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1. Introduction

Chalcogenide glasses have been intensively studied for a decade, due
to their particular optical properties, especially their transparency in the
infrared domain. This exceptional optical characteristic enables them to
be a good choice for infrared component technology, even though their
mechanical properties are inferior to those of more classical glasses.
Thus, most of the studies reported in the literature focus on their phys-
ical and chemical characterization, andmore particularly on their inter-
action with light [1–4], as well as on the relation between their physical
properties and chemical formulation [5]. Some studies were dedicated
to the mechanical properties of chalcogenide glasses [6–16]. Despite
this, the physical mechanisms involved in their optical and mechanical
responses are not clearly understood, and other ways of investigation
have to be considered in order to provide additional information such
as calorific data, energy balance… Among them, infrared (IR) thermog-
raphy is an experimental techniquewhichprovides the full temperature
field at the surface of an object. In the context of the thermomechanics
of materials, IR cameras are used to capture the temperature changes of
specimens subjected to mechanical loadings. Phenomena such as
thermoelasticity, fatigue, plasticity, viscosity or phase change lead to
temperature changes which can be tracked during mechanical tests.
These phenomena are accompanied by heat, produced or absorbed
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by the material. For instance, thermoelastic coupling leads to heat pro-
duction or absorption as a function of the stress variation. This coupling
is the fundament of the thermoelastic stress analysis (TSA) technique
which, under some test conditions, provides a stress map of the surface
of the specimen [17,18]. This technique has spread in the experimental
mechanics community and has found numerous applications, in partic-
ular to metallic materials. The present study applies this type of ap-
proach to the mechanics of chalcogenide glasses. For this purpose, an
original specimen geometry was used to reveal their thermoelastic sen-
sitivity during compression cyclic tests. Section 2 presents the experi-
mental setup in terms of material, specimen geometry, mechanical
loadings and thermal measurements. Section 3 gives the results of ther-
mal measurements at the specimen surface. Lastly, Section 4 presents
the stress field obtained from the temperature measurements using
the framework of TSA.

2. Experimental setup

2.1. Material and specimen geometry

The glass considered in the present study is a chalcogenide glass
of the AsSe system (As38Se62). Its main properties are presented in
Table 1. Tg is the glassy temperature, Tx is the temperature at the begin-
ning of crystallization, ρ is the density, α is the thermal expansion coef-
ficient, Hv is the hardness in Vickers, G is the Coulomb (or shear)
modulus, E is the Youngmodulus and v is Poisson's ratio. The coefficient
A = αT0 / ρC will be used for the thermoelastic analysis, where ρ is
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Table 1
Physical and chemical properties of As38Se62.

Property Value

Tg (°C) 165
Tx (°C) 250
ΔT = Tg − Tx (°C) 85
ρ (kg/m3) 4530
α (10−6 K−1) 25.4
C-p (J kg−1 K−1) 360
Hv (kg/mm2) 133.6
G (GPa) 6.91
E (GPa) 17.7
v (-) 0.279

Table 2
Mechanical tests.

Specimen number Fmax Fmin f ΔF

(N) (N) (Hz) (N)

1 −80 −8 1 ±36
2 −80 −8 3 ±36
3 −160 −16 1 ±72
4 −160 −16 3 ±72
5 −240 −24 1 ±108
6 −240 −24 3 ±108
the density, α the thermal expansion coefficient and T0 the mean tem-
perature of the test in Kelvin. For the present material, it is equal to
4.64 mK/MPa at ambient temperature. The specimen geometry was a
16 mm diameter disc with a hole whose diameter was equal to 3 mm.
The disc thickness was 17.6 mm.

