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Quantitative Calorimetry and TSA in Case of Low Thermal Signal
and Strong Spatial Gradients: Application to Glass Materials

Guillaume Corvec, Eric Robin, Jean-Benoit Le Cam, Pierre Lucas, Jean-Christophe Sangleboeuf, and
Frédéric Canevet

Abstract In the present paper, the thermo-mechanical characterization of a holed glass sample under cyclic loading is
carried out. Due to the low thermoelastic response obtained for such a material, the thermal movie has been preliminary
filtered. The experimental stress field obtained from the Thermoelastic Stress Analysis (TSA) is well correlated to the finite
element model. It validates both the use of this experimental technique to study the thermoelastic response of brittle materials
and the filtering methodology. Finally, the corresponding calorimetric response has been determined by using a simplified
formulation of the heat diffusion equation. This permits to quantify heat sources and to carry out energy balances.

Keywords Infrared thermography ¢ Denoising methodology ¢ Inorganic oxide glass * Thermoelastic stress analysis ¢
Quantitative calorimetry

3.1 Introduction

The Thermoelastic Stress Analysis (TSA) [1, 2] and the quantitative calorimetry are non-contact techniques, which have
experienced an impressive expansion since the 1980s with the development of thermal cameras. They are used to access
to the thermoelastic and the calorimetric effects accompanying the deformation of materials in order to better understand
and model their mechanical behavior. Most materials have already benefited from these techniques including smart memory
alloys [3], aluminum alloys [4], polymers [5], composites [6—10] and elastomers [11, 12]. These materials exhibit temperature
variations in the range of one degree or more. In these conditions the experimental noise does not extensively affect the
measurement and basic filters can be used to detect and to quantify temperature variations.

Concerning inorganic glasses, although these materials are used in a wide range of applications due to their transparency,
heat resistance, pressure resistance, and chemical resistance, their fragility and low fracture toughness prevent them from use
in most mechanical components. To understand or improve their mechanical behavior, most of the studies have been carried
out on the crack tip movement [13], the mechanical properties [14] or fracture [15, 16], but rarely on their thermo-mechanical
properties. A possible cause of this state is that the low strain level supported by glasses, combined with their low thermal
conductivity, lead to very low temperature variations during the deformation process. Hence, to the best of authors knowl-
edge, only two studies have been dedicated to the thermal and thermo-mechanical response of inorganic glasses [17, 18].

The aim of this paper is to present strong thermal gradients measurement at the surface of a holed disc in case of low
temperature variation conditions, without altering the spatial resolution of the infrared images after the filtering process. The
stress fields obtained by TSA are compared to a Finite Element Method model. As the mechanical behavior is well known
under such tests conditions, this allows us to validate the presented denoising methodology. Then, quantitative calorimetry
analysis is carried out by computing heat sources produced and absorbed from the temperature field measured at thespecimen
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surface. The methodology to identify intrinsic dissipation is given. The validation of this methodology at ambient temperature
is a first step towards the use of thermal field measurements on glassy materials at temperatures close to glass temperature
transition.

3.2 Experimental Setup

3.2.1 Specimen Geometry and Testing Conditions

The material considered here is a soda lime glass. The sample, presented in Fig. 3.1 corresponds to a disc of 2.1 mm in
thickness and 29.7 mm in diameter with three elliptical holes. The major and minor axis lengths are respectively 6 and 3 mm.
The holes are oriented in relation to each other according to the major axis with an angle of 120°. The centre of the holes are
6 mm far from the disc center. The holes were cut with a water jet cutting machine. During the mechanical test, one of the
holes was oriented with an angle of 27.91° according to its major axis and the loading axis.

The disc was submitted to cyclic compressive loading by means of a 5543 Instron testing machine. An overview of the
experimental setup is given in Fig. 3.1. The test was conducted under a prescribed periodic triangular signal. The minimum
and maximum values of the compression force are 5 N and 520 N, respectively. The sample was submitted to ten cycles at a
frequency of 2.9 Hz.

