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ABSTRACT

This paper presents an improvement of the classical flash technique that allows measuring the thermal diffusivity
of highly diffusive materials without the need of blackbody coatings. The method consists in heating the front
face of the sample using a periodic pulses sequence with suitable period and pulse duration. The rear face
temperature is recorded simultaneously. An inverse approach is then used to estimate the thermal diffusivity.
The underlying model is completely analytical and includes heat transfer and analog signal processing which has
been specifically designed for this experiment. A sensitivity analysis and an experiment optimization are per-
formed. Applied to an uncoated copper sample, this method appears to be reliable even in the case of very low
optical emission/absorption. Theoretical expectations have been confirmed from experimental data obtained
considering copper. Thermal diffusivity has been estimated with less than 4% on both the standard and absolute

deviation.

1. Introduction

Measuring the thermal diffusivity of highly conductive materials
remains challenging and large deviations are still observed according to
the experimental operating conditions. The classical photothermal
methods are based on the thermal response of the sample to a heat
pulse, considered as a Dirac function from the mathematical point of
view. The temperature increase on the opposite face (rear face) of the
excitation is classically measured using an infrared (IR) detector. This
so-called flash experimental technique that has been developed first by
Parker [1] and that has been improved along time by several con-
tributions [2-5]. An exhaustive list of the developments can be found in
Ref. [6]. However, highly diffusive samples are generally of metallic
nature with very low optical emission/absorption in the visible and
infrared wavelengths. Thereby, if no optical transceiver is present on
both faces of the sample, the measured signal is very noisy and this
leads to poor confidence interval of the identified property. Therefore,
the classical approach requires depositing thin blackbody coatings on
both faces, the one on the front face assuring the maximum energy
absorption of the photothermal source whereas the other one on the
rear face is assumed to make the emissivity close to one, thus enhancing
the signal noise ratio of the IR detector. Those coatings are generally
deposited from spray constituted by graphite particles within an epoxy
resin [7,8]. Nevertheless, they have a significant influence on the
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measured signal according to their thermal properties. This can be ea-
sily demonstrated from a model of the one-dimensional heat conduction
through a three-layers system [9]. This model can be simulated using
the classical quadrupoles method based on integral transform technique
[10]. Let us assume for instance a cylindrical sample made of copper
(thermal conductivity k¢, = 400 W. m~L. K1, specific heat per unit
volume (o Cp).,, = 3.5MJ. K1. m—3 and thickness 3 mm) and whose
both faces are coated with a graphite-based spray (thermal conductivity
kg=1W.m LK, specific heat per unit volume
(p Gp),; = 2MJ. K™1. m~3). The apparent thermal diffusivity of the one-
layer sample is reported in Table 1 according to the thickness ey of the
coating. It is clear that a significant difference in the thermal diffusivity
of copper (114.3 mm?. s7!) occurs when the coating thickness is larger
than 10 um. In addition it is also remarkable that the thermal resistance
of one coating is comparable or larger than that of the copper layer
(Rey = eculkcy = 7.5 X 1076 K. m?. W) when ¢; > 10 um. It is thus re-
commended to control accurately the coating thickness and the contact
resistance when using a 3-layers model or to find highly diffusive
blackbody coatings. Both previous recommendations are not easy to
respect given the inherent composition of the spray and the deposition
process that is random by nature. In addition, deposition of other
coatings using chemical vapor deposition or pressure vapor deposition
processes for instance, makes the experiment more complex.

A theoretical solution has been proposed by Vozir et al. [11] that
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Table 1

Apparent thermal diffusivity a,,, of a copper sample coated on both faces with
graphite-based spray, with respect to the coating thickness ¢;. The thermal
resistance of the coating Ry = e4/ky is also given. First line refers to the diffu-
sivity estimated by an inverse approach (the sample is assumed homogeneous
but a 3-layers model is used to simulate experimental data). Second line is the
apparent diffusivity given by Ref. [10] (Eq. (10)). Contact resistance is omitted.

eq Um 0 1 10 20 50
Aapp mm2. 571 114.3 114.3 113.4 109.4 85.4
agpp mmZ s71[10] 114.3 114.3 113.2 108.9 83.4
Rg X 107°K. m2. W1 0 1 10 20 50

consists in heating the sample using severals pulses in order to increase
the amount of energy entering the sample while minimizing tempera-
ture gradient. In this paper, a variant of this idea is proposed with the
following changes. The photothermal source is now continuously
emitting heat pulses at low frequency f, . As a consequence, the mean
temperature of the sample increases slowly. Once the steady periodic
regime is reached, the rear face temperature is recorded after every
pulses. Thus, N; pulses lead to N; columns vectors T;(t) of temperature
values, with 1 <i < N;. Since the temperature evolution is periodic,
differences between these N; vectors are due to the measurement noise
only. By computing the average temperature over index i, the resulting
vector T (t) = izlisl T;(t) shows an improved signal noise ratio. As-
suming vectors are statistically independent, the noise standard devia-
tion of temperature values T (t) is theoretically reduced by \/N; com-
pared to T;(t). As high as N; could be (IN; = 2000 in this study), it has no
effect on the temperature amplitude and low voltage signals have still
to be recorded in the case of low optical emission/absorption sample. A
specific signal amplifier based on a high-pass filter has been developed.
The experimental setup is presented is section 2. In section 3, the
corresponding heat transfer and electrical models are presented and an
analytical solution is derived. The photothermal pulse width and the
contribution of the filter are considered. A sensitivity analysis is per-
formed in section 4 in order to optimize the experimental operating
conditions. In section 5, the method is applied to a copper sample.

