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Introduction

The present work deals with the mechanical behavior of cracked elastomeric materi-

als. Studying the crack propagation in elastomeric materials is a critical issue which

has been thoroughly studied in the past [1, 2, 3, 4, 5] for instance. The experimen-

tal techniques used for studying the phenomena which take place in cracked coupons

are often limited to classical tools such as scanning electron microscopy [6] or X-rays

microtomography [7] for instance. To date, infrared thermography has proved to be

a relevant technique for studying engineering materials such as steel, aluminium and

composites. Various studies previously carried out by Chrysochoos and coworkers have

shown that heat sources produced by the material itself were more relevant than tem-

peratures when analyzing various phenomena such as Luder’s bands [8], fatigue [9] or

strain localization [10]. The main reason is that the temperature field is influenced

by conduction as well as heat exchanges with ambient air and grips, unlike local heat

sources.

The strain level in the above cases remains small compared to that obtained in

elastomeric materials. Consequently, the tools developed for processing temperature

maps provided by infrared cameras are no longer suitable for large deformations, es-

pecially when heterogeneous temperature fields are processed. It seems that this issue

has only seldom been addressed in the literature. In ref [11] for instance, the authors

propose two motion compensation techniques to account for this effect, but it seems

that the strain amplitude is not significant since only thermoelastic effects are studied

while calculations are carried out within the framework of large deformations.

The aim here is to account for large deformations in the data processing. A suitable

technique which enables us to to track certain material points is presented in the first

section. These points are used to describe the current geometry of the coupons under

test. Special attention is paid to the treatment of the biais in the temperature fields

due to the non-uniformity of the camera’s detectors. This leads to a suitable motion

compensation technique which, in turn, enables the correct calculation of the heat

source distribution in any configuration, especially near the crack tip. This procedure

is described in detail and the assumptions under which it is constructed are justified.

Two final examples are presented to illustrate the relevancy of the approach.

Background

Heat diffusion equation

This section briefly summarizes the thermomechanical framework that is usually used

to calculate heat sources [12]. The local state axiom [13] is assumed. Any thermody-

namical system out of equilibrium is considered as the sum of several homogeneous

subsystems at equilibrium. The thermodynamic process is considered as a quasi-static

phenomenon. The state of any material volume element is defined by N state vari-

ables: temperature T , one of the strain tensors denoted E and some internal variables
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V1, V2, . . . , VN−2 such as plastic strain or volume fractions of certain phases. The spe-

cific free energy potential is written as Ψ(T, E, Vk). Considering the first and second

principles of thermodynamics and assuming that Fourier’s law is used to model the

heat conduction, the heat diffusion equation can be written as follows [14]:

ρ CE,Vk
Ṫ − div (K grad T ) − r = d1 + ρT

∂2Ψ

∂T∂E
Ė + ρT

∂2Ψ

∂T∂Vk
V̇k

| {z }

s

(1)

where ρ is the density, CE,Vk
is the specific heat at constant values of E and Vk, K is

the thermal conductivity tensor and r is the external heat source. The right-hand side

of equation (1) represents the heat sources s produced by the material itself. It can be

split into separate terms:

– the mechanical dissipation d1 (or intrinsic dissipation): this positive quantity cor-

responds to the heat production due to various mechanical irreversibilities such as

internal friction;

– the thermomechanical couplings: they correspond to the couplings between the

temperature and the other state variables. The coupling between temperature and

strain ρT ∂2Ψ
∂T∂E Ė is the thermoelastic coupling [15] [16]. In case of purely ther-

moelastic behavior, this leads to a temperature decrease (negative heat source) for

a positive strain rate Ė and conversely. Coupling effects involving Vk may create

significant heat sources. For instance, when Vk represents the volume fraction of a

given phase k, the ρT ∂2Ψ
∂T∂Vk

V̇k quantity is a latent heat production [17].

Usual assumptions to calculate heat sources

The classical approach used to assess the heat sources from the temperature fields

obtained by an infrared camera [18, 19] is detailed in this section.

