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Combining thermal and kinematic full-field measurements at the same time is gaining widespread acceptance in the community

involved
 
in

 
the

 
thermomechanical

 
character-ization

 
of

 
materials.

 
However,

 
obtaining

 
such

 
attractive

 
information

 
in

 
the

 
case

 
of

 
elas-

tomers
 
for

 
which

 
large

 
deformations

 
occur

 
raises

 
specific

 
experimental

 
issues

 
which

 
are

 
addressed

 
in

 
this

 
paper.

 
The

 
problem

 
arises

 
in

 

mapping
 
both

 
the

 
thermal

 
and

 
the

 
kine-matic

 
quantities

 
in

 
the

 
same

 
reference

 
coordinate

 
system

 
in

 
order

 
to

 
write

 
properly

 
the

 
heat

 

diffusion
 
equation.

 
This

 
equation

 
provides

 
heat

 
sources

 
which

 
constitute

 
a

 
relevant

 
quantity

 
in

 
the

 
framework

 
of

 
thermomechanics.

 
The

 

procedure
 
is

 
presented

 
and

 
the

 
underlying

 
practical

 
difficulties

 
are

 
detailed.

 
It

 
is

 
then

 
applied

 
in

 
the

 
case

 
of

 
a

 
specific

 
test

 
performed

 
on

 

a
 
so-called

 
three-branch

 
specimen.

 
Finally,

 
the

 
obtained

 
strain

 
and

 
heat

 
source

 
distributions

 
are

 
briefly

 
discussed.

1. Introduction

Full-field measurement techniques have recently spread

in the experimental mechanics community. Some of these

techniques enable their users to measure displacement and

strain fields that occur in specimens subjected to a given test.

Concerning elastomers, digital image correlation is probably

the most suitable technique thanks to its ability to track

points of the surface of specimens undergoing large defor-

mations [1–3]. Another technique, termed infrared ther-

mography, provides another field: the temperature variation

field measured at the surface of specimens subjected to

mechanical loads. These temperature variations can be due

to various phenomena, including thermo-mechanical

couplings. Temperature variations provide interesting infor-

mation, but heat sources are an evenmore relevant quantity.

Indeed, the temperature field is influenced by conduction as

well as heat exchangewith ambient air and grips. In practice,

heat sources are deduced from the temperature variation

fields using a numerical strategy based on a heat equation.

Both types of technique are generally used alone but

there is an increasing interest in combining them. Themain

reason for this is the fact that strain and temperature or

heat sources are often coupled and involved in advanced

constitutive equations describing the thermo-mechanical

response of materials, (see for instance [4] for elasto-

mers). However, to the best of our knowledge only prob-

lems dealing with small strain amplitudes have been

generally presented in the literature (see [5–8] for

instance). Calculating heat sources in large deformations

has been addressed in [9] but in that study only one IR

camera was employed and a limited number of reflective

points were tracked in infrared images during the test.
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The aim of the present paper is mainly to tackle

specifically the issue of two types of measurements:

displacement and temperature variations during the same

test. The reason for this is that a certain number of prob-

lems arise in practice when both types of measurements

are combined to obtain strain and heat sources maps in the

same configuration. They arise in light of the fact that large

deformations occur, that each type of camera features

a sensor with a different size, that physical points of the

specimen surface move during a test whereas the grid of

measured points does not, that two configurations are

involved (the reference and the current ones), and that

numerical differentiation is needed to deduce strain and

heat sources from the measurements.

The methodology is first presented in detail. It is then

used to construct and to analyse the displacement, strain,

temperature variation and heat source fields that take place

in a three-branch specimen of complex shape subjected to

a test presented recently in [10] for purposes of identifi-

cation of constitutive parameters by processing heteroge-

neous strain fields.

2. Methodology

2.1. Calculation of heat sources

The aim of this section is to recall how to calculate heat

sources in the Lagrangian configuration. Indeed, calculating

the same quantity in the Eulerian configuration is really an

issue because it requires more numerical calculations for

the temporal differentiation of the temperature variation

field, for the conduction term and for the description of the

temperature field in the reference configuration in any

deformed state considered, i.e. in any thermal image. In the

following, the Lagrangian heat sources are calculated at any

point of the specimen surface. For this purpose, the3D

formulation of the heat diffusion is simplified using some

assumptions that are briefly outlined here. The reader can

refer to [3,11] for further information.

