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1. Introduction

Thermal and calorimetric effects accompanying the deformation
of materials are widely studied in literature to investigate thermo-
mechanical couplings, fatigue and failure, non-exhaustively. Most of
applications deal with metals, but polymers, ceramics and composite
materials are also studied. Concerning inorganic glass materials, studies
generally focus on crack tip movement [1], mechanical properties [2] or
fracture [3,4]. To the best knowledge of the authors, the thermal re-
sponse has never been considered to investigate themechanical behav-
ior of inorganic glasses. The objective of the present work is therefore to
evidence thermal and calorimetric effects in a soda lime glass subjected
to cyclic loading at room temperature. A high resolution infrared (IR)
thermography and a suitable post-processing of the thermal signal are
used for this purpose.

IR thermography provides accurate information about tempera-
ture changes occurring on the surface of specimens. These changes
in temperature can be due to different phenomena: thermoelasticity,
change in material phase, viscosity, fatigue damage, etc. Thermal
effects and more precisely calorimetric effects associated with the
mechanisms of deformation have been largely studied with this type
of technique. The approach consists in estimating the heat sources
produced by the material from the temperature fields obtained with
an IR camera and the heat diffusion equation (see for instance
[5–8]). In the framework of thermodynamics of irreversible processes
33 223 236 111.
(J.-B. Le Cam).

1

(TIP), such heat source determination can be used to establish or val-
idate constitutive equations.

The aim of the present study is therefore to determine if such an
experimental approach can be applied to inorganic oxide glass mate-
rials. A first question is to know if temperature variations due to elas-
tic deformation can be experimentally detected. A second question is
to know if heat sources can be accurately estimated from temperature
measurements. This paper is composed of two sections. Section 2
deals with the general thermomechanical framework that allows us
to predict the thermal and calorimetric responses of the soda lime
glass under uniaxial mechanical loading. Section 3 presents the exper-
imental investigations carried out and the discussion on the results
obtained during a bending test.

2. Prediction of the thermal response of soda lime glass under
mechanical loading

2.1. A brief recall of the thermomechanical background

Any thermomechanical system out of equilibrium is considered as
the sumof several homogeneous subsystems at equilibrium. In this con-
text, constitutive equations are established by considering the deforma-
tion process as issued from a quasi-static thermodynamic process. This
process can be mechanically dissipative. Assuming the Fourier's law for
the heat conduction, the heat diffusion equation writes:

ρC
∂T
∂t −kdiv gradTð Þ ¼ sh þ rext ð1Þ
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Table 1
Thermophysical properties of a sodalime glass.

Properties Value

Young modulus E (GPa), 25 °C 70
Poisson's ratio ν (–), 25 °C 0.22
Density ρ (kg/m3), 25 °C 2 500
Specific heat C (J/(kg K)), 25 °C 800
Thermal diffusivity D (m2s−1), 25 °C 3×10−7

Coefficient of thermal expansion α (K−1), 5–35 °C 9×10−6

Thermoelastic coefficient A ¼ αT0
ρC (K/MPa), 25 °C 1.32×10−3

Fig. 1. Strain, heat source and temperature variation during one adiabatic mechanical
cycle at 3 Hz. The corresponding stress amplitude is 35 MPa.
where T is the temperature, rext the external heat source and sh the heat
source produced or absorbed by thematerial itself. Thematerial param-
eters are the density ρ, the thermal conductivity k and the specific heat
C (assumed to remain constant during the deformation process). Tem-
perature variations θ=T−Tref are defined with respect to a reference
temperature field Tref, which is defined when no heat source is pro-
duced by the specimen. If the external heat source rext is assumed to
not vary over the test duration, Eq. (1) becomes:

ρC
∂θ
∂t −kΔθ ¼ sh: ð2Þ

For a thermoelastic behaviour, the heat source sh produced by the
material is composed of the thermoelastic (isentropic) coupling term,
denoted sthe in the following, and possibly the mechanical (intrinsic)
dissipation d1. The latter is related to mechanical irreversibilities
occurring in the material. This quantity is always positive. For glass
materials, which are assumed to behave as isotropic thermoelastic
materials, the quantity sthe is written−αT0