Bidimensional formulation of the heat diffusion equation. It is first assumed that the

problem is bidimensional. For the sake of simplicity, heat conduction will be considered

isotropic. Equation (1) can be then rewritten as follows:

ρ CE,Vk
Ṫ − k ∆ T − r = s (2)

where ∆ is the laplacian operator and k the conductivity coefficient which replaces

the thermal conductivity tensor K when the material is isotropic. Let us now consider

a flat specimen. (x, y, z) is a cartesian coordinate system such that the x-direction is

the main direction of the specimen and the z-direction is perpendicular to the mid-

plane. The specimen is assumed to be thin, so the through-thickness temperature T is

assumed to be almost constant. On the other hand, the temperature gradient
∂T

∂z
is

not constant near the front and back sides of the specimen because of heat exchanges

with ambient air [14]. Averaging equation (2) through the thickness of the specimen

leads to:

ρ CE,Vk

˙̄T − k

„
∂2T̄

∂x2
+

∂2T̄

∂y2

«

−
1

e
k

»
∂T

∂z

–e/2

−e/2

− r = s (3)
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where e is the specimen thickness and T̄ is the mean through-thickness temperature.

The material parameters ρ, CE,Vk
, k, the external heat sources r and the heat sources s

produced by the material itself are also assumed to be constant through the thickness

of the specimen. The heat exchanges with the ambient air on the external surfaces are

modeled as follows:

8

><

>:

k
∂T

∂z

“ e

2

”

= − h
`
T̄ − Tamb

´

k
∂T

∂z

“−e

2

”

= h
`
T̄ − Tamb

´
(4)

where h is a convection coefficient and Tamb is the ambient temperature. Introduc-

ing equation (4) in equation (3) leads to:

ρ CE,Vk

˙̄T − k

„
∂2T̄

∂x2 +
∂2T̄

∂y2

«

+
2h

k
(T̄ − Tamb) − r = s (5)

For the sake of simplicity, the overlined symbol is removed from the equation and the

2h/(k × ρC) ratio is denoted 1/τ hereafter. τ can be considered as a time constant

characterizing the heat exchange with ambient air. This leads to the 2D-version of the

heat diffusion equation:

ρ CE,Vk

„

Ṫ +
T − Tamb

τ

«

− k ∆2DT − r = s (6)

where ∆2D is the two-dimensional laplacian operator in the (x, y) plane.

Reference temperature field. It is difficult to estimate the external heat sources r, so

the objective now is to remove these quantities from the equation using temperature

variations θ:

θ = T − T0 (7)

where T0 is the reference temperature field. This reference temperature is captured

by the IR camera when the material does not produce any heat source. The T0 field can

be measured just before loading the specimen for instance. In this case, equation (6)

becomes:

ρ CE,Vk

„

Ṫ0 +
T0 − Tamb

τ

«

− k ∆2DT0 − r = 0 (8)

The external heat sources r, the time constant τ and the material parameters ρ,

CE,Vk
k are assumed to be constant during the test. In this case, the following equation

is obtained by subtracting equations (8) and (6):

ρ CE,Vk

„

θ̇ +
θ + T0 − Tamb

τ

«

− k ∆2Dθ = s (9)

In practice, temperature fields are captured by the IR camera. To estimate the heat

sources s produced by the material, the procedure consists in calculating the left-hand

side of equation (9) by processing the bidimensional temperature fields.
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Experimental setup

Material and specimens

The material considered here is a 34 part per hundred of rubber in weight (phr) carbon

black filled natural rubber (CB-NR). It is obtained from a compound which is allowed

to cure for 7 minutes at 160 degree C. The chemical composition and some of the

thermomechanical characteristics that will be used for the heat source calculation are

given in Table 1. The specific heat and the thermal conductivity have been quoted

from the literature [20] whereas the other quantities have been measured using suitable

standard tests that are not detailed here. The specimen geometry is depicted in Figure

Table 1 Material formulation and thermomechanical properties [6, 20]

Material formulation (phr) Thermomechanical properties

natural rubber 100 shore A hardness 58
zinc oxide 9.85 elongation at break (%) 635
oil 3 stress at break (MPa) 22.9
carbon black 34 density 1.13
sulfur 3 specific heat (J/Kg.K) 2100
stearic acid 3 thermal conductivity (W/m.K) 0.8
antioxidant 2
accelerator 4

1(a). This is a 4 mm thick specimen whose sides are slightly curved to ensure a higher

local deformation state in the gauge section. A 2 mm long crack is initiated with a

razor blade at the center of the specimen before testing. Two metallic inserts have

been bonded at the top and bottom of the elastomeric material to be able to grip the

specimen in the testing machine. The specimens are then prepared for temperature

measurements. The surfaces are slightly polished and cleaned. They are considered

sufficiently flat and plane to generate an emissivity close to one. Carbon black fillers

(34 phr, see Table 1) make surfaces naturally black, so no special surface preparation

is required.

