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Abstract

In this work the possibility to characterize mechanical components combining thermoelastic measurement
technique (TSA) and digital image correlation (DIC) is studied. The combination of these two different
methodologies allows to analyze thermo-mechanical characteristics of materials such as plastic and rubber,
which are difficult to study with the only thermoelastic methodology. The digital image correlation allows to
determinate the first invariant of deformation €1, using a differential thermocamera. Lack of adiabatic
conditions, essential for methodology use, makes analysis not simple. Digital image correlation allows to
obtain the same information by correlating digital images acquired during static or dynamic deformationof an
object, but with limitations linked to acquisition system. An accurate analysis is dedicated to the study of first
invariant of deformation related to Young’s module variation, performed by load cycles with variable
amplitude and displacement. Comparative analysis between the two measurement methodologies has been
performed on rubber samples loaded by dynamic compression.
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1. INTRODUCTION

Thermoelasticity measurement principle is
based on thermoelastic effect, described by Lord
Kelvin in 1853 [1] that introduced the fundamental
thermoelastic law under the hypothesis of adiabatic
transformation. This law correlates the temperature
variation of a homogeneous, isotropic, linear elastic
material ~ with  his  first  stress invariant
A(cl+62+03).
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where:

a: thermal expansion coefficient;

T : absolute temperature of the component;

p : density;

Cp: thermal capacity at constant pressure;

o1+6,+03: components of the tension tensor.

The fundamental equation that relates the
variation of temperature within a homogeneous,
isotropic, linear elastic material with stress state is:
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where:

8Q: heat generated or absorbed inside the control
volume;

¢, : thermal capacity at constant volume;

;. stress tensor;

€. strain tensor;

For isotropic materials in its linear elastic field
the Lamé constant y can be expressed as:

_ o-E 3
"2 ©

where:

E : Young module;

v: Poisson module;

The Lamé constant y and thermal expansion
coefficient o can be considered, in a first
approximation, independent of temperature, then:

0.
Ty = E -5, )
aT 1-2v

Assuming T, as the temperature on the initial
state and substituting the expression (4) in the
equation (2) can be easily obtained:

AT = ;"C}V/ ~A($xx +e, + ezz) ©)

where:

Exx »Eyy » €22 - are the diagonal elements of strain
tensor;

¢, : thermal capacity at constant volume;

As described in equation (5) thermoelastic
effect can be used as deformation analysis of any
mechanical component appropriately loaded,
manufactured in homogeneous, isotropic, linear
elastic, material.

Thermoelastic technique can be useful to
investigate both superficial stress and strain pattern:
the first one in terms of the first invariant I while
the second in terms of hydrostatic invariant €l of
strain tensor €i,].

Digital image correlation = measurement
technique is performed by taking pictures of a
random pattern of black dots in white background
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painted on a loaded specimen, in order to measure
the deformation field on the specimen surface [2].
Pictures must be taken in undeformed and
deformed configuration. So it is possible to
calculate the first strain invariant €l as the sum of
the elements laying on the main diagonal of the
strain tensor: therefore results obtained with DIC
and TSA can be directly compared. In the case
analyzed using simultaneously these techniques
there are some compromise to satisfy:

- a uniform IR surface emission is necessary for a
correct TSA acquisition, while DIC needs a high
brightness speckle pattern.

- DIC acquisition is performed using high
resolution cameras (generally more than 4 Mpxl),
while TSA acquisition uses small focal plane
arrays (typical dimension are 320x256 pixels).

So focusing camera and a thermocamera on the
same areas, the spatial resolution of the first one is
many times larger. Using specific software (based
on a lot of marker points on the two images as a
reference) the analysis can be centered to the same
area in the specimen both for DIC than TSA.
Realizing a specific speckle pattern based on very
small size of white spots, the emissivity of the
surface can be considered as constant. At the same
time this pattern is useful for digital image
correlation.

2. ATYPICAL TEST CASE

As a typical example of material difficult to be
analysed by thethermoelastic = measurement
technique, because of the difficult to obtain
adiabatic conditions, it is chosen a rubber specimen
whose dimensions are 20 x 15 x 15 mm. This
specimen is fixed in a test machine that will stress it
with a compressive harmonic load, as shown in
Figure 1:

Fig. 1. Test Bench and rubber specimen.