2.2. Mechanical tests

The specimen was tested under compressive cyclic loading at ambi-
ent temperature using a 15 kNMTS testingmachine. An overview of the
experimental setup is given in Fig. 1. Table 2 summarizes the cyclic load-
ing conditions applied. Fmax and Fmin are the maximum and minimum
values of the force applied, respectively. The load ratio RF, defined as
the ratio between the maximum and the minimum values of the force,
was equal to 0.1 for all the tests in order to maintain the contact be-
tween the disk and the plates. The force range, i.e. twice the force ampli-
tude, is denoted ΔF in the following. Two loading frequencies f were
applied: 1 and 3Hz. The shape of the effort signalwas sinusoidal. Thanks
to the low thermal diffusivity of the material compared to metallic and
polymer materials, a low frequency (typically of the order of a few
Hertz) was assumed to be sufficient to achieve adiabatic conditions
within the specimen. This is more precisely addressed in the following.

2.3. Temperature measurement

Temperature measurement was performed at ambient temperature
using a Cedip Jade III-MWIR infrared camera, which features amatrix of
Moving

Fixed IR camera

Fig. 1. Overview of the e
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320 × 240 pixels with detectors in a wavelength range of 3.5–5 μm. The
integration time was set to 1500 μs and the acquisition frequency was
equal to 147 Hz. Thermal resolution was equal to 20 mK. The size of a
pixel, i.e. the individual IR detector size projected on the specimen, was
equal to 0.16mm. During the thermalmeasurements, a home-made cas-
ing surrounded the IR camera in order to avoid any disturbance such as
photo-irradiation. To ensure that the internal temperature of the camera
was stabilized during the measurements, the camera was set up and
switched on 4 h before the experiment. The stabilization of the temper-
ature inside the camera was necessary to avoid any drift of themeasure-
ments during the test. Temperature changes were measured by
subtracting the initial temperature, captured in practice just before the
beginning of the test, from the current one. In the present study, the ini-
tial temperature is the reference temperature. It can be noted that
measurement noise was reduced using a spatial filter. In practice, we
have applied a mean filter whose kernel dimensions were 5 × 5 pixels.
The temperature change range Δθ, i.e. twice the temperature change
amplitude, was extracted at each pixel using a Fourier transform, from
several cycles (here during 10 s) once the temperature evolution was
stabilized.

2.4. Remarks about test preparation

It should be pointed out that the brittle nature of glass material
makes harder the mechanical tests. Indeed, the first difficulty encoun-
tered was the application of a load without breaking the specimen. For
this reason, a thin piece of polymer was placed between the grips and
Polymer plates

Chalcogenide specimen
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grip
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Fig. 2. Temperature change at point A during the tests performed at 1 Hz and 3 Hz (F =
−132 ± 108 N).
the specimen to prevent cracks from being initiated and propagating
from the contact zones. As the IR transparency wavelengths in such a
chalcogenide material can coincide with the range of those of the IR
detectors of the camera (3.5–5 μm), a treatment was applied to the
specimen surface. This treatment did not modify the mechanical
response of the material, but it ensured that surface emissivity was
equal to 0.95. The details about the surface treatment and protection
against radiations are not here provided because of industrial confiden-
tiality requirements. Thermal measurements were performed at con-
stant ambient temperature.

3. Results

3.1. Thermal analysis

The full thermal field was measured at the specimen surface during
the cyclic tests. This type of measurement is classically performed to
characterize thermal activity and more especially the thermal activity
gradient at the specimen surface. This was therefore the first objective
of the study. Fig. 2 shows temperature change over time at point A,
where the thermal activity was maximum during tests 5 and 6, i.e. for
132 ± 108 N at 1 and 3 Hz. Point A corresponds to a pixel located
1 mm far from the contact zone. The temperature at every pixel of this
map is issued from the spatial filtering previously performed. First, it
3 Hz -44±36N (a)

Fig. 3. Map of thermal activity at the specimen surface in terms of temperature chan
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can be observed that the temperature changes oscillate at the same fre-
quency as the load for both cases. This proves that the thermal response
of the chalcogenide glass considered in the present study is governed by
the thermoelastic coupling. These first results are in good agreement
with the previous ones we recently obtained with sodalime glass [19].
For both frequencies, the temperature change ranges are quite the
same, meaning that adiabatic conditions are reached in both cases.
This is due to the low thermal diffusivity of the material.