Loading and measurements

Three different specimens have been tested under uniaxial cyclic loading using a 15 kN

MTS testing machine. The signal is sinusoidal and the loading frequency fL is set to

0.5 Hz. The stretch ratio λ is defined by the ratio between the maximum and the initial

lengths. It varies between 1.03 and 1.67. Such a stretch ratio level is usually applied to

rubber specimens subjected to cyclic loading [6]. In order to avoid the Mullins effect

[21], specimens are previously tested under the same loading conditions and over 10

cycles.

Temperature measurements are performed at ambient temperature with 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 fa is 150 Hz. The data sheet provided by the manufacturer

of the camera provides a noise equivalent temperature difference (NETD) of 20 mK
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for a temperature range of 5 − 40 degree C. It has been checked through some simple

experiments that the actual thermal resolution exhibits the same order of magnitude.

In order to ensure that the internal temperature of the camera is optimal for performing

the measurements, it is set up and switched on for one hour before the experiment.

The stabilization of the temperature in the camera is necessary to avoid any drift of

the measurements during the test.

Since the specimen undergoes large deformations, any given material point at its

surface clearly moves during a loading cycle while the zone captured by the detector

array of the infrared camera remains unchanged. The smaller the distance to the fixed

grip, the greater the amplitude of this displacement. A key issue is to establish the cor-

respondence between the geometry of the coupon at any stage of the loading and the

reference geometry to be able to analyze and process correctly the temperature maps

at different loading amplitudes. It seems that constructing a suitable motion compen-

sation technique in the context of mechanical testing and temperature measurement

using an infrared camera has only seldom been addressed in the literature. Sakagami et

al. [11] recently proposed two techniques. The first one consists in installing a brindled

pattern with different infrared emissivities on the coupon. Displacements and deforma-

tions on the surface are obtained by processing these brindled patterns with a digital

image correlation software. The second technique does not use any brindled pattern.

Visible images are taken simultaneously by a digital camera and an infrared camera.

The images captured by the first camera are processed with a suitable digital image

correlation software to provide the displacement field whereas the IR camera directly

displays the temperature field. It seems however that these two techniques have been

developed for smaller strain amplitudes than those given in the current work.

The procedure developed in the present study is somewhat different. The idea is

to track a limited number of material points during their displacement. These points

are in fact reflective spots that are plotted on the rubber surface before testing with

a Pilot G-1 0.7 gold pen. The spot density is adjusted in such a way that the spot

density increases as the expected strain gradient increases. This density is a trade-

off between two phenomena: the higher the density, the better motion compensation

within the high-gradient zones, but the lower the surface of measurement. Indeed, the

measurement performed at the spot surface is not considered in this analysis. Far from

the crack, the distance between the reflective spots is about 4 mm (see Figure 1(a)).

The spot density is higher around the crack. Due to the difference of emissivity between

ink and plain elastomer, reflective spots clearly appear on the temperature map. Their

area is about 2 pixels × 2 pixels. Reflective spots are considered small enough to avoid

a significant loss of pixels used for processing the temperature fields.

Two main zones are investigated in this work. Their location and size are shown in

Figures 1(b) and 1(c). The first zone enables us to observe the surface of the specimen

when the maximum stretch ratio (1.67) is reached. The second zone focuses on the

area around the crack. Here, the spatial resolution is the size of the surface observed

by any pixel. This depends on the magnification of the objective, and therefore on the

size of the zone under investigation. For zones 1 (the whole surface) and 2 (the zone

surrounding the crack), it is equal to 219 and 131 µm respectively.
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(a) (b)

(c)

Fig. 1 Specimen geometry and domains #1 and #2
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Characterization of time constant τ

The time constant τ involved in equation (6) can be determined experimentally. This

constant depends on the convection phenomenon which defines the heat exchange at

the interface with the ambient air. In the present case of large cyclic displacements, it

can be assumed that the convection coefficient h appearing in equation (9) varies along

the surface of the sample. This coefficient depends on the distance from the fixed grip

since the velocity in the ambient air also varies along this direction. The convection

coefficient h is expected to be lower near the fixed grip than near the moving grip. The

loading is cyclic, so h also depends on time.

As a first approach and in order to focus on the postprocessing technique, it is assumed

Fig. 2 Temperature vs. time. Experimental curve and exponential fitting

here that parameter τ is a constant which is measured when the specimen is static. The

following procedure is used for measuring this quantity. First the specimen is cooled

while resting for thirty minutes in a refrigerator. It must be pointed out that one of

the ends of the specimen is fixed to a support made of a thermal insulating material.