White mark

Disc

Infrared camera Tensile machine Kinematic camera

Fig. 3.1 Overview of the experimental setup



3.2.2 Thermal Measurement

Temperature measurements were performed at ambient temperature using a X6540sc FLIR infrared camera. It features a
focal plane array of 640 x 512 pixels and detectors with a wavelength in the range of 1.5-5.1 m. The integration time was
equal to 1,000 s and the acquisition frequency was set at 100 fps. The manufacturer’s protocol was used to perform the Non
Uniformity Correction (NUC) of the camera. The resolution of the thermal measurement is equal to 20 mK at 25 °C. The
thermal emissivity of the material is close to 1 (>0.84 for soda lime glass). By adding a converter, the spatial resolution of
the thermal measurement was such that the size of the pixel was equal to 63 wm. The mechanical loading was applied after
the specimen temperature stabilization and the start of the temperature measurement.

3.3 Image Processing and Theoretical Background

3.3.1 Image Processing

Thermal expansion coefficient and the brittleness of glasses are such that their thermal activity at ambient temperature when
submitted to a mechanical loading remains low. This leads to noisy thermal signals. Therefore, filtering infrared images is
required. To preserve the spatial resolution (i.e. no smoothing) when denoising the infrared images, a filtering methodology
has been recently developed. The idea is to reduce the thermal movie spatio-temporal filter to a purely temporal approach,
considering all the pixels independent from one another. From a general point of view, this method requires to track each
material point to measure its temperature. However, in the case of inorganic glasses submitted to a mechanical loading, the
deformation is sufficiently low to assume that the temperature measurements are not affected by the displacement of the
material points observed by the camera at the sample surface. In the present study, this assumption was validated with the
help of a mark tracking method. The results showed that the displacements of a tracked mark painted at the sample surface,
in a zone where they are supposed to be the highest, were lower than the spatial resolution of the thermal camera. As the
material elasticity is linear and that temperature variations are proportional to stress variations, temperature variation and
displacement evolve in the same way. As displacement measurement is less noisy than temperature variation measurement,
the characteristics of the denoising filter applied to the temperature variation field are defined from the spectral analysis of
the displacement signal. The temperature variation field was filtered with a short time fast Fourier transform (STFFT) by
selecting the background and the first two harmonics of the displacement signal. The residual offset of each pixel was then
identified and removed by using physically motivated considerations. Further details are provided in [19].

3.3.2 Thermoelastic Stress Analysis (TSA)

The TSA approach permits to link temperature and stress variations. Stress variation corresponds to change in the sum of
principal Cauchy stresses tr(o ), which corresponds to three times the hydrostatic stress. The thermomechanical framework
of the TSA is described following the formalism introduced in [20]. Considering the heat diffusion equation in the case of a
flat thin inorganic glass sample, the following assumptions can be made:

e The Fourier’s law is used to model the heat conduction,

* The heat conduction is isotropic,

* The external heat sources, the density and the heat capacity are constant over the duration of the test,
* The intrinsic dissipation due to irreversibilities such as internal friction or damage are negligible.

These hypotheses lead to the fallowing equation:
AO = —Atr (o) 3.1

where 6 (=T—T,) and tr(o) are respectively the temperature variation and the sum of principal Cauchy stresses. The
variables range is represented by the A symbol. A is the so-called thermoelastic coefficient and is equal to « 7,/ pCg,y, Where
a is the thermal expansion coefficient, Ty is the mean temperature of the specimen, p is the density and Cg v, the specific
heat at constant E and V;. E and V; are respectively the strain tensor and other internal variables. TSA gives rise to numerous



applications in the field of thermoelastic stress analysis. The reader can refer to [2, 21] for further information. For the
material considered in this study, parameter A is equal to 1.341 10~ K/MPa at 25 °C.

3.3.3 Simplified Heat Diffusion Equation

e Let us now assuming that no thermal conductivity occurs through the sample thickness,

» The loading frequency is sufficiently high to ensure quasi-adiabatic conditions, so that both conduction and convection
can be neglected,

* The thermal diffusion length is lower than the spatial variations of stress in the disc,

* The ambient temperature remains constant during the test.

