off
frequencies of the numerical filters could be reduced,
with a parallel decrease in source intensity and a spatial
sprawl of zones where the heat sources were
concentrated.

4. Experimental results

In the following, only results obtained on S355MC
steel are mentioned. For the purposes of brevity and
simplicity, we plotted temporal variations in tempera-
ture and dissipation profiles captured along the longitu-
dinal axis of the sample. To further simplify the data



interpretation, contour plots were chosen for quick
visualization of the phenomenon patterns. Spatiotem-
poral representations were constructed with the abscissa
axis representing the time (graduated per image num-
ber) and the ordinate axis being the longitudinal sample
axis (graduated in pixels).

4.1. Time course of thermal and dissipation profiles

The different manifestations accompanying the plas-
tic deformation of S355MC steel are presented in Fig.
la and b. They give an overview of the thermal and
dissipative effects related to Liiders band propagation
and necking development until the maximum load was
reached.

4.1.1. Thermal profiles

The temperature profiles, observed during a
monotonic tensile test performed at constant cross-head
speed (v=0.15 mm s~ !), are plotted in Fig. la. Two
curves are superimposed on this diagram. The first one,
representing the load versus time, correlates the thermal
state of the sample with its loading state. The second
curve shows the time-dependent changes in temperature
at a specific point (pixel 100).

After a first period corresponding to thermoelastic
behaviour, where temperature variations were quite
homogeneous, i.e. negative and small (# ~ —0.5°C),
the development between images 36 and 50 of a temper-
ature front (0 <3°C) can be observed. The front ini-
tiated at one extremity of the gauge part (bottom) and
then propagated at constant velocity. During strain
hardening, the temperature variations increased regu-
larly but in a heterogeneous way. The test was deliber-
ately stopped near the maximum load (image 150).
Then the specimen gradually recovered its thermal
equilibrium.

Direct exploitation of thermal images is complex.
Indeed, because of heat diffusion, it is difficult to
determine whether temperature gradients are only due
to natural heat conduction or partly result from local-
ization phenomena. Analysis of the dissipation generat-
ing these thermal effects is therefore useful to visualize
more precisely the localization zones.

4.1.2. Dissipation profiles

Two consecutive dissipation concentrations appear in
Fig. 1b. As previously noted for temperature, time-de-
pendent dissipation is plotted for pixel 100. During the
plastic plateau, the first dissipation localization was
characterized by a very intense and localized wave that
propagated throughout the specimen at constant ampli-
tude and velocity. These dissipative effects have been
legitimately associated with Liiders band propagation.
Next, a second kind of localization spread progressively
over the specimen. This early and progressive localiza-

tion of dissipation, observed even during strain harden-
ing, was associated with the development of necking.
Hereafter, we will only discuss the first mode of local-
ization; those interested in the energy aspects of diffuse
and localized necking should refer to [18,19].

4.2. Temperature front and dissipation wave

In order to highlight the main characteristics of the
spatial distribution of temperature and dissipation, we
presented the results from a series of images taken
during the plateau (Fig. 2).

A temperature front, inclined compared to the load-
ing direction, appears in image No. 36 at the bottom of
the sample. This front then propagates along the test
section (Fig. 2a). The zone, where dissipation is local-
ized, takes the form of a wave (Fig. 2b). This wave is
inclined at 70 + 5° relative to the loading direction and
moves at constant velocity (Vg =4 +0.1 mm s~ }).

Temperature and dissipation profiles plotted at three
times of band propagation enabled us to highlight the
regularizing effects of heat diffusion (Fig. 3). Since the
thermal diffusivity of the material is finite, the deforma-
tion process could be considered roughly as adiabatic at
the very beginning of the test. Even though the temper-
ature variations were very weak, image No. 36 shows a
narrow zone where these variations are localized. The
thermal images gradually become more complex to be
interpreted as heat conduction. The heat capacity also
plays an important role: the low temperature variations
(~3°C) actually correspond to high energy rates (d ~
6 x 10° W m ~3). The image processing finally revealed
a relatively simple dissipation distribution, consistent
with the phenomenon that we wanted to observe: a
dissipation wave accompanied Liiders band propaga-
tion illustrating the irreversibility of such a mechanism.