Using a load cell and a potentiometer
displacement transducer, the force applied and the
global deformation of the specimen during testing
are detected. The following table summarize the
four peak to peak value levels of the force applied

to the specimen and the relative displacements
obtained.

Table 1. Test performed

Test Force (N) Displacement
(mm)
1 200 0.8
2 450 2.2
3 600 2.4
4 800 2.7

Some preliminary analyses at different loading
frequencies have been carried out to identify the
optimal loading frequency that gives the best
conditions of adiabaticity. For metallic materials
this frequency is generally higher than 10 Hz. Since
the thermal conductivity of rubber is an order of
magnitude lower than that of metals, it has been
experimentally verified that a frequency higher of 2
Hz is sufficient. To perform the measurements by
DIC technique in the specimen surface, a white
speckle on the natural background (black) of the
specimen is painted on sample surface. Since the
extension of the white surface painted is less than
10% compared with the black background, no
significant effects in the global thermal emission
coefficient of the surface has been observed respect
the unpainted surface, so the infrared thermography
to measure surface temperature during the
thermoelastic analysis can be used.

The  thermoelastic  system  used  for
measurements is DeltaTherm 1550, manufactured
by Stress Photonics, equipped with a thermocamera
with a matrix of 320x256 sensors with a lens with
50 mm of focal length. The table 2 summarize the
main technical characteristics of the measurement
system.

Table 2. StressPhotonics DeltaTherm 1550 main
characteristics.

Frame Rate >1000 frame/s

Loading 0.6-1000 Hz

Frequence Range

Detector 320x256 InSh
Thermal 2 mK

Resolution

Band of sensivity | 3-5um

When measurements on elastomeric materials
are performed problems relating to poor
achievement of adiabatic conditions come out,
which are essential to make the thermoelastic
analysis. For each test performed, at the different
loading levels, specified in Table 1, all at 2Hz, a
thermographic film at 10 frames per second is
acquired for a total time of 350 s. At the same time
photographic images have been acquired with a
Canon EOS 7D camera equipped with a 24-70 mm
lens.

The visible image acquisitions are synchronized
with those of the thermocamera, resolution 5 mK.
In Table 3 the optimal settings, experimentally
obtained, of the digital camera are shown:
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Table 3. Parameters of visible image acquisition used

Parameter Value

ISO 320

Focal length 70 mm

Shutter speed 1/25

Array size 3888x2592 pixel
Diaphragm 16

aperture

3. THE MEASUREMENT RESULTS

In the frames of the thermal films, a typical area
of investigation of 25x12 pixel has been chosen. In
Figure 2, on the left, this area is highlated and an
enlargement of this, on the right, is shown.

— |

Fig. 2. Established area for the evaluation of
the average temperature of reference (left)
and enlargement of this area (right).

In this area average temperature has been
calculated for each frame. The time evolution
during the test of this average temperature is given
in Figure 3:
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Fig. 3. Increasing of average temperature
from test starting ad different loading levels.

It is generally known that the regime average
temperature increases with the load level, showing
an initial transient starting from room temperature.
This transient is from 100 to 250 seconds. Only
when the temperature remains constant the typical
data processing of the thermal signal by lock-in
techniqgue in order to obtain differential
thermograpy has been applied. The Table 4 below
shows the selected frames of the thermal film
analyzed after the initial transient. These frames are
selected also because the Young’s modulus remain
constant, (it is well known that Young’s modulus
changes with the temperature).

Table 4. Selected frames for TSA analysis

Loading level Frame Range Average
Temperature (°C)
200 N 1000-1500 20.6
450 N 1800-2300 21.7
600 N 2200-2700 22.2
800 N 2500-3000 22.4

4. THERMAL FILM ANALISYS

The temperature fluctuation generated by the
thermoelastic effect from equation (1) is extremely
low. For this reason to detect its amplitude is
commonly used the lock-in analysis technique.

It is possible to perform this analysis starting
from the estimation of the Power Spectral Density
(PSD) of time history of each pixel of the thermal
film in order to identify the loading frequency from
the highest peak of the PSD (Figure 4).

