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Abstract

®

CrossMark

Both thermal diffusivity and effusivity (or conductivity) are necessary to characterize the
thermal transport properties of a material. The flash method is the most recognized procedure
to measure the thermal diffusivity of free-standing opaque plates. However, it fails to
simultaneously obtain the thermal effusivity (or conductivity). This is due to the difficulty of
knowing the total energy absorbed by the sample surface after the light pulse. In this work, we
propose using the flash method in the front-face configuration on a two-layer system made of
the unknown plate and a fluid of known thermal properties. We demonstrate that the surface
temperature is sensitive to the thermal mismatch between the plate and the fluid, which is
governed by their thermal effusivity ratio. In order to verify the validity of the method and

to establish its application limits we have performed flash measurements, using a pulsed

laser and an infrared camera, on a set of calibrated materials (metals, alloys, ceramics and
polymers) covering a wide range of thermal transport properties. These results confirm the
ability of the flash method to simultaneously retrieve thermal diffusivity and effusivity in a
fast manner in samples whose effusivities are lower than three times the effusivity of the liquid

used as backing fluid.

Keywords: thermal diffusivity, thermal effusivity, flash method, infrared thermography

(Some figures may appear in colour only in the online journal)

1. Introduction

Characterizing the thermal transport properties of a mate-
rial requires knowledge of two independent parameters:
thermal diffusivity (D) and thermal effusivity (e) [1, 2].
Both are related to the more often acknowledged thermal
conductivity (K) through the following relationship:
e = K/</D. While steady-state methods are used to measure

0957-0233/15/085017+7$33.00

thermal conductivity, transient methods are sensitive to the
couple D and e. In particular, the flash method has become a
standard means to measure thermal diffusivity. It consists of
heating the front face of an opaque plate by a brief light pulse
and analysing the temperature evolution either at its rear
surface, i.e. the classical configuration introduced by Parker
et al more than fifty years ago [3], or at the illuminated sur-
face, which is particularly useful for non-destructive testing

© 2015 IOP Publishing Ltd  Printed in the UK
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of materials since it only requires access to the free surface
of the sample [4].

However, the flash method applied to free-standing plates
only provides the thermal diffusivity. The reason for this can
be understood by analysing the temperature history of the sur-
faces of an opaque plate of thickness L after being excited by
an infinitely brief laser pulse under adiabatic conditions [5]

2 2

() = Qo)( VD l1 +2 Z exp(—L—Dtﬂ (1)

T(L) =

n=1

2,
qu D [1 +2 Z( D" exp(—L—Dt)] 2)

where Q, is the energy per unit area delivered by the pulse, y
is the energy fraction absorbed by the sample, and 7(0) and
T(L) stand for the temperature at the illuminated and non-
illuminated surfaces, respectively. As can be observed, the
surface temperature depends on both D and e. However, they
are correlated with other experimental magnitudes, Q, and L.
This means that only Quy/e and ~/D/L can be obtained. As
the thickness of the sample can be easily measured, the flash
method allows retrieval of the thermal diffusivity of the plate.
However, the energy fraction absorbed by the sample surface
is difficult to determine and therefore the thermal effusivity
cannot be obtained accurately. This issue was already pointed
out in the pioneering work on the flash method [3] (note that
these authors referred to specific heat instead of thermal effu-
sivity, since the multiplying factor in equations (1) and (2)

the density and c the spe-

cific heat). Since then, several works have been published on
retrieving the specific heat using the flash method, but they
require an independent measurement of the laser pulse inten-
sity and the reflectivity of the sample at the laser wavelength
[6-9].

To overcome the above-mentioned drawback, putting the
rear surface of the plate in contact with a fluid backing has
been proposed [10, 11]. In this way, the front surface tempera-
ture will be sensitive to the thermal mismatch between plate
and fluid, which is governed by the ratio of their effusivities.
These studies were performed using modulated illumination,
registering the amplitude and phase of the surface tempera-
ture as a function of the modulation frequency. Moreover,
for normalization purposes (i.e. to eliminate the instrumental
frequency dependence) the same frequency scan must be per-
formed twice: with the sample backed by water and with the
bare sample. Consequently, this procedure is rather time con-
suming (around 1h).