2. Experimental setup

The experimental setup is represented schematically in Fig. 1. It is
composed of a Coherent Matrix Q-switch Nd:YAG diode-pumped laser
(1064 nm wavelength) delivering pulses in a continuous or burst mode.
The pulse width is lower than 40 nsec and the maximum pulse fre-
quency is f, = 100 kHz. The maximum rms power (10 W) is reached
with a pulse frequency of 30 kHz. The laser beam radius is 0.55 mm
(<3 mrad divergence) and it is directed at the front face of the sample.
There is no way to produce a pure continuous wave with this laser.
Therefore, a finite pulse width excitation is produced by emitting a
N,-pulse train with the laser burst mode. It consists in emitting a quick
succession of N, pulses at frequency fp. The pulse width being thereby
Atpury = Np/f,. The N,-pulse train is repeated with frequency f, . using a
function generator (Agilent 33320A). This repetition frequency dictates
the heat transfer dynamics in the sample. A fast photodiode with
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0.5 nsec rise time (Thorlabs DET 10A/M) is used to trigger the acqui-
sition device (a Lecroy Waverunner LT 364 scope). The temperature
variations of the rear face are low so that there is a linear relationship
between the temperature change and the emitted infrared radiation
which is monitored by a HgCdTe photoconductive infrared detector
(Judson J15D12) working in the (2-14) um range with the maximum
sensitivity located at 11 pm. The location and solid angle (45°) of the
detector are such that the sample is fully contained in the field of view.
As a result, the detector output (a variation of electrical resistance R ;)
is related to the average surface temperature. This configuration allows
using non-uniform distribution of the deposited heat flux at the front
face as well as wavelength-dependency of optical coefficient. A ger-
manium window (high band-pass optical filter with 1.4pm cut-off
wavelength) is put in front of the detector to reject all laser diffuse
reflection that could affect temperature measurements.

As presented in Fig. 2, the temperature dependent resistance R, of
the photoconductive detector is part of a Wheatstone bridge-based
circuit leading to a first stage amplification of gaink; = 10. A 2nd-order
high-pass filter of Sallen-Key type is then used in order to remove the
time average temperature, i.e. the DC signal, as well as all potential
temperature drifts and signal shifts. Thanks to this, the signal variations
stay centered on 0V even with the lowest scope sensitivity. The gain
K, =1 + R/R, is related to the damping factor of the filter. Finally, the
signal is amplified by a factor K3 = 30 and recorded using the scope
(input impedance Rj,,q = 1 MQ, 8 bits vertical resolution, 11 bits re-
solution for math tools). The signal average is performed over N, sweeps
or sets (up to N; = 4000 with this scope) of Ny, (up to 50 000) tem-
perature samples.

The overall analog signal processing is described by a 2nd-order
transfer function H;. Some test was carried out with a function gen-
erator as input to check the consistency of this model. Results were in
good agreement with theoretical expectations [12]. H;(j ) is:

—w?/w?

Hw)=G . =1

1+j2mw/w—w?/w

@

With f be the signal frequency under consideration and w =2 7 f
the corresponding angular frequency. G is the gain. w, = 2 7 f, with f, is
the high-pass cut-off frequency. m is the damping factor. The high pass
filter is built with potentiometers allowing f, to vary from 0.1 to 30 Hz.
Based on Fig. 2, it comes: w. = 1/R C and m = %(3 — K;). Components
were chosen in such a way as to get f, ~ 0.8 Hz and m € [0.5 — 0.7]
range. Using a square wave generator as input signal and an inverse
approach, it was found f, = 0.85 + 0.09 Hz and m = 0.7 + 0.07. There is
no use in estimating the amplifier gain G since the signal processing
model will be combined with the heat transfer model so that the overall
gain will include the optical part as well (emissivity of the sample, solid
angle, efficiency and bias current of the detector ...).

3. Mathematical model

Thermal diffusivity and conductivity of the material are denoted a
and k respectively. The sample is assumed opaque within the visible
and infrared wavelength range. Temperature variations are small
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Fig. 1. Experimental setup - the photothermal excitation ¢(r, 6, t) is an N,-pulse train whose equivalent width is Aty,,, periodically repeated with frequency f,,.
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