∂tr σð Þ
∂t , where α is the coef-

ficient of thermal expansion, T0 the mean temperature of the speci-
men over the test (in Kelvin) and tr(σ) the trace (sum of principal
stresses) of the Cauchy stress tensor σ. Thus, Eq. (2) comes:

ρC
∂θ
∂t −kΔθ ¼ −αT0

∂tr σð Þ
∂t þ d1: ð3Þ

Eq. (3) shows that a cyclic mechanical loading leads to a temper-
ature evolution composed of a global increase (due to mechanical dis-
sipation) and an oscillation at the same frequency as the load but in
opposite phase (due to the thermoelastic coupling). If the loading fre-
quency is sufficiently high, adiabatic conditions are achieved over one
cycle, and consequently the conduction term can be neglected. As
mechanical dissipation due to fatigue can be considered as negligible
over one cycle, the amplitude of temperature oscillationΔθ during one
cycle is directly proportional to the amplitude 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 the thermoelastic stress analysis. The reader can refer to [9,10]
for further information.

2.2. Prediction of the temperature variation at the surface of a thin glass
specimen

This section summarizes assumptions used to simplify the heat
diffusion equation in the case of homogeneous deformation fields.

Let us consider a specimen geometry and a mechanical loading
such that the deformation field is homogeneous in the specimen at
any time. Due to the very small thermal diffusivity of glasses (order
of magnitude of 10−7m2·s−1, see Table 1) compared to metals for in-
stance, the temperature field is almost homogeneous in the specimen
at any time. As a consequence, the temperature at the surface is nearly
equal to the mean temperature over the volume. The heat diffusion
equation can be written in this case [8,11–13]:

ρC
∂θ
∂t þ

θ
τ

� �
¼ sthe ð5Þ

where τ is a time constant characterizing the global heat exchanges
between the specimen and its surroundings. The value of τ character-
izes the level of non-adiabaticity of the thermodynamical evolution.
For instance, if τ is much larger than the test duration, the evolution
can be considered as adiabatic. In the case of a thin specimen, τ is near-
ly equal to eρC

2h , where e is the thickness and h the coefficient of convec-
tion with ambient air. This formulation of the heat diffusion equation
2

can be referred to as the “0D” formulation. The reader can refer to
[5–7] for further information.

The present study focuses on the thermoelastic coupling. In the
case of isotropic thermoelasticmaterials under uniaxial loading condi-
tion, the heat source sthe is also equal to −αT0E _� where ε is the axial
strain and E the elastic modulus. The sign of the heat source when
the mechanical loading oscillates is the opposite of the strain rate
one. It should be noted that heat source only depends on the strain
rate. Under triangular signal, the strain rate and consequently the heat
source are constant. This is a feature of purely isentropic thermoelastic
material. Finally, the expression of the heat source also shows that the
heat source is not constant when the strain rate is not, which is often
the case for experimental conditions. This is why sinusoidal signals
are considered in the following to predict the heat source and temper-
ature variations.

2.3. Numerical predictions

Numerical predictions are carried out with the following conditions:

• the mechanical loading consists of tensile cycles in such a way that
the uniaxial strain oscillates between 0 and 5×10−4, which corre-
sponds to a stress variation between 0 and 35 MPa;

• a sinusoidal signal shape is considered;
• the frequency is set to 3 Hz;
• thermophysical properties, issued from the Sciglass database [14]
are reported in Table 1.

Under adiabatic conditions, the frequency does not influence the
amplitude of the temperature oscillation. Under non-adiabatic condi-
tions, it affects the temperature variation because of the heat exchanges
with the outside. In the experiments presented in Section 3, τ is equal to



Fig. 2. Evolution of the temperature variation up to thermal stabilization during mechanical cycles at 3 Hz.
130 s. This means that the steady-state regime of the temperature evo-
lution is reached from about 3 or 4 times this duration. For the numer-
ical applications below, the time constant τ is reduced to 6 s and the test
duration is set to 30 s. This enables us to observe more clearly the tran-
sient and steady-state regimes. Besides, this reduces the calculation
time.