Following the idea of using a fluid for thermal effusivity
contrast, we propose in this work using the flash method in
the front configuration to obtain D and e simultaneously in
a fast manner. We have first calculated the front surface tem-
perature of an opaque plate in contact with a fluid after being
illuminated by a brief light pulse. The effect of the finite dura-
tion of the laser pulse as well as the heat losses by convection
and radiation are also included in the model. By studying the
sensitivity of the front surface temperature to D and e we show

Flat

illumination Solid Fluid

0 L

Figure 1. Diagram of the two-layer system made of an opaque
solid slab and semi-infinite liquid backing. The front surface (z = 0)
is uniformly illuminated by a brief laser pulse.

that both quantities are uncorrelated. Then, in order to estab-
lish the range of validity of the method we have performed
experiments, using a pulsed laser and an infrared (IR) camera,
on several calibrated materials (metals, alloys, ceramics and
polymers) covering a wide range of thermal transport prop-
erties. These experiments show that the thermal effusivity of
a sample can be retrieved accurately, provided it is smaller
than three times the thermal effusivity of the liquid used as
reference.

2. Theory

Let us consider a two-layer system made of an opaque solid
slab of thickness L and a semi-infinite fluid backing. The free
surface of the plate is illuminated uniformly by a brief laser
pulse. The geometry of the problem is shown in figure 1. The
Laplace transform of the temperature rise above the ambient
in each medium is

Ii(z) = Ae% + Be 4% (3a)

Ti(z) = Ce™a 1), (3b)

where T is the Laplace transform of the temperature,
= «/s/D, being s the Laplace variable. Subscripts s and f

stand for solid and fluid, respectively. Constants A, B and C
are obtained from the boundary conditions at the interfaces

dT; = =
K—| =hT(z=0)-Fy, (4a)
dz |,_g
Tz=L)=Ti(z=1L), (4b)
dT. dT;
K—| =K—| (40)
dz z=L dz z=L

where B is the Laplace transform of the temporal shape of
the hght beam and £ is the linear coefficient of heat transfer,
which takes into account the combined effect of heat convec-
tion and radiation. Note that heat transfer by convection at the
solid—fluid interface has been neglected since its temperature
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rise is small. The resulting expression for the Laplace trans-
form of the temperature at the solid surface (z = 0) is
By cosh(g,L) + ** sinh(g,L)

es (e h_ _h_a) g '
(es + esﬁ) cosh(g,L) + (1 + o5 es) sinh(g,L)
5)

In the following, we will consider two temporal shapes
for the light pulse: (a) a delta function pulse and (b) a laser
pulse. In the first case, the power distribution is Py () = Q6(¢)
and its Laplace transform is B, = Q,, where Q, is the energy
per unit area delivered by the pulse and 6(¢) is the Dirac delta
function. The power distribution of a laser pulse follows an

exponential law of the form Py(¢) = % Tf;

are parameters which depend on the laser and N is a normali-

T0) =

e " where a and 7

zation constant in order to satisfy the condition f P(t)dt = Q,.

Its Laplace transform is P, =

Qo
(14s7)!+e”
of our laser pulse fits the exponential law with a = 1.46 and

7=0.132ms (see figure 2 in [12]).

By applying the inverse Laplace transform to equation (5),
the time evolution of the surface temperature above the
ambient after absorbing a laser pulse is obtained. To achieve
this, the Stehfest algorithm [13] has been used, which gives
very accurate results for ‘smooth’ functions [14], as in the
case of T,(0).