Considering the first and second principles of thermo-

dynamics and assuming that Fourier’s law is used to model

heat conduction, the tridimensional heat diffusion equa-

tion can be written as follows:

rCE
_T � divðKgrad TÞ � r ¼ s (1)

where r is the density, CE is the specific heat at constant E,

which is ameasure of the deformation. r and CE are assumed

to by constant during deformation. K is the thermal conduc-

tivity tensor measured in the undeformed state, and r is the

Lagrangian external heat source. The right-hand side s of Eq.

(1) represents the heat sources produced by the material

itself. It is composed of two terms that differ in nature:

� the thermomechanical couplings – For elastomeric

materials, the heat sources due to thermomechanical

couplings can be split into two terms: the effect of

thermoelastic couplings [12] and the effect of micro-

structure changes such as crystallization (if any);

� the intrinsic dissipation, also termed mechanical dissi-

pation (to be distinguished from the thermal dissipation

in the Clausius-Duhem inequality) – This is due to

mechanical irreversibilities such as viscosity or fatigue

damage for instance.

Assuming that heat conduction can be considered as

isotropic, Eq. (1) can be rewritten as follows:

rCE
_T � kDT � r ¼ s (2)

where D is the Laplacian operator and k the conductivity

coefficient which replaces the thermal conductivity tensor

K in the case of isotropy. Assuming that the specimen is flat,

integrating the heat diffusion Eq. (2) over the specimen

thickness and using the temperature variation leads to the

following bidimensional formulation of the heat diffusion

equation [13]:

rCE

�

_qþ
q

s

�

� kD2 Dq ¼ s (3)

where D2D is the two-dimensional Laplacian operator. s is

a time constant which characterizes the heat exchanges by

convection with ambient air in the direction perpendicular

to the specimen plane. Assuming that the exchanges by

convection are simply proportional to the temperature

variation q, this quantity is defined by:

s ¼
erCE

2h
(4)

where e is the specimen thickness, h is the convection

coefficient. As a first approximation, s is considered here as

a constant. Its value can be estimated from simple tests of

natural return to room temperature. In the present study, it

value is equal to 30 s. It must be noted that the heat sources

classically expressed in W$m�3 can also be expressed in
�C$s�1 by dividing the heat sources by r CE. This last unit is

often considered to be more suitable for interpreting the

heat source. Thus, Eq. (3) becomes:

dq

dt
þ
q

s

� DD2Dq ¼
s

rCE
(5)

where D is the thermal diffusivity which is equal to k=rCE .

For elastomers, the order of magnitude of D is very low. As

a consequence for a short duration test, the conduction

term is negligible in Eq. (5). Hence, the simplified heat

equation diffusion used in the present study writes as

follows:

dq

dt
þ
q

s

¼
s

rCE
(6)

A motion compensation technique is required to calcu-

late heat sources from Eq. (6). This compensation allows

us to associate a displacement and a temperature at any

point of the surface of a specimen in the reference

configuration, chosen here to be the undeformed state.

This motion compensation technique is presented in

Section 2.2 and is used for determining the temperature

field variations q.
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2.2. Motion compensation technique

The objective here is to explain in detail how thermal

maps that are measured in the deformed configuration are

mapped in the reference configuration.

� Step 1: the starting point is the fact that two back-to-

back cameras are employed. Assuming digital image

correlation is used to measure the displacement/strain

fields, the CCD camera captures the grey level distribu-

tion on one of the two faces of the specimen. Processing

the image of the grey level distribution on the deformed

and reference surfaces enables one to deduce the

displacement field. This displacement is generally

known at the centre of each element of a regular mesh,

each element being the so-called zone of interest (ZOI)

over which correlation between the current and the

reference image is calculated. The size of each ZOI is

a few pixels, so the displacement field is not determined

at any pixel of the sensor of the camera, but at a much

lower number of points which is equal to the number of

ZOIs. With most digital image correlation (DIC) soft-

ware, this displacement field can be represented either

in the current or in the reference configuration.

The second camera is an infrared camerawhich captures

the temperature variation distribution on the opposite face.

These data are, therefore, known for the current configu-

ration. The sensors of these cameras do not capture exactly

the same scene, so the first step is to know exactly the

correspondence between the two zones. The scenes must

therefore be chosen in such a way that they share

a common feature (for instance at least a particular point of

the specimen edge), so it is then possible to localize one

scene with respect to the other. Second, it is necessary to

know the dimension of the pixels of each of the sensors.