4.3. Liiders band velocity

For S355MC steel, the dissipation effects were well
marked and it was possible to derive Liiders band
velocities from the heat source patterns for different
values for the cross-head velocity Vy. An example of
the results, obtained in a test carried out at V- =0.04
mm s~ ! is presented in Fig. 4 (test abl).

In this figure we can observe the propagation of a
Liiders band originating at image 108, in the grip zone
of the top head of the sample. The band velocity is
Vig=1mm s 1

Seven temperature and dissipation images are plotted
in Fig. 5. Two waves appear simultaneously at the
extremities of the sample (image 108), but only the
band located at the highest part succeeded in propagat-
ing. Due to thermal inertia, the temperatures at the
bottom part of the sample kept a trace of the dissipa-
tion band.
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Fig. 1. (a) (Test aa6 — cross-head velocity). Background image: spatiotemporal variations in a lengthwise temperature profile (sampling

frequency: 2 images s~ '). Temperature levels are given by the colorbar graduated in °C. Superimposed curves represent the load evolution F and
the temperature variation 6 (at pixel 100), normalized by their maximal values (F,,,, = 16.2 kN; 0, ., = 13.6°C). (b) (Test aa6 cross-head velocity
Vey =0.15 mm s~ ). Image processing results. Background image: spatiotemporal variations in a lengthwise heat source profile (in W m ~—3).
Superimposed curves represent the load evolution F and the heat sources S (at pixel 100), normalized by their maximal values (F,,,, = 16.2 kN,
Aoax = 8 x 10 W m —3).

To study the band velocity, a series of tests were band propagating at constant velocity was observed.
conducted at three different cross-head speeds (Ve = The different velocity measurements are reported in
0.04, 0.15, and 0.4 mm s~ !). At each time, a single Fig. 6. The linear variation in the propagation velocity



Vg are in quite close agreement with previously pub- where & is the strain (often called ‘Liiders strain’)

lished results. For n bands, under certain conditions, locally generated by the passage of a Liiders band. A
Hahn [21] showed that: regression line throughout the experimental points is
v plotted in Fig. 6. It leads to ¢ 5z = 4.2%. In parallel, this

CH

4) strain has been evaluated using an extensometer. This
néLp second estimate is about 3.3%.
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Test aab — Thermal front propagation
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Fig. 2. (Test aa6 — V= 0.15 mm s~ ). Propagation along the gauge part of: (a) a thermal front; (b) a dissipation wave.
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Fig. 3. (Test aa6 — Vg =0.15 mm s~ ). Lengthwise profiles at different moments of the plastic plateau (images 36, 44 and 52): (a) thermal

profiles associated with Liders band propagation, (b) dissipation profiles. This latter result, taking into account the diffusion phenomena, shows
the regular progression of a wave whose form remains roughly constant.
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Fig. 4. (Test abl — V¢ =0.04 mm s~ !). Spatiotemporal variations in a lengthwise profile of: (a) temperature variation (°C), (b) heat sources

(W em—3), F,,. = 15.8 kN.

4.4. Comparison with kinematic measurements

Displacement measurements obtained by digital im-
age correlation were obtained on the same steel and
under the same experimental conditions [22]. For
S355MC steel, during Liiders band propagation, it has
been shown that strain rate distributions calculated from
displacement measurements take the same form as the

dissipation wave previously presented (Fig. 7). Note that
the peaks of these waves remain almost perfectly propor-
tional. In a first good approximation, the proportional-
ity coefficient is equal to the yield stress o, classically
obtained by dividing the load during the plateau by the
cross-section of the sample. The dissipation observed
during Liiders band propagation is then compatible with
the one-dimensional perfectly plastic model:



d=a,|¢ (5)