The specimen and its support are then removed from the refrigerator and temperature

fields are captured during the return to thermal equilibrium at ambient temperature.

Conduction between specimen and support is reduced thanks to the nature of the

constitutive material of the support. Figure 2 presents a typical temperature evolution

for a given point of one of the specimens. As shown in this figure, this curve can be

reasonably fitted by the following exponential function:

T = Tamb + (Tinit − Tamb) e
−t

τ (10)

where Tamb is the ambient temperature and Tinit is the initial temperature (for t = 0).

τ is identified during the last stage of this heating phase (1 degree C range) to obtain

a quantity which is as representative as possible of the actual testing conditions of

the specimen when subjected to cyclic loading. This quantity has been measured at

four different points. The scatter is low and the mean value is τ = 345 s. The tests

performed on the other two specimens led to similar values.
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Data post-processing for large displacement cases

Motion compensation technique

The main objective of the post-processing technique described in this section is to

calculate the left-hand side of equation (9) by processing the experimental data.

At this stage, two configurations must be clearly distinguished: the reference ge-

ometry and the current one. In our case, the reference is a situation for which slight

preloading is applied to the specimen to avoid any local buckling. Calculations are

carried out in the current configuration whereas results are displayed in the reference

one.

As explained above, the large displacements undergone by the specimen do not

allow direct calculation of heat sources in the reference geometry since a given ma-

terial point plotted in the reference geometry does not match its counterpart in the

deformed configuration when observed through the infrared camera, especially away

from the fixed grip. Consequently, a given pixel of the IR detector matrix does not

correspond to the same material point plotted during the deformation of the specimen

surface. The objective is then to track the material points before calculating the left-

hand part of equation (9). A suitable algorithm is developed using the Matlab package

and a ’reshaping’ operation of the temperature maps is performed. For this purpose,

the procedure is illustrated by some schematic views in Figure 3. It relies on the fol-

lowing steps:

Step 1: As explained above, the reference geometry is the undeformed geometry. As

a result, all temperature maps will be reshaped and displayed in this given geometry.

The spots plotted on the specimen surface are visually localized. From a practical point

of view, the co-ordinates of the center of each spot are considered as the co-ordinates

of the spot itself. In the following, the line and column indexes of a spot center in the

320 × 240 matrix are denoted ispot low and jspot low respectively (see Figure 3(a)).

Step 2: The spots are then tracked during the cyclic loading. For the sake of simplicity,

their locations are interpolated between the lowest and highest imposed displacements.

Substep 2.1 : The spots at the highest imposed displacement are localized by hand

on the screen and recorded. The line and column indexes of this spot are denoted

(ispot high, jspot high) (see Figure 3(b)).

Substep 2.2 : At a given time tk, the displacement of the spot from the reference geom-

etry is obtained using a sine function as a first approximation since the applied loading

is a sinusoidal function of time. Thus

8

>><

>>:

∆ispot =
ispot high − ispot low

2
+

ispot high − ispot low

2
sin

„

2πfL
tk − ϕ

fa

«

∆jspot =
jspot high − jspot low

2
+

jspot high − jspot low

2
sin

„

2πfL
tk − ϕ

fa

«

(11)

where ϕ is the time shift of the reference image, fL is the loading frequency and

fa is the acquisition frequency of the IR camera. For a given value tk, the location of

the spot centers is obtained as follows:
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(a) step 1: choice of the reference geometry

(b) step 2: choice of a current geometry at time

tk

(c) step 3: determination of the displacement field

(d) step 4: temperature evolution map plotted in

the reference geometry

Fig. 3 Motion compensation processing
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(

ispot = ispot low + ∆ispot

jspot = jspot low + ∆jspot
(12)

Step 3: For a given time tk, the displacement at any pixel (i, j) of the IR detector

matrix is sought. This displacement is obtained by interpolating the displacements of

the spots using a finite element approach where the nodes are the spot centers. The

specimen is then meshed with triangular T3 elements using the Delaunay procedure

[22]. The spots recorded from the picture are the nodes. The (∆i, ∆j) displacement is

deduced at each pixel (i, j) from the displacement (∆ispot,∆jspot) of the nodes using

linear shape functions [22] (see Figure 3(c)).