This calibration can easily be performed, for instance by

dividing the actual initial width of the specimen (assuming

the whole width is seen by both cameras) by the number of

pixels of each of the sensors;

� Step 2: each displacement scene being now localized

with respect to the corresponding thermal one, the

second step is to consider the displacement field, which

is known over a certain grid. The pitch of this grid is the

size of the ZOI, which is often equal to several pixels of

the CCD camera. This grid can either be known in the

reference or the deformed coordinate system but it is

generally different to that of the infrared camera. In

practice, since DIC is performed on ZOIs the dimensions

of which are greater that the pixel of the infrared

camera, the next step is to interpolate the displacement

field in such a way that this quantity becomes known

over the same grid as that of the infrared camera. This is

performed on the displacement field known on the

current coordinate system. In practice, usingMatlab [14]

in this study, this can be simply done by using, for

instance, the griddata function. Fig. 1a and b represent

a typical example of a portion of the displacement field

plotted on the deformed grid given by the DIC system,

and Fig. 1c and d the same field mapped on the thermal

grid. The deformed grid given by the DIC system is also

interpolated on the thermal grid. Finally, the unde-

formed grid mapped on the thermal grid is obtained by

subtracting the displacement field interpolated on the

thermal grid from that interpolated on the deformed

thermal grid.

� Step 3: the last step is to plot the temperature field in

the reference coordinate system, since at this stage both

the current and the initial temperatures are known in

the current coordinate system. The reason for this is that

the infrared camera sensor remains fixed, whereas the

physical points of the front face where the temperature

measurement is performed move during the test. Since

both the temperature and the displacement fields are

known exactly on the same grid thanks to the preceding

Fig. 1. Example of a displacement field: a) and b) obtained with displacement grid, c) and d) interpolated on the thermal grid.
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step, this newmap is obtained by combining both fields.

Fig. 2a presents an example of a portion of the

temperature field in the deformed configuration. This

temperature field is then mapped in the reference

coordinate system (Fig. 2b). It is worth noting here that

the initial shape of this zone is a rectangle since this

information is known over the sensor grid of the

infrared camera, but it is not a regular grid anymore

after application of this procedure. It is, therefore,

necessary to interpolate again this result in such a way

that it becomes known over the same regular grid as

that of the displacement field, as illustrated in Fig. 2c. It

can be seen that the interpolation causes a slight

smoothing of the temperature field. The dotted line in

Fig. 2c corresponds to the border of the zone presented

in Fig. 2b to show that. The temperature fields in the

adjacent zones must be known to reconstruct the

temperature field in a regular rectangle.

� Step 4: the same procedure as above is applied to the

reference temperature field. The temperature field

variations q is, therefore, known in the undeformed

configuration by simply subtracting both the current

and the initial temperature fields. This is possible since

both are now known over the same grid.

Fig. 2. Example of temperature field in: a) deformed configuration, b) undeformed configuration and c) undeformed configuration interpolated on a regular grid.
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3. Application to the three-branch test

The objective now is to illustrate the procedure

described above to construct the strain, displacement,

temperature variation and heat source fields in the same

configuration. These fields, which are rather complex, are

then discussed.

3.1. Material and experimental setup

The material considered here is a carbon black filled

natural rubber (CB-NR). The three-branch specimen was

initially developed in a previous work to induce tensile,

compression and equibiaxial tension [10]. The corre-

sponding experimental setup is shown in Fig. 3. One can

distinguish two back-to-back cameras: a CCD camera and

an IR camera. The geometry of the specimen is presented in

Fig. 4. In practice, branches 1 and 2 (see Fig. 4) of the

specimen were fastened to the grips of a conventional

testingmachine, whereas branch 3 (see Fig. 4) was fastened

in a specific grip aligned in the horizontal direction. The

specimen geometry was 2 mm thick, 52 mm long, and the

branches were 20mm inwidth. This geometry corresponds

to the undeformed state of the specimen, which is

considered as the reference configuration in the present

study. It is also depicted in Fig. 5a, which corresponds to the

undeformed specimen. Branch 1 being clamped, the

loading was applied by prescribing a displacement along

the vertical axis defined by branches 2 and 3.