It is worth noting that equation (5) has been written in such
a way that the degeneracy between parameters is clearly seen.
Accordingly, T;(0) depends on four fitting parameters: Qy /e,
hles, L/ \/ﬁs and ef/es. Therefore, a fitting of the time evolution
of the front surface of an opaque slab on top of a fluid backing
allows simultaneous retrieval of Dy and e, provided the thick-
ness of the slab and the effusivity of the fluid are known.

The power distribution

3. Simulations

Numerical simulations showing the time evolution of the sur-
face temperature 73(0) of an opaque solid slab with a water
backing (¢; = 1580 W s*3m~2K~!) illuminated by a brief laser
pulse are presented in figure 2. Ideal conditions are consid-
ered: a Dirac pulse (z = 0) and absence of heat losses (& = 0).
Different values of the thermal effusivity of the solid slab,
higher and lower than the effusivity of water, are analysed.
In order to better compare the results, a normalized energy
for the laser pulse is used in the simulations (Q.y/es = 1).
Moreover, by introducing the dimensionless time #/f., with
t. = L*/D, we obtain a normalized temperature 7;(0) which is
independent of Dg and L values. As a reference, a simulation
for an air backing (e, = 5.5Ws*>m™2K™!) is also included.
As can be seen, at short times after the laser pulse, heat
does not reach the rear surface of the solid and therefore the
same straight line with slope —0.5 is obtained, independently
of the thermal effusivities of sample and backing. At longer
times, 75(0) becomes sensitive to the interface between sample
and backing. When the backing is air, a horizontal straight
line at long times is obtained. In fact, the intersection of both
straight lines arises at f; = L%/(zDy), which is used for thermal

1
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102; 1000
= 500
107k o
10210™" 10° 10" 10* 10° 10* 10° 10°

it

c

Figure 2. Simulation of the surface temperature evolution as

a function of dimensionless time for an opaque slab on top of
water (e = 1580W s> m~2K™") after receiving a brief laser pulse
(Qgx/es = 1). Ideal conditions are considered: & = 7 = 0. Different
values of the solid effusivity are evaluated. A simulation for air
backing (e = 5.5Ws* m™2K™") is also plotted for comparison.

diffusivity identification [3]. It is worth noting that when the
backing is air there is no sensitivity to the thermal effusivity of
the sample. When the backing is water the behaviour of 75(0)
at very long times is also a straight line of slope —0.5, but the
position of this straight line varies depending on the thermal
effusivity of the sample. If ¢ = ¢; there is perfect thermal cou-
pling between solid and fluid and accordingly a unique straight
line is obtained at any time. If es > ¢ heat barely crosses the
interface at z = L and thermal energy is accumulated inside
the solid slab. This explains why the temperature is above the
straight —0.5 slope line for #>#. On the other hand, when
es < er heat easily crosses the interface and therefore there is
a downwards displacement in temperature for > #. From a
practical point of view, the presence of water in contact with

the solid slab allows us to obtain D and ey simultaneously.
Now we analyse the sensitivity of the normalized 7(0) to
both parameters in order to quantify the ability of the front-
face flash method to retrieve them. Sensitivity of 7y(0) to a
given quantity x is defined as
S0 = - O,

17(0) ox
This equation does not have an analytical solution so
numerical methods have been applied. The sensitivities of
T:(0) to Dg and ey are shown in figure 3. Numerical simula-
tions have been performed for ideal conditions (z = h = 0).
Sy(Dy) is maximum for air backing, but the price to be paid is
the lack of any information on e,. The use of water as backing
produces sensitivity to e, at the price of reducing Sy(Dy). It is
worth noting that the two sensitivities are not correlated: the
highest Sy(Dy) is produced at ¢ =~ 3.5¢., while the highest Sy(e;)
appears at t> 20z.. From figure 3(a) we can see that Sy(Dy)
is very small for samples with e~ er, while it increases as
¢ differs from ey. This is related to the fact that the elbow in

with x = Dj or e. 6)
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Figure 3. Sensitivity to (a) Ds and (b) e as a function of dimensionless time for an opaque slab on top of water (ef = 1580W s*3m—2K™")
after receiving a brief laser pulse (Q,y/es = 1). Ideal conditions are considered: 4 = 7 = 0. Different values of the solid effusivity are
evaluated. Sensitivity to D; for air backing (e = 5.5W s*>m=2K™") is also included for comparison.