Step 4: At any time tk, the temperature value measured at any pixel (i, j) is shifted

to the pixel (i ref, j ref) of the reference geometry. Thus:

(

i ref = i − ∆i

j ref = j − ∆j
(13)

The procedure described above provides the temperature evolutions in the reference

geometry(see Figure 3(d)). It must be emphasized that it has an important consequence

in terms of spatial resolution of the temperature fields. Since the surface of each finite

element changes during a loading cycle, the number of pixels included in each element

also evolves. Two cases are considered to account for this feature in the calculations.

First, several pixels (i, j) in the deformed configuration may correspond to the same

pixel in the reference geometry (i ref, j ref). In this case, the different values are simply

averaged to find the final value allocated to a given point defined in the reference

geometry. Second, certain pixels (i ref, j ref) of the reference geometry may not have

any allocated temperature, thus leading to some voids in the temperature map. This

appears for instance when the area of a given finite element is smaller in the current

geometry than in the reference geometry. It has been presently decided to fill in these

’blanks’ with the average of the surrounding non-empty pixels. The eight adjacent

pixels are used for this purpose.

The calculation of heat sources relies on the temperature variations θ (see equation (9)).

A specific procedure when substracting the reference temperature T0 (see equation (7))

must be used because the IR detectors of any matrix array camera feature a slight non-

uniformity. This procedure is described in detail in the following section.

Influence of the IR detector matrix non-uniformity

It is well known that a matrix of IR detectors is characterized by a non-uniformity

in terms of gain and offset. The impact of this non-uniformity can be limited by per-

forming a so-called Non-Uniformity Correction (NUC). A so-called offset correction

is performed for this purpose. It consists in allocating the same encoded tempera-

ture to the pixels by modifying the offsets while capturing a thermal scene which is

assumed to be homogeneous. Whatever the result of the NUC operation, the tempera-

ture maps are ’altered’ by an additional non-uniform temperature distribution H due

to a halo. As shown in Figure 4, its amplitude is about a few tenths of a degree. It



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

12

has been verified that if the camera used for performing the experiment is running for

more than one hour before starting the test, this field remains approximately constant:

H(i, j, tk) = H(i, j). This property is very useful for small displacements of the ma-

terial points since subtracting the reference temperature field T0 does not affect the

temperature variations θ. Let us now examine the consequence of the non-uniformity

of the IR detector matrix in the present case of large displacements.

Fig. 4 Temperature distribution due to H

At a given material point M located at pixel denoted (iref , jref ) in the initial temper-

ature field, the temperature is the sum of the actual temperature T0 (iref , jref ) and

some small additional value H (iref , jref ) due to non-uniformity. Thus, one can write:

T0 camera (M) = T0 (iref , jref ) + H (iref , jref ) (14)

At time tk, the same material point is located at a new pixel (i, j). The motion

compensation technique described above gives the link between (i, j) and (iref , jref ).

Its temperature provided by the camera at time tk can also be split in two parts denoted

T and H :

Tcamera (M) = T (i, j) + H (i, j) (15)

Substracting equation (15) and equation (14) to obtain the temperature variation

from the camera data leads to:

Tcamera (M) − T0 camera (M) = θ(M) + H (i, j) − H (iref , jref ) (16)

where θ(M) = T (i, j)−T0 (iref , jref ) is the actual temperature variation of a given

material point M . So equation (16) proves that the following inequality is verified in

the general case:

Tcamera (M) − T0 camera (M) 6= θ(M) (17)
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The actual difference between θ(M) and Tcamera (M) − T0 camera (M) is equal to a

few tenths of a degree. This is a problem if actual thermal scenes of the same order of

magnitude are processed. The calculation of heat sources relies on the measurement of

the actual temperature variations θ at each time. It is therefore proposed to subtract

field H from reference field T0 camera and from any other temperature map Tcamera

before launching the motion compensation technique described above. In practice, field

H is captured before performing the mechanical test on a black body at ambient

temperature, with the IR camera running for more than one hour before capturing

the temperature fields. More precisely, a one-second sequence at acquisition frequency

fa = 150 Hz is captured and the 150 images are averaged to obtain a filtered field.