3.2. Loading conditions

The test was carried out with a ’MTS 858 Elastomer Test

System’ testing machine (see Fig. 3). Its loading capacity is

� 15 kN and that of the load cell � 1 kN. A test device

suitable for the testing machine was designed in order to

apply such biaxial loadings, i.e. to generate equibiaxial

tension and pure shear at the specimen centre, [10]. The

loading was applied in two steps (see Fig. 5):

� the first step of the test consisted of applying a 12 mm –

displacement along the y-direction and a 30 mm –

displacement along the x-direction. During this step,

images were stored with a CCD camera in order to

calculate displacement fields. Then, a 5 min pause

enabled us to ensure that the specimen returned to

thermal equilibrium before starting the next step. The

configuration obtained at the end of the first step is

referred to as the intermediate configuration in the

following (see Fig. 5b);

� the second step consisted of applying a 47 mm –

displacement along the y-direction. The displacement

rate was equal to 15.7 mm/s. This rate is significant to

guarantee sufficiently high temperature variations on

the surface of the specimen. Both the displacement and

the thermal measurements were performed simulta-

neously on two opposite sides of the specimen during

this step. At the end of the test, the corresponding global

stretch ratios were 1.85 and 2.13 along the x and y-

directions, respectively. The third configuration, which

corresponds to the current geometry at any time during

step 2, is called the current configuration. This config-

uration is illustrated by the schematic view in Fig. 5c in

a particular case: the end of step 2.

3.3. Measuring of the displacement fields

The images captured by the CCD camera were stored

using a cooled 12-bit dynamic Sensicam camera. The

images correspond to various stretch ratio levels. The CCD

sensor of the camera features 1376 � 1040 z 1.4 106 con-

nected pixels. The surface of the specimen was illuminated

by three flexible and movable light guides fed by a KL 2500

LCD cold light source which provided uniform lighting. The

DIC technique was used to measure the displacement field

on the specimen surface [15]. This method consists of

matching, before and after displacement, the brindled

pattern on a physical part of the observed surface of the

specimen termed “Region Of Interest” (ROI). The SeptD

softwarewas used for this purpose [16]. DICwas carried out

with a resolution of 0.03 pixel, corresponding to 2.9 mm,

and a spatial resolution (defined as the smallest distance

between two independent points) of 10 pixels, which

corresponds here to 975 mm. A set of sub-images wasFig. 3. Experimental set-up.

Fig. 4. Specimen geometry.
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considered to determine the displacement field of a given

imagewith respect to a reference image. This set is referred

to as the ’Zone of Interest’ (ZOI). A correlation function was

used to calculate the displacement of the centre of a given

ZOI between two images captured at different loading

steps. White paint was sprayed on the specimen surface

before testing to improve the contrast of the images.

3.4. Measurement of thermal fields

Temperature measurements were carried out with

a Cedip Jade III-MWIR infrared (IR) camera which features

a local plane array of 320 � 240 pixels and detectors with

a wavelength range of 3.5–5 mm. The integration time was

1500 ms and the acquisition frequency was set to 150 Hz.

Fig. 5. Configurations: a) reference; b) intermediate; c) current (here at the end of step 2).

Fig. 6. Heterogeneity of the test at the end of step 1 in intermediate configuration: a) loading cases, b) maximum stretch ratio lmax in the gauge section.
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The noise equivalent temperature difference (NETD) of the

measurement, in other words the thermal resolution, is

equal to about 20 mK for the temperatures observed in the

present study, which range between 5 and 40 �C. In order to

ensure that the internal temperature of the camera was

optimal for performing the measurements, it was set up

and switched on four hours before the experiment. The

spatial resolution in temperature was equal to 380 mm. This

value is equal to the pixel size projected on the specimen.

The initial temperature field was measured at the end of

the first step (intermediate configuration). It was nearly

homogeneous and equal to the ambient temperature. The

small differences with the ambient temperature are due to

the fact that the moving grip was warmer than the fixed

vertical and horizontal ones. This initial temperature field

was used to obtain the temperature variation maps during

the second step, as explained below.

3.5. Heterogeneity of the test

The heterogeneity of the test at the end of the first step

can be observed in Fig. 6, which shows the loading condi-

tions as functions of the (X, Y) coordinates defined in the

intermediate configuration obtained at the end of the first

step. In Fig. 6a, the Equibiaxial Tensile (ET), Pure Shear (PS)

and Uniaxial Tensile (UT) loading conditions correspond to

the blue, green and red colours, respectively. For the sake of

simplicity, intermediate states of stress are defined by

a colour which is a weighted average of two colours,

namely, blue and green for the loading conditions between

ET and PS, green and red for the loading conditions

between PS and UT. For such a test, the central zone of the

specimen is mainly subjected to ET loading conditions and

the zones corresponding to the three branches are mainly

subjected to UT loading conditions. The PS zone is located

within a ring-shaped zone located between the ET and UT

zones. Some additional information on the heterogeneity

induced by the test can be provided by the distribution of

the maximum stretch ratio lmax. Fig. 6b shows the

distribution of this quantity. The lowest and highest values

of lmax are equal to 1.07 and 2.09, respectively. It is

observed that the lowest values of lmax are located in the ET

zone, whereas the highest values are located in the UT

zone, near to the boundary of the specimen located

between branches 2 and 3.