T:(0) corresponding to the change in slope in figure 2 is barely
noticeable for e & ef, but becomes more pronounced as es and
er values separate from each other. In fact, for samples with
very low thermal effusivity, Sy(Dj) is even higher using water
backing than for air backing, e.g. for e; = 200, Sy(D;) ~ —1. In
any case, note that for these materials the surface temperature
at times corresponding to the highest Sy(Dy), i.e. t =~ 3.5¢, is
very low and therefore affected by the experimental noise (in
our experimental setup it is about 10mK). Accordingly, we
propose using sample thicknesses verifying L/\/Ds = 0.5 5%,
i.e. 1~0.1s. In this way, the temperature level just after the
elbow, where the sensitivities to D and e, are the largest, is
high enough to provide a good signal-to-noise ratio.

On the other hand, figure 3(b) shows that Sy(e;) is always
positive, since increasing the thermal effusivity of the
sample leads to a temperature rise, as can be seen in figure 2.
Moreover, Sy(es) reaches an asymptotic value Sy(es) = 1.0
for all materials. However, this value is reached at different
times depending on the thermal effusivity of the sample. In
particular, for samples with a very high effusivity the highest
Sy(es) is obtained only at very long times. This result is related
to the fact that the slope of 73(0) changes slowly for high
thermal effusivity materials, while this change is abrupt for
low effusors.

The effects of the finite duration of the laser pulse and
heat losses are illustrated in figure 4. Simulations have been
performed for a sample with D, = 4mm?s~! and L =Imm,
with normalized energy for the laser pulse (Qqyr/es = 1). The
finite duration of the laser pulse appears at very short times,
breaking the characteristic straight line with slope —0.5 cor-
responding to an ideal Dirac pulse. Simulations have been
performed for the temporal shape of our pulsed laser, as given
in section 2 (@ = 1.46 and 7z = 0.132ms). By contrast, the
effect of heat losses appears at long times after the laser pulse.
For air backing, the temperature behaviour deviates from the
horizontal straight line predicted for adiabatic conditions.

Finite laser pulse ]

Air backing

\h/ezo 7

S =

he =10° 7
S

1 E

Water
2 backing—
3 3

t(s)

Figure 4. Effect of the finite duration of the laser pulse and
heat losses. Simulations have been performed for D, =4 mm?s~
and L =1mm, with normalized energy for the laser pulse
(Qox/les = 1). The eftect of the finite duration of the laser pulse has
been simulated for the temporal shape of our pulsed laser (@ = 1.46
and 7 = 0.132ms). For air backing, the effect of heat losses has been
calculated for h/e; = 0 and 1073s"%. For water backing, simulations
have been performed for three sample thermal effusivities: (1)

e, = 10*°Ws»m=2K"!, (2) e, = 1580W s m=2K~! and (3)

e, = 500W s m~2K~!. For each of them results with & = 0 (upper
curve) and # = 10Wm~2K~! (lower curve) are shown.

1

In a similar way, for water backing the temperature behaviour
deviates from the straight line with slope —0.5. Simulations
have been performed keeping the sample diffusivity and
thickness constant, but changing its thermal effusivity: (1)
es = 10*°Ws»m2K™!, (2) e, = 1580W s> m2K~! and (3)
es = S00W s m~2K~!. Results for & =0 (adiabatic condi-
tions) and 2 = 10W m~2K~! are shown in figure 4. As can be
seen, heat losses have a smaller effect when using water than
when using air. The reason is twofold: on the one hand, with
air backing there are heat losses at both sides of the samples,



Meas. Sci. Technol. 26 (2015) 085017

N W Pech-May et al

Mirror

d

JG

Nd:glass laser

Diffuser

s IR
£. I: Camera
a IR omiss:
emission V5o
Box window
Sample

Figure 5. Diagram of the experimental setup.

while with a liquid backing heat losses appear only at the front
surface; on the other hand, the temperature is lower for a liquid
backing than for air, and therefore the heat flux is also lower
since it is proportional to the temperature, as can be seen in
equation (4a). According to the results shown in figure 4, both
the finite duration of the heating pulse as well as heat losses
must be included in the fitting of the experimental results to
obtain accurate values of D and e;.