Application to a rigid-body motion

A first test is performed on a specimen subjected to rigid-body displacement. One side

of the specimen is fixed in the moving grip and the other side remains free. The moving

grip describes a cyclic linear translation whose amplitude is 29.45 mm. A temperature

gradient of about 6 degrees C is generated within the specimen using a frozen steel

block placed on the free side. The temperature field is measured by the IR camera. It

is assumed that the temperature field in the specimen does not change during a short

acquisition time of a few seconds. The motion compensation technique is applied to

obtain the temperature evolution at each material point. No heat is produced by the

material during its rigid-body motion. Thus, no temperature variation is expected once

the post-processing method is applied. The results obtained are shown in Figure 5. In

this figure, temperature variations θ are plotted for three different cases. In each case,

the considered temperature of one material point is obtained by averaging tempera-

tures over a zone of 9 pixels. The first curve (curve a) shows the temperature variation

obtained without applying the motion compensation technique. At a given time, the

temperature of one given material point is measured in the zone of 9 pixels. The mate-

rial point moves whereas the measurement zone remains fixed. Thus, the temperature

measured in this zone is the temperature of a set of material points whose temperature

is different. The second curve (curve b) represents the temperature variation of the

zone discussed above when the motion compensation technique is applied without sub-

tracting the H field. The temperature variation calculated by the program is different

to zero, so this quantity does not correspond to the actual temperature variation of the

material point. As shown in the last case (curve c), applying the motion compensation

technique that takes into account the influence of the H field leads to temperature

variations lower than 0.04 degree C. This quantity is considered as small enough to

validate the processing.

Numerical implementation and calculation of the heat sources

This section describes the numerical calculation of the left-hand side terms in equa-

tion (9) once the procedure described above is applied.

Absorption term ρCE,Vk

∂θ
∂t . This involves the calculation of a first-order derivate with

respect to time. It is approximated at each pixel (iref , jref) using the following finite

difference scheme:
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Fig. 5 Temperature variation in a given measurement zone. Curve a: without motion compen-
sation processing; curve b: with a motion compensation where the H field is not subtracted;
curve c: with a motion compensation where the H field is subtracted

∂θ

∂t
(iref, jref, tk) ≈

θ (iref, jref, tk + p) − θ (iref, jref, tk − p)

2p × ∆t
(18)

where p is the half-width of the temporal window and ∆t is the time step. The temporal

window is defined by the number of successive pictures used to perform the temporal

derivation. Because of noise, parameter p is set at 4 in the present case to smoothen

the result. Preliminary numerical tests which are not given here have shown that this

value is optimal.

Heat exchange with ambient air ρCE,Vk

θ+T0−Tamb

τ . This term is obtained at each pixel

(iref, jref). It is simply equal to:

ρCE,Vk

θ (iref, jref, tk) + T0 (iref, jref, tk) − Tamb

τ

If the amplitude of temperature variation is considered to be equal to some tenths of

a degree, the order of magnitude of ∂θ
∂t is 0.1

1 second for a loading frequency equal to

0.5 Hz. The order of magnitude of θ+T0−Tamb

τ is roughly equal to 0.1C
345 seconds . As a

result, it can be easily checked that the heat exchange with ambient air is negligible

compared to the absorption term.

In-plane heat conduction k ∆2Dθ. A finite difference scheme is used for the two terms

of the laplacian operator:

∆2Dθ (iref, jref, tk) =
∂2θ

∂x2 (iref, jref, tk) +
∂2θ

∂y2 (iref, jref, tk) (19)

The present approach considers the temperature variations θ in the current ge-

ometry. Since this quantity has been transferred in the reference geometry thanks to

the above data processing method, the usual three-point discretization with constant

spatial increments cannot be used here. Once the motion compensation procedure is
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applied, the ∆x (as well as ∆y) increment is not constant in the reference geometry.

The following equations are preferred in this case:

8

>><

>>:

∂2θ
∂x2 (iref, jref, tk) =

2 θ (iref−m,jref,tk)
∆x−(∆x−+∆x+)

−
2 θ (iref,jref,tk)

∆x− ∆x+ +
2 θ (iref+m,jref,tk)
∆x+(∆x−+∆x+)

∂2θ
∂y2 (iref, jref, tk) = 2 θ (iref,jref−n,tk)

∆y−(∆y−+∆y+)
− 2 θ (iref,jref,tk)

∆y− ∆y+ + 2 θ (iref,jref+n,tk)
∆y+(∆y−+∆y+)

(20)

where m and n are the half-widths (in pixel) of the spatial windows along the x-

and y-directions respectively. The spatial window is defined by the number of pixels

used to calculate the spatial derivation. The distances from the central pixel (iref, jref)

of the window in the current geometry are denoted ∆x−, ∆x+, ∆y− and ∆y+. The

numerical procedure to obtain the above quantities is not detailed here.