The heat source sthe is expressed inW m−3. However, it is useful to
divide this quantity by ρC, leading to a unit in °C s−1. For the sake of
simplicity, this latter unit will be used below for the “heat source”
s=sthe/ρC. Using this unit enables us to obtain the temperature rate
in case of adiabatic evolution. In case of non-adiabatic conditions,
the temperature rate is different, due to the heat exchange with the
outside.

Results are presented in Fig. 1. In this figure, from the top to the
bottom, the evolutions of strain, heat source and temperature varia-
tion in adiabatic conditions are given for one mechanical cycle. As
expected, the temperature decreases when the strain increases, and
inversely. Fig. 2 presents the evolution of the temperature variation
during the test in non-adiabatic conditions. It starts with a tempera-
ture decrease as the test starts by a strain (stress) increase, before
reaching the steady-state regime. The main result is that the temper-
ature variations can reach a few hundredths of a degree and conse-
quently that such temperature variations are detectable by using a
Fig. 3. Experime
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high resolution IR camera. Experimental results are presented in the
next section.

3. Experimental investigations

The previous section has evidenced that the temperature variations
during tensile loading should be detectable with a high resolution infra-
red camera. Due to the difficulties for applying cyclic tensile loading
conditions to glass materials, bending tests are preferred. It should be
noted that bending test induces heterogeneous strain and stress states,
including both tension and compression, which providesmore relevant
information for validating thermomechanical modeling.

3.1. Mechanical test and measurements

The specimen is 20 mm in length, 5 mm in width and 3 mm in
thickness. It was tested under cyclic bending loading by means of a
15 kN MTS testing machine. The experimental setup is presented in
Fig. 3. The applied loading was sinusoidal and the load ratio R, defined
as the ratio between the minimum and the maximum values of the
force applied, was equal to 0.1 for all the tests. Table 2 gives the seven
tests carried out. Fmean and Fampl are the mean value and the amplitude
ntal setup.

image of Fig.�2
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Table 2
Mechanical tests performed.

Test number Fmean (N) Fampl (N) fL (Hz)

1 −27.5 −22.5 1
2 −55 −45 1
3 −82.5 −67.5 1
4 −110 −90 1
5 −27.5 −22.5 3
6 −55 −45 3
7 −82.5 −67.5 3
of the force applied, respectively. fL is the loading frequency. Two fre-
quencies were applied, 1 and 3 Hz.

Because of the low thermal diffusivity D of the material compared to
metals for instance, loading frequencies fL superior to 1 Hz are assumed
to lead to adiabatic conditions within the specimen. Indeed, the thermal
diffusion length, defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D= πf Lð Þ

p
[15] for fL=1Hz is equal to

0.31 mm. This length can be assumed lower than the stress spatial
gradient.

Temperaturemeasurementswere performed at ambient temperature
using a Cedip Jade III-MWIR infrared camera which features a local plane
array of 320×240 pixels and detectors with a wavelength range of 3.5–
5 μm. The integration time is 1500 μs and the acquisition frequency is
147 Hz. The resolution is equal to about 20 mK in the [5 °C; 40 °C]
temperature range. For temperature variations of a few degrees, the reso-
lution is equal to 20 mK. The thermal emissivity of thematerial is close to
1 (>0.84). The spatial resolution, corresponding here to the size of the
pixel on the specimen, is equal to 0.089 mm. In order to ensure that the
internal temperature of the camera is stabilized for performing the mea-
surements, itwas switched on for 4 hbefore the experiment. The temper-
ature measurements were performed during 10 s for each test.
Fig. 4. Maps of temperature varia
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4. Results and discussion

Fig. 4 gives the temperature variation range (the peak-to-peak
amplitude) on the observed surface for tests #1 to #7. The values of
amplitude between maximum and minimum temperature variations
are calculated over one period. Such maps allow us to evaluate the
level of the temperature variation amplitude according to the cyclic
loading applied. Besides, they allow us to identify the zones of highest
thermal activity for a given cyclic loading condition. The highest load-
ing condition applied at 1 Hz is not presented for 3 Hz due to the
specimen failure. The results show that the order of magnitude of
the temperature variation range is a hundredth of a degree, which
corroborates the prediction of the theoretical approach presented in
Section 2. Moreover, the mappings show that the highest the distance
to the neutral axis, the highest the temperature amplitude. This is in
agreement with the mechanical states induced by the bending test.
It can be noted that the contact between the specimen and the roll in-
duces a stress concentration in the bulk material below the contact
zone as predicted by the Hertz theory [16].