Fig. 3 presents themapof temperature change rangesΔθ at the spec-
imen surface obtained for tests 2 and 6. It is themap of the amplitude of
the periodic oscillation of the temperature over the cycles. In practice, a
Fourier analysis was done at each pixel on the specimen surface in order
to extract the local amplitude at the loading frequency. Themap obtain-
ed enabled us to clearly distinguish the heterogeneity of the thermal ac-
tivity at the specimen surface. As expected, the thermal field was nearly
symmetrical. The slight asymmetry can be explained by the difference
in the boundary conditions. The highest thermal activity was found in
zones on both sides of the hole in the direction perpendicular to the ap-
plied load, and in zones close to the contact areas between the grips and
the specimen. The maximum temperature range was equal to 22 mK
(for test 2). It should be noted that thermal resolution was improved
by measuring the temperature change range over several cycles. This
enabled us to distinguish zones whose temperature differed by a few
milli-Kelvin. For all digital cameras, If the spatial resolution of the sensor
used (in our case 0.16 mm/pixel) is higher than the spatial dimension of
the phenomena observed, the information acquired at the pixel is
smoothed (pixelization effect). Consequently at point A (Hertz point)
the temperature activitiesmeasured due to the stress singularity are av-
eraged. Results obtained for the highest cyclic load applied (test 6) are
presented on the right-hand side. The applied load range was equal to
108 × 2 N, and the corresponding maximum temperature change
range attained 70 mK. As expected, the thermal activity was localized
in the same zones as for lower load ranges, but the level of temperature
change rangewas higher. These first results highlight the fact that in-
finitesimal temperature changes can be detected and quantified
using infrared thermography during the deformation of chalcogen-
ide glass, and that consequently thermomechanical analyses such
as those recently carried out for sodalime glass [19] can be per-
formed. Fig. 4 presents the temperature change range Δθ at point A
versus the force range ΔF for tests performed at 3 Hz. The curve ob-
tained is linear, which allows us to apply a thermoelastic stress anal-
ysis in the next section.

3.2. Thermoelastic stress analysis

The TSA approach enables us to link the temperature change range
with the stress range.More precisely, for an isotropicmaterial, the scalar
3 Hz -132±108N(b)

ge range at 3 Hz. (a) Test 2: F= −44 ± 36 N. (b) Test 6: F = −132 ± 108 N.
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Fig. 6.Map of absolute value of tr(σ) at the specimen surface (3Hz and F=−132±108N).
quantity which is here involved is the trace of the Cauchy stress tensor
(tr(σ)), i.e. the sum of the principal stresses. Before presenting the re-
sults obtained, the principle of TSA is briefly recalled. First of all, assum-
ing Fourier's law for heat conduction, the heat diffusion equation is
written in case of isotropic material:

ρC
∂T
∂t −kΔT ¼ sh þ rext ð1Þ

where T is the temperature, rext the external heat source and sh the
heat source produced or absorbed by the material itself. The material
parameters are the density ρ, the thermal conductivity k and the spe-
cific heat C (assumed to remain constant during the deformation
process). Temperature changes θ = T − Tref are defined with respect
to a reference temperature field Tref, defined when no heat source is
produced by the specimen. If the external heat source rext is assumed
not to vary over the duration of the test (constant radiation), Eq. (1)
becomes:

ρC
∂θ
∂t −kΔθ ¼ sh ð2Þ

For a thermoelastic behavior, the heat source sh produced by the
material is composed of the thermoelastic (isentropic) coupling term
and possibly mechanical (intrinsic) dissipation d1. The latter is related
to mechanical irreversibilities occurring in the material (to be distin-
guished to the thermal dissipation d2 in the Clausius–Duhem inequality).
It is defined as a non-negative quantity. For glassmaterials, which are as-
sumed to behave as isotropic thermoelastic materials, the thermoelastic
coupling term iswritten−αT0

∂tr σð Þ
∂t , whereα is the coefficient of thermal

expansion, T0 the mean temperature of the specimen over the test (in
3 Hz -132±108N 