In such conditions, the heat diffusion equation is given by:

.0
,OCE,Vk (9 + ;) =S (32)

where 7 is a time constant estimated by measuring the return to the thermal equilibrium of the material. To estimate heat
sources s produced by the material, the procedure consists in calculating the left-hand side of Eq. 3.2 by processing the
temperature variation fields. It should be noted that intrinsic dissipation (d;) should be produced by the material. In this case
the right hand side of Eq. 3.2 writes: s + d;.

3.4 Results and Discussion

3.4.1 Stress Field

To determine the stress field from the temperature variation field, a short-time fast Fourier transform was used. The change
of the sum of principal stresses was then calculated with the help of Eq. 3.1 applied at each pixel. It is signed using the
following equation:

A1r(0)signea = Atr (o) X (—%) (3.3)

A finite element model of the holed disc has been performed with Abaqus software. 38,277 finite elements C3D8R (52,084
nodes) have been used. The thickness of the disc has been discretized with 3 finite elements. The elastic parameters, Young
modulus and Poisson coefficient, were set at 70 GPa and 0.2, respectively. A 520 N compressive loading was applied on the
disc by the circular analytical surfaces. The numerical and experimental results are compared in Figs. 3.2 and 3.3. Figure 3.2
depicts the hydrostatic pressure field while Fig. 3.3 presents the value of the hydrostatic pressure along a section between the
contact zones.

These results highlight the very good correlation between experimental and numerical approaches, both from spatial
and quantitative point of view. Since the elastic mechanical behavior of materials is well known this validates the present
experimental approach. This means that this denoising methodology could be used to characterize the non-predictable
mechanical state at the surface of glasses under complex loading conditions, especially for temperature close to glass
transition.

3.4.2 Heat Source Field Reconstruction

The heat source field has been reconstructed from temperature variation field and the simplified heat diffusion equation (see
Eq. 3.2). Figure 3.4 presents the heat source map obtained for an image corresponding to a time when the heat sources reach
a maximum.
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Fig. 3.2 Numerical (a) and experimental (b) fields of hydrostatic pressure
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Fig. 3.3 Experimental (a) and numerical (b) value of the hydrostatic pressure along a profile defined between the contact zones

Figure 3.5a, b show the heat source variation at points A, B, C and D reported in Fig. 3.4. For each of them, heat sources
oscillate around zero, meaning that no mechanical dissipation occurs. This is consistent with the fact that glass behaves as
thermoelastic material at ambient temperature. The maximum value of the heat source is obtained at point A (>1.5 °C/s),
located in the contact zone. Point D, located at the disc centre, far from the geometrical singularities induced by elliptical
holes, exhibits very low heat source variations (<0.25 °C/s). In the vicinity of one of the elliptical holes, at point B and C,
the heat sources oscillate in phase but with opposite signs.

Results obtained in terms of heat source variation enable us to calculate the mechanical dissipation by subtracting the heat
absorbed to the heat produced over one mechanical cycle. An average over several cycles can be done to increase the resolu-
tion of the calculation. Obviously in the present case, the mechanical dissipation was found to be nul, but the final aim is to
apply this methodology to characterize the occurrence of mechanical dissipation when the ambient temperature is increased.
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Fig. 3.5 Heat source variation (a) at points A and D (b) at points B and C
3.5 Conclusions

Thermomechanical characterization of a brittle material has been performed in the case of thermal signals of low amplitude
and stress concentrations due to geometrical singularities. A disc of glass containing three elliptical holes has been submitted
to a cyclic compressive load to investigate stress and strain concentration. Full thermal field measurement has been performed
by using infrared thermography during cyclic loading. The temperature variation images stored during the test were denoised
by using a methodology that permits to keep the spatial resolution equal to 1. The framework of the TSA was applied
to map the stress field at the surface of the specimen. Experimental results were quantitatively compared with numerical
simulation issued from a finite element analysis, which serves as validation of the experimental methodology to process
stresses from temperature measurements. Finally, the calorific response of the material has been determined from the heat
diffusion equation and the temperature variation field. Its spatial resolution was also equal to 1 pixel. This method should
permit to identify mechanical dissipation in case of complex loading conditions, i.e. for which no prediction is possible, as

those encountered when the temperature is increased close to the glass transition temperature and the mechanical field is
heterogeneous.
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