In order to more precisely discuss on the temperature variation
range according to the pixel location, Fig. 5 gives the evolution of
the temperature variation θ measured at three points on the speci-
men surface for test #4. One point is located in a compression zone
in the influence of the contact condition (point H). The second point
is located on the neutral axis (point N). The third one is located in
the tension zone (point L). Temperature variations at points L and H
oscillate in opposite phase. This is in good agreement with the fact
that one point is in a tension zone and the other one in a compression
zone. The amplitude of the temperature variations is equal to about
0.05 °C and to 0.10 °C at points L and H, respectively. These results
also highlight that no temperature variation is detected at the neutral
axis, which corroborates the beam theory [17]. At point H, the ampli-
tude is higher due to the contact between the specimen and the roll.
tion range for tests #1 to #7.

image of Fig.�4


Fig. 5. Evolution of the temperature variation at three different points on the specimen surface (test #4).
These first results evidence that an inorganic oxide glass material
produces and absorbs heat during its deformation, leading to temper-
ature variation which is detectable with a high sensitive infrared
camera. This proves that quantitative calorimetric analysis can be car-
ried out with this type of material. As an example, at point L, the tem-
perature variation obtained under adiabatic-like condition (0.05 °C)
Fig. 6. Temperature variation field at the specimen surface (left-hand sid
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corresponds to predicted uniaxial strain and stress levels under adia-
batic condition of about 5×10−4 (see Fig. 1) and 35 MPa, respectively.

Next paragraphs present quantitative analyses of the thermal mea-
surements, i.e. thermoelastic stress analysis and heat source calculation.

Fig. 6 gives the map of the temperature variation amplitude mea-
sured at the specimen surface for test #4. Contrarily to previous maps,
e). Corresponding field in terms of stress (on the right-hand-side).
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Fig. 7. Maximum heat source at each point during test #7.
the field is signed by determining the phase shift between the tempo-
ral temperature variations. This field is then used in order to link the
temperature amplitude to the trace tr(σ) of the Cauchy stress tensor
by means of Eq. (4). Thus, the diagram at the bottom of the figure
presents the mapping of tr(σ) on the observed surface. The maximum
of tr(σ) is obtained below the contact zone due to the contact be-
tween the roll and the specimen. Except in this zone, the stress field
can be considered as uniaxial, consequently tr(σ) gives the value of
the Cauchy stress in the specimen length direction. According to the
beam theory, the stress is of opposite sign on both sides of the neutral
axis and its maximum value equates σmax ¼ 3FL

2bh2
(60 MPa in the

present case). This is in very good agreement with the experimental
results obtained from the temperature variation field measurement.
This illustration of the possibilities offered by using a thermoelastic
stress analysis shows that stresses can be accuratelymeasured in inor-
ganic glasses.
6

Fig. 7 shows the heat source field (maximum over the cycle) cal-
culated from temperature variation field by using Eq. (5). As the
test conditions are quasi-adiabatic, the heat source and the tempera-
ture variation fields are similar and are in good agreement with the
prediction obtained by assuming the material to be isotropic and
thermoelastic.

5. Conclusion

A theoretical analysis has shown that thermoelastic heat sources
in inorganic oxide glass during its deformation are detectable by a
high resolution infrared camera. Moreover, we have shown that
thermal measurements can be analyzed quantitatively in order to
carry out thermoelastic stress analysis and to calculate heat sources
absorbed and produced by the material according to the considered
change in the mechanical state. This allows us to envisage to link ca-
lorimetric effects accompanying the deformation of inorganic glasses
with changes in their structure and to improve the understanding of
their thermomechanical behavior.
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