The weight of the in-plane heat conduction on the total sources s is estimated at

each pixel by calculating the following ratio denoted R:

R =
k |max(∆2Dθ)|

ρ C
˛
˛
˛max(∂θ

∂t ) − min(∂θ
∂t )

˛
˛
˛

× 100 (21)

The following section presents the results obtained in domains #1 and #2 defined

in Figure 1. In both cases, it has been observed that ratio R is very small. The in-

plane conduction term is negligible compared to the absorption term: less than 1% for

most of the specimen and less than 1.5% around the crack. Consequently, this term is

ignored in the following sections.

Results

The procedure described above is now applied to the determination of the heat sources.

Representative results from one of a series of three specimens are presented here. In

this section, results obtained in domains #1 and #2 are presented (see Figures 1(b)

and 1(c)). The first one enables us to observe the whole specimen up to its maximum

stretching.

Domain #1: whole surface

The post-processing method is used to track the material points and their temperature

variation during cyclic loading. Then, variations of temperature can be plotted in the

reference geometry. Here, the spot size is small, so the emissivity difference between

spots and substrate does not disturb the temperature measurement of the substrate

itself. Seven zones are considered along the surface of the specimen. They are defined

in practice by 3 × 3 = 9 pixels. Figure 6 shows that each zone is equidistant from the

others and from the metallic inserts. The temperature reported here is the average

temperature of the seven zones.

Three main conclusions can be drawn from this figure:
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Fig. 6 Temperature variations versus time for 7 zones along the specimen

– The thermal response of the material is not strictly sinusoidal, especially for very

small strain amplitudes which correspond to the smallest temperature variations in

Figure 6. This is due to a well-known phenomenon in elastomeric material for very

small strain amplitudes [23, 24]. In fact, the thermal response is caused by two types

of coupling, namely the thermoelastic and the isentropic couplings. Thermoelastic

and isentropic couplings are either first or second order phenomena, depending on

the deformation level. For example, a small increase of the deformation from the

undeformed state induces a temperature decrease. This is a consequence of the first

order thermoelastic effects in this range of deformation. However, if the deforma-

tion is large enough, the isentropic coupling becomes greater than the thermoelastic

coupling. It induces a temperature increase. A minimum is obtained in the ther-

mal response curve when the two coupling phenomena exhibit the same order of

magnitude. This phenomenon may be referred to as thermoelastic inversion [24].

– The maximum temperature variation in zones 3, 4 and 5 is greater than the tem-

perature variation in zones 1, 2, 6 and 7 at any time. The maximum temperature

is obtained for zone 4. This is simply due to the fact that the gauge section is the

most stretched one, thus leading to the highest temperature variation in this zone.

– For the same stretch ratio level, the temperature of zones 1 and 7 on the one hand,

and the temperature of zones 2 and 6 on the other hand, are different. This is due

to the moving grip whose temperature increases during fatigue tests.

The latter result illustrates that the temperature is not actually a relevant indica-

tor of the thermomechanical response of materials because of the parasitic phenomena

such as conduction between grips and coupon. Heat sources are more suitable quan-

tities, as already mentioned by Chrysochoos [18]. To illustrate this, heat sources are

calculated at each material point and for each different time.

The results obtained are presented in Figure 7. For the sake of simplicity, only the

results obtained for zone 3 are plotted. Other zones exhibit a similar response. In this

figure, the stretch ratio, the temperature variations and the heat sources are plotted

versus time. It is to be noted that the stretch ratio considered here is a macroscopic

quantity (λmacro), i.e. it is calculated from the displacement of the moving grip. Calcu-



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

17

(a)

(b)

(c)

Fig. 7 Stretch ratio, temperature variations and heat sources vs time. Zone 3

lation performed by the Finite Element Method has shown that the microscopic stretch

ratio(λmicro) reaches 1.14 and 5 at the crack tip while λmacro is equal to 1.03 and 1.67

respectively. The following conclusions can be drawn:

– as expected, the heat sources are almost equal to zero when the strain rate defined

by
dλ

dt
is zero.

– as explained above, temperature variations in Figure 7(b) are not strictly sinusoidal.

For small strain amplitudes (λ < 1.1), a short plateau may be observed. It is related
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to the thermoelastic inversion which takes place when both the thermoelastic and

the isentropic phenomena exhibit the same order of magnitude. The thermoelastic

inversion does not clearly appear in the curve in Figure 7(b), but a significant

change in slope is observed in Figure 7(c), at about λmacro = 1.1.

