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ABSTRACT: In industry, especially in the high technology sector such as aerospace, we produce and we use increasingly new
materials for the construction of new structures that have good thermal and mechanical properties. The characterization of
these materials requires knowledge of their thermo-physical properties. Thermal diffusivity is an important parameter in the
materials characterization. Lock-in thermography is widely used in the materials thermal characterization. It involves applying
on the front face sample a heater in the form of a sine wave and analyzing the phase difference or the amplitude difference
between the incident thermal wave and the transmitted thermal wave. Indeed, the passage of the thermal wave through a
material is influenced by its thermal diffusivity. We used the finite element method, in three dimensions, to calculate the
instantaneous temperatures of the front and rear faces of the inspected sample, and deduct their phase shifts and therefore
the sample thermal diffusivity. Our contribution in the lock-in thermography technique is the development of a new model
for the thermal diffusivity evaluation with good precision. The results for polystyrene are very satisfactory. Indeed, the
thermal diffusivity calculated by our new model is very close to the value reported in the literature. The proposed new model
can be used in the characterization of new materials.
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1 INTRODUCTION

The thermal diffusivity is one of the most important parameters which affects the efficiency of heat transfer. Several
techniques have been developed for measuring the thermal diffusivity. The use of infrared thermography as a nondestructive
evaluation technique is becoming increasingly attractive for measuring the thermal diffusivity [1], [2], [3], [4], [5].
Thermography offers several advantages over other non-destructive techniques in that it is non-contact, able to inspect wide
areas and produce easily interpreted results.

Lock-in thermography is based on analyzing the response of the inspected sample which has been subjected to a variable
excitation. The principle is to apply a heat flow or a temperature which varies sinusoidally in time. The passage of the
transmitted thermal wave by conduction is influenced by the thermal properties of the characterized sample. This technique
is used in determining the material thermal diffusivity.

When the considered material is uniform of thickness d and heated over wide plane surface (z=0) by applying at z=0 a
temperature Texp(iwt) varying at angular frequency w and assuming that heat flux is zero at z=d and providing d > y, the
phase difference Ad between the temperature variation at z =d and at z = 0 is simply as [6]:

d
Ap~—— (1)
y7i

The thermal length W is related to the material thermal diffusivity by the following equation:
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u= 2 (2)

@

Using a 3D finite element simulation, we are going to highlight in the first part of this work the difference between the
actual value of the thermal diffusivity and its estimated value by the relation (1).

In the second part, we propose a model for estimating the thermal diffusivity with better accuracy.
2 FINITE ELEMENT MODELING

The general equation of heat diffusion is given by:

VIKVT (0] pe, % -0y @)

Where T(r,t) is the temperature (K), at the position r(m) and at the moment t(s), k is the thermal conductivity (W/m.K), p
is the density (kg/ma), cv is the specific heat capacity (J/kg.K), and Q(r,t) is the density of input energy.

Solving equation (3) is generally inaccessible, an approximate solution is obtained by a finite element calculation. Our
considered model is a thin plate of dimensions ( 40mm x 32 mm) and of a variable thickness d (Figure 1).

Fig. 1: 3D model of a thin plate

We applied on the front face of the considered sample a sinusoidal temperature assuming that the flux through the rear
surface is zero and that the sides are thermally insulated.

The thermal properties of the used materials are as follows:

Table 1: Thermal properties of materials at 25 ° C

Density Therm'a! Specific heat 1"herr"n.al
kg/m’ conductivity 1/kg K diffusivity
W/mK m2/s
Polymethyl Methacrylate PMMA[7] 1190 0.193 1420 1.1421 10"
Polypropylene PP[8] 900 0.1 2000 5.5556 10°

The transient thermal analysis was performed with a step of 0.01s for each sample and each value of excitation
frequency.
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3 RESULTS AND DISCUSSION

For each considered material and for each value of excitation frequency, we calculated, by the finite element method, the
phase difference A¢. The thickness of PMMA sample is d=1.93mm and the thickness of polypropylene (PP) sample is
d=1.95mm. Figures 2-a and 2-b show the evolution of the phase difference opposite -A¢ as a function of d/p.
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Fig. 2-a: Variation of phase difference opposite -A¢ versus d/u, Case of PMMA,
Maximal gap =0.2354 rad

35 1 1 1 T T ] T T I
O Values obtained by simulation e
Values calculated by the relation (1) // O
3 55 //r -
/ 0
5 e
I
g 250 // -
e
é / O
= vd
o i
w 2+ -
g -~
& / 0
i
- .
)
1 1 1 1 1 1 1 1 1 |
14 16 18 2 22 24 26 28 3 32 34

dip

Fig. 2-b: Variation of phase difference opposite -A versus d/u, Case of polypropylene
(PP), Maximal gap =0.2298 rad

We observe the difference between the values calculated by finite elements method and their estimated by relation (1),
this difference is reflected in the estimation of the thermal diffusivity. A correction of the relation (1) is necessary to
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approximate the actual values. In order to have a better accuracy in estimating the thermal diffusivity, we propose a new
model that allows estimating of phase difference from sample thickness and thermal length.

The model is as follows:

Ap =-0.9593 i +0.09 (4)
U
In Figures 3-a and 3-b, we superimposed the results obtained by simulation and the results obtained by the proposed
model in the relationship (4). We plotted the variations of the phase difference as a function of ratio of sample thickness and
thermal length.
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Fig. 3-a: Results of the proposed model for PMMA sample, Maximal gap = 0.0541 rad.
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Fig. 3-b: Results of the proposed model for polypropylene sample, Maximal gap = 0.0844 rad.
The relation (4) gives a good approximation of the phase difference A¢ for both materials, PMMA and polypropylene.
Indeed, the obtained error values remain low for both tested samples.

From relations (2) and (4), the thermal diffusivity may be evaluated by equation (5) as follow:

oo 009593 ),

2 Ap—0.09 (5)

To evaluate the proposed improvement in this work, we apply the formula (5) to the phase difference value obtained for
a Polystyrene sample (Table 2):

Table 2: Improvement of accuracy estimation of polystyrene thermal diffusivity

Diffusivity Thermal 'The'r rpal'
. phase . e ek diffusivity in
Frequency | Thickness . without diffusivity by .
difference . . literature
f (Hz) d (mm) ‘Ad (rad) correction relation (5) (107 m?/s)
(107 m%/s) (107 m%/s) 7]
Polystyrene 0.05 1.94 2.4049 1.0222 0.8740 0.87

We note that the thermal diffusivity estimated by equation (5) is closer to the value cited in literature.
4 CONCLUSION

In this work, the objective was to improve the estimation of thermal diffusivity of a sample by the use of lock-in
thermography. In the first part, we have highlighted the need for a correction of the approximation formula of the diffusivity
from the phase difference value. For this, a finite element simulations were performed and results show the necessity of
correcting the estimation formula published in the literature. In this context, we have proposed a model for estimating the
thermal diffusivity with better accuracy. In the end, we have applied the proposed model to determine the thermal diffusivity
of a polystyrene sample. The obtained value is close to the actual value with a good accuracy.
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