PSD mean
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Fig. 4. Typical thermographic power spectral
density calculated

To perform the lock-in data processing two
square signals are generated at the frequency
identified from the PSD and each square wave is
multiplied by the time history signal of the pixel of
the film and integrated to obtain real and imaginary
part of the amplitude of fluctuation of the signal at
this frequency.. The following figure shows a
typical result of amplitude maps on specimen
surface.

Fig. 5. Typical amplitude map from lock-in
processing

In the following figures the results obtained at
the four load levels studied are shown:
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Fig.7. Amplitude map distribution at 450 N

Fig. 9. Amplitude map distribution at 800 N

Maps illustrated are proportional to the
distribution of the first invariant of deformation on
the surface of the specimen. The image in Figure 6
is less defined to the others do to the low signal to
noise ratio because of the low level of loading. A
typical result of analysis in the transient region at

800 N loading is illustrated and it can be observed
in Figure 10.

A high distortion can be observed due to non-
adiabatic conditions.
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Fig.10. Typical example of thermoelastic analysis carried
out in non-adiabatic conditions.

5. DIGITAL IMAGE CORRELATION
ANALISYS

Digital Image Correlation data processing has
been performed on a film recorded simultaneously
to thermal film.

The images are acquired with a frame rate of 8
image/s and later processed with the Vic2d
software by Limess. For each test vertical
displacement and the first invariant of deformation
are calculated. A typical example of results is
shown in Figure 11.
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Fig. 11. Typical example of map of the first invariant of
deformation in correspondence of the highest load
applied

The analysis is carried out considering a subset
of 50 pixels, a good compromise between spatial
resolution and number of points to obtain a correct
correlation. A typical trend of vertical displacement
is given in Figure 12.
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Fig. 12. Typical trend of vertical displacement obtained
by DIC analysis in function of the acquired images.

sample

This result agrees with global
reference

displacement  measured by the
potentiometer installed on the test bench.

6. COMPARISON BETWEEN DIC AND TSA

Comparison has been performed between the
results of the first invariant of deformation
measured by thermoelastic technique and the same

obtained by DIC technique.
A specific software has been developed in

order to interpolated results on same specimen
surface with same resolution. Ratio between
thermoelastic maps and DIC maps are calculated
for each test performed and it is show in the

following figures.

Fig. 13. Ratio between first stress invariant TSA/DIC at
200N.

Fig. 14. Ratio between first stress invariant TSA/DIC at

450N.
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Fig. 15. Ratio between first stress invariant TSA/DIC
at 600N.
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Fig. 16. Ratio between first stress invariant TSA/DIC
at 800N.

The ratio obtained is not constant in specimen
surface and it is different in the four images.
Differences are mainly due to spatial changes of
thermoelastic coefficient, also due to temperature
spatial distribution on specimen surface. It is
therefore defined a constant k as:

TSA )

k=—
1

Where:

E,: average value of the first deformation
invariant calculated with DIC technique in a
specific investigation area.

TSA: average value of the first invariant of
deformation calculated with TSA technique in the
same investigation area.

The following illustration shows an example of
results of the first invariant of deformation obtained
with the two methodologies. The square highlights
the investigation area, with low gradient of
deformation, used to calculate the k coefficient.

Fig. 17. Typical example of results with TSA technique
(left) and DIC (right), where the area identified to
calculate k is highlighted.
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Using the parameter k, maps are rescaled by Kk,
obtaining results of Figure 18 to 21.

Fig. 18. Rescaling at 200N

H 1
Fig. 19. Rescaling at 450N.
2
1
0

Fig. 20. Rescaling at 600N.

Fig. 21. Rescaling at 800N.
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From images it can be seen that the new ratio
calculated remains almost constant, with a
difference below 5 %. The worst results are
obtained in the case of a load of 200 N due the
modest signal to noise ratio because of the low
loading of the sample.

7. CONCLUSION

For dynamic materials characterisation it is
possible to use, in a simultaneous way, two non-
contact full field measurement techniques based on
data processing of a video and a thermal film both
allow to measure the distribution on the
component’s surface of the first invariant of
deformation ¢g. Comparison between the two
techniques allow to better identify their
performances and limitation and allow to calculate
correct value of thermoelastic constant, related to
material parameters in the testing condition. The
combination of the two measurement techniques do
not need other reference techniques for data scaling
in stress-strain units.

The ratio k calculated remains almost constant,
with a difference below 5 %.
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