The results presented in this section show that the method developed here allows to

track material points and to calculate heat sources produced at each of these material

points and at any time. Moreover, when the whole specimen surface is considered, the

spatial resolution around the crack is not sufficient to perform the calculation. Conse-

quently, a new analysis of certain zones surrounding the crack (domain #2) has been

performed using a better spatial resolution. The results obtained are presented below.

Domain #2: zone surrounding the crack

The same method as above is applied here. The purpose is to show that the proposed

motion compensation technique allows us to assess the heat sources from the tem-

perature field measurement around the crack which features more significant strain

gradients. Similarly to the previous analysis, the reflective spots located around the

crack are tracked during the material deformation. The temperature of any material

points are then deduced. Seven zones are chosen to present the results in the vicinity of

the crack. Figure 8 shows the location of the seven zones and their temperature evolu-

tion. Processing the temperature fields using the procedure described above shows that

temperature evolutions in zones 3, 4 and 5 are quite different from their counterparts

obtained in zones 1, 2, 6 and 7. Zone 3, 4 and 5 are located near the crack tip, i.e. in

a high-stretched area, whereas zones 1, 2, 6 and 7 are located in low-stretched zones.

The temperature variations in zones 1 and 7 as well as zones 2 and 6 are quite similar.

This can be explained by the symmetry of the crack and by the fact that the zones

are close to each other. Moreover, the temperature evolution in zones 1 and 7 (i.e. the

less stretched zones), clearly highlights the thermoelastic effects discussed above. This

phenomenon does not appear in zones 3, 4 and 5 in which the minimum strain level is

higher. As explained above, as λmacro varies between 1.03 and 1.67 at the macroscopic

scale, λmicro varies between 1.14 and 5 at the crack tip. It is worth noting that the

temperature amplitude in zone 4 is lower in Figure 6 than in Figure 8. This is due to

the higher strain level in this zone in the latter case. On the other hand, temperature

variations are different between the two cases (here, lower in the second case). This

is simply due to the fact that the two measurements have not been performed at the

same time during the test.

Figure 9 is the temporal plot of the macroscopic stretch ratio λmacro, the temper-

ature variations and the heat sources in zones 1 and 5. As expected, the maximum

value of the heat sources is obtained in the crack tip zone (illustrated by zone 5 here).

This observation is in agreement with the high stretch level in this zone. Due to the

high strain rate, the evolution of heat source in this zone is similar to the evolution of

zone 3 in the previous analysis. The fact that the thermoelastic inversion is correctly

described in zone 1 is due to:

i- the very low strain rate which allows a correct sampling of the signal;

ii- the minimum stretch ratio reached during one cycle which is close to one, i.e. below

the value of the stretch ratio at which the thermoelastic inversion occurs. This value
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Fig. 8 Temperature variations vs time for 7 zones located around the crack tip

is referred to as λti in the following. It is equal to 1.06 according to common values

found in the literature (see for example ref. [25]).

On the other hand, in zone 5, FE simulations have shown that the minimum stretch

ratio during one cycle does not reach one, but a quantity that remains slightly greater

than λti. As a result, the slope of the heat sources decreases, but does not reach zero.

Finally, Figure 10 shows an example of the heat sources map in the zone surrounding

the crack tip (λmacro = 1.3, during unloading). As may be seen, the crack is slightly

open because of the preloading. In this figure, it clearly appears that the maximum

value in terms of heat absorption is obtained at the crack tip and that a high gradient of

heat sources is observed when going from the crack tip to the bulk material. Moreover,

heat sources are close to zero in the low-stretched areas on both sides of the crack.

Conclusion

A motion compensation technique has been developed in this study. It enables us to

track the temperature variation of any material point subjected to large displacements.

A first analysis carried out on elastomeric material at a large scale corresponding to the

whole sample surface highlights the competition between thermoelastic and isentropic

couplings. Both of them contribute to the thermal response of this type of material. A

second analysis is performed with a refined spatial resolution in the domain surrounding

the crack. A map of heat sources around the crack is obtained using the procedure.

It is observed that the heat source density is highest near the crack tip whereas no

heat sources are detected along the crack lips, close to the free boundary. The main

perspective is to go further in terms of spatial resolution in order to investigate more

closely the crack tip and to track crack propagation during the fatigue test.
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Fig. 9 Temporal plot of stretch ratio, temperature variations and heat sources in zones 1 and
5
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