3.6. Displacement field measured by DIC

Typical horizontal and vertical displacement fields

obtained at the end of the second step have been plotted in

the intermediate configuration. They are shown in Fig. 7a

and b, respectively. As explained in Section 2.2, the

Fig. 7. Displacement fields at the end of the second step in intermediate configuration: a) horizontal displacement, b) vertical displacement.

Fig. 8. Temperature variation field q at the end of step 2 in �C. The field is

plotted in the intermediate configuration for comparison purpose with the

maps presented in other figures.
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displacement fields that occur during the test are needed to

establish the correspondence between the location of the

material points of the specimen at any stage of the loading

(current configuration) and at the end of step 1 (interme-

diate configuration). It is then possible to correctly analyse

and process the temperature maps at different loading

amplitudes in the intermediate configuration. Using the

current motion compensation technique, one can analyse

temperature variation field q and the corresponding heat

sources.

3.7. Analysis of temperature variation fields

Fig. 8 shows the temperature variation field q at the end

of the loading procedure, i.e. at the end of the second step.

The lowest temperature variations are observed in branch

1. The highest values are observed in branch 2, especially at

the right-hand side boundary. The temperature variation

reaches more than 3 �C. It can be noted that this zone of

high temperature variations is mainly obtained in the

UTzone (see Fig. 6a).

The temperature variations in the specimen are the

consequence of the heat sources produced by the material

due to stretch. Steps 1 and 2 of the present test induce large

deformations of rubber. As the filled natural rubber

considered here is crystallizable, the heat source produced

by the material during step 2 is due to thermoelastic

couplings and, possibly, to stress-induced crystallization,

which is an exothermic phenomenon.

For the material considered here and for a uniaxial

tensile test (UT), the crystallization starts at lmax ¼ 1.64

[17,18]. It can be noted that this value is greater in some

zones under UT loading, for example in branch 3 of the

specimen (see Fig. 6). Consequently, the increase in

temperature is due to the effects of both the thermoelastic

couplings and the stress-induced crystallization. The

results are now analysed in terms of heat sources.

3.8. Analysis of heat sources

Fig. 9 presents the heat source maps at four times

regularly distributed along step 2: at 0, 1, 2 and 3 s. The

maps show the progressive increase of the heat sources vs.

time, especially in zone A of the specimen (see Fig. 9d).

Values of heat source in branch 1 slightly increase vs. time,

even if it is not distinguishable with the colour scale in

Fig. 9. Evolution of heat sources (in �C$s�1) during step 2. All fields are plotted in the intermediate configuration for comparison purpose with the maps pre-

sented in other figures. a) at t ¼ 0 s, b) at t ¼ 1 s, c) at t ¼ 2 s, d) at t ¼ 3 s.
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Fig. 9. However, the trend was checked. It is interesting to

compare the fields of heat sources (Fig. 9d), the loading

conditions (Fig. 10a) and the maximum stretch ratios

(Fig. 10b) at the end of step 2, especially in zone A. The heat

sources appearing in red in Fig. 9d correspond to UT

loading (Fig. 10a) and to the maximum stretch ratios

(Fig. 10b). This zone can be distinguished from others by its

heat production. Indeed, as it has already been observed in

the previous section, this result is probably due to the

effects of thermoelastic couplings and to those of crystal-

lization which occur at the same time. It can be noted that

no large increases of heat sources were detected in PS and

ET zones for the achieved stretch ratios levels. Finally, some

comments related to the zones subjected to ET, PS, inter-

mediate states and UT in branch 1 are made. Few heat

sources are significantly visible in these zones. The present

test enables us to say that the maximum stretch ratios

locally reached (see Fig. 10b) in these zones are too low to

produce an amount of latent heat detectable with the

technique used.

4. Conclusions

Measuring simultaneously the displacement, strain,

temperature variation and heat source fields on the surface

of elastomeric specimens subjected to mechanical test

provides very interesting information on their complex

thermo-mechanical responses. However, obtaining these

quantities raises specific practical problems that are

addressed in this paper. It is shown that it is possible to

map all these quantities in a given configuration, the

reference configuration, by using specific and suitable

interpolations. The procedure was then used to calculate

these fields in a three-branch specimen which sustains

a complex state of stress. Further work will deal with the

simultaneous use of these fields to identify the whole set of

parameters governing advanced models describing the

thermo-mechanical of elastomers, in the same spirit of

inverse methods based on strain or displacement fields

only (see [10] for instance).
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