Fig. 5.Map of the sign of temperature change at 3 Hz and F = −132 ± 108 N. Te
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Kelvin) and tr(σ) the trace (sum of principal stresses) of the Cauchy
stress tensor σ. Thus we have:

ρC
∂θ
∂t −kΔθ ¼ −αT0

∂tr σð Þ
∂t þ d1 ð3Þ

Eq. (3) shows that cyclic mechanical loading leads to a temperature var-
iation composed of a global increase (due to mechanical dissipation d1)
and an oscillation at the same frequency as the load but in the opposite
phase (due to thermoelastic coupling). If the loading frequency is suffi-
ciently high, adiabatic conditions are achieved over one cycle, and conse-
quently the conduction term can be neglected. Asmechanical dissipation
due to fatigue can be considered as negligible over one cycle, the range of
temperature oscillation Δθ during one cycle is directly proportional to
the range Δtr(σ) of the trace of the Cauchy stress tensor:

Δθ ¼ −AΔtr σð Þ ð4Þ

where A is equal to αT0
ρC . This gives rise to numerous applications in the

field of thermoelastic stress analysis. The reader can refer to [17,18] for
further information. For thematerial considered in this study, parameter
A is equal to 4.64 10−3 K/MPa at 25 °C. In otherwords, such an approach
provides three times the hydrostatic stress level. This quantity is
mperature change in the two different zones oscillates in the opposite phase.



important if we consider that numerous glass materials are subject to
densification [16]. As previously shown in Fig. 2, no significant difference
is obtained in terms of temperature change range at a given force range
between 1 and 3Hz. This indicates that the test at 1Hz can be considered
as adiabatic at the spatial scale of the temperature measurement. This
can be validated by calculating the thermal flux due to conduction at
the specimen surface. This calculation was carried out with the temper-
ature change fields obtained at 3 Hz, and led to a value for the diffusion
term −DΔθ (where D is the thermal diffusivity of the material) that is
of the order of 10−10 °C/s at its maximum in the specimen during the
cycle. This is negligible compared to the contribution of thermoelastic
coupling, whose order of magnitude was equal to 10−1 °C/s. In order
to account for the local mechanical state, the temperature change
range has to be signed. Fig. 5(a) presents themap of the sign of temper-
ature change range. The abscissa axis is the number of images. As the ac-
quisition frequency is equal to 147 Hz, the unit of the axis can be
converted in time by dividing the number of images by 147. The map
shows that the zones onboth sides of the hole in the loaddirection varied
in phase opposition to the rest of the surface, meaning that under global
compression, these zones were under tension, and conversely. This is il-
lustrated in Fig. 5(b). Obviously, the precise nature of the mechanical
field cannot be defined from this quantity, in the sense that we measure
here scalars while the stress is a second-order tensorial quantity. From
the previous results and Eq. (4), Fig. 6 shows the map of the absolute
value of tr(σ). This enabled us to locate the zones of highest hydrostatic
pressure. In addition, it showed that the maximum hydrostatic pressure
in absolute value was observed in the vicinity of the contact zones and
reached 13.7/3 = 4.6 MPa.

4. Conclusion and perspectives

This study investigated the thermoelastic behavior of chalcogenide
glasses of the AsSe system. For this purpose, an original experiment
was developed to measure the thermal field at the surface of an AsSe
glass specimen submitted to cyclic mechanical loading. The specimen
geometry was chosen in such a way that a high stress gradient was in-
duced during the deformation of the glass. The temperature field was
measured by means of infrared thermography. The framework of ther-
mal stress analysis (TSA) was then used to map the stress field at the
surface of the specimen by processing the thermal field. Themain result
is that classical thermoelastic response is observed in chalcogenide glass
without disturbances such as photo-irradiation. In other words, the
thermal response during a cyclicmechanical test at sufficiently high fre-
quency is proportional to the loading level applied to the specimen. This
5

study demonstrates that TSA is an interesting tool for investigating the
thermoelastic sensitivity of chalcogenide glasses. This is the first step
before characterizing phenomena such as fatigue or cracking.
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