5. Comparison with some published results

We already mentioned for S355MC steel that the
dissipation wave angle relative to the axial direction is
about 70°. The estimate of this angle may become quite
complex since the wave front is rather fuzzy (e.g. see
Fig. 2b). This elevated value contrasts with measure-
ments made by others ([15,23]) where the angle varies
from 45 to 55°. However, elevated values of the angle
of inclined bands have already been noted previously
[24] in particular for coarser grained specimens. Finally,
the value of 70° was confirmed on the same steel by
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for illustrating temperature front propagation. Bottom: correspond-
ing heat source distributions showing the propagation of dissipation
waves.
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Fig. 7. Ve =0.15 mm s~ ! Longitudinal profiles of: (top) the
longitudinal displacement component; (bottom) the Lagrangian ten-
sile strain rate obtained at three different times during the plastic
plateau (images 8, 11, 14, from [23]).

kinematic measurements [22] and optical observation of
the surface roughness.

The thermal and calorimetric results plotted in Fig. 2
may be also compared to other previous experimental
findings. For instance, we name hereafter those pre-
sented in [25] on Liiders band propagation in niobium
and those recently obtained by [26,27], which deal with
the propagation of phase transformation fronts in a
shape memory alloy (NiTi). In [25], the band displace-
ment is revealed by a thin layer of a brittle lacquer
applied to the specimen surface, this layer being broken
by the passage of the band. In [26,27] the macroscopic
deformation induced by the band passage destroys an
oxide layer, pregenerated by metallurgical treatment,
and leads to reflectivity changes. This leads to colour
contrasts enabling the authors to identify the trans-
formed and non-transformed portions of the specimens.
Note that temperature changes at surface samples, also
recorded by infrared thermal imaging [26], show ther-
mal fronts like the ones described in this paper. In
addition, these authors propose an analogy between the
transformation front propagation and Liiders band
propagation in mild steels.

The asymmetric shape of the dissipation wave plotted
in Fig. 3 was essentially due to the presence of a trail at
the back of the wave. Such profiles are in agreement
with the strain rate patterns proposed by [28] and [29]
to model the sudden propagation of dislocations gener-
ating Liiders bands.

A theoretical result, strengthening the coupling ef-
fects between thermal and mechanical variables, con-
cerns the propagation of thermomechanical fronts
obtained at very low temperature (a few K). These
fronts are generated by periodic instabilities (like PLC



effect) observed in single or polycrystals [10]. At these
temperatures, glide velocity of dislocations, i.e. the plas-
tic strain rate, is strongly temperature dependent. Its
variations are then theoretically coupled with tempera-
ture changes through a dissipation term induced by the
dislocation glide itself. The dissipation appears as
source in the heat equation so that the diffusion phe-
nomena influence the balance of dislocation densities.
The authors of [10] then obtained a system of coupled
thermomechanical equations. The solution of this sys-
tem allows the prediction of temperature fronts, strain
rate and mobile dislocation densities.

6. Concluding comments

Displacement-controlled tensile tests for S355MC
steel showed singular thermal effects during the plastic
plateau. The low amplitude (2 or 3°C) thermal front
moved at constant velocity along the test section of the
specimen and was associated with Liiders band propa-
gation. Infrared image processing allowed an analysis
of heat sources (dissipation) generating these thermal
effects. We show that the dissipation distribution takes
the form of one wave moving at constant velocity.
Some characteristics of this wave, like its orientation
and velocity, are measured and the results are in agree-
ment with previous results. To check and strengthen the
validity of this experimental investigation, energy re-
sults were compared to kinematic measurements ob-
tained by digital image correlation. The dissipation and
strain rate wave forms, obtained on the same material
and in the same experimental conditions, were very
similar. This result is not surprising from a thermody-
namic point of view, i.e. loci where the strain rate was
the highest were those where irreversibility preferen-
tially developed, and consequently, where the dissipa-
tion intensity was highest. We found that the
dissipation vs. the longitudinal strain rate ratio was
very close to the yield stress. This result is consistent

with the prediction of the academic one-dimensional
perfectly plastic model. Nevertheless, such a model is
unable to predict the localization mechanism. The use
of a more realistic model that takes microstructural
information into account (as in [28] for instance) will be
considered in the near future.
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