4. Experimental results and discussion

In order to validate the method proposed in this manuscript
to measure Dy and e simultaneously, we have performed
measurements on reference solid samples covering a wide
range of thermal transport properties: metals, alloys, vitreous
carbon, ceramics and polymers.

The diagram of the experimental setup is shown in figure 5.
A pulsed Nd: glass laser (1053 nm) with ‘flat-top” spatial pro-
file and adjustable energy (up to 251J per pulse) is used as the
heating source. The beam is directed onto the sample surface via
a gold-coated mirror. In order to guarantee a uniform heating
of the sample a holographic diffuser is placed 20 cm away from
the sample surface. Sample sizes are 5 cm side squares in order
to achieve 1D heat propagation. The sample is attached to the
4cm X 4cm window of a metallic box that can be filled with any
non-reactive liquid. A poor thermal conducting paste is used to
stick the sample edges to the box in order to reduce heat leaks
during measurements. The IR radiation emitted by the sample
is recorded by an IR camera (FLIR SC7500 working between
3 and 5um) provided with a 50mm focal length lens. At its
minimum working distance (about 35 cm) each pixel measures
the average IR emission from a 140 mm-side square over the
sample surface. Only the pixels placed on a 1 cm-side square at
the centre of the sample are taken into consideration in order to
reduce the influence of heat leaks from the sample to the box.
A Ge window is used to protect the camera lens. We record
images at frame rates in the range 1-3.5kHz. Most samples
are covered by a thin graphite layer (about 3 ym thick) in order
to improve both the laser energy absorption and the sample
IR emissivity. It is worth mentioning that the temperature rise
above the ambient detected by the IR camera (AT) is not the
actual surface temperature rise of the sample (its emissivity is
not known), but it is proportional to T5(0).

The noise-equivalent temperature difference (NETD) of
our IR camera is about 20mK [15]. This value is obtained
for a single pixel working with an integration time of 1.6ms
at 25 °C. However, we measure the average temperature over
a large number of pixels (around 5000 pixels), thus reducing
the noise level of the experiments down to 3—-5mK. Note that
using an IR camera is not mandatory for this kind of meas-
urement. A monolithic IR detector with a large active area
(1-2mm?) connected to an oscilloscope is much cheaper but
accurate enough.

Ten samples with known thermal properties were measured
to assess the validity of the flash method to retrieve Dy and e
simultaneously. Samples thicknesses were selected in order
to verify #, = L*/(zDs) ~ 0.1. This particular instant gives the
position of the elbow, where the initial straight line with —0.5
slope is modified by the presence of the rear surface of the
sample. In this way, we have a long enough time range (up to
65 in our setup) to obtain the thermal effusivity of the sample
before lateral heat flow invalidate the 1D model assumed in
the theory. Figure 6 shows the results for two metallic and two
polymeric samples: nickel, AISI-304 stainless steel, polycar-
bonate (PC) and polyether-ether-ketone (PEEK). Polymeric
samples were studied with three backings: air, water and
ethanol, while for the other samples only air and water back-
ings were used. Experimental results are represented by dots
and their corresponding curve fittings by continuous lines. For
the sake of clarity temperature data for Ni and PC are shifted
downwards. A least-squares fitting procedure has been imple-
mented using the well-known Levenberg—Marquardt algo-
rithm [16, 17], and the fittings have been done with respect
to the inverse Laplace transform of equation (5). Four free
parameters have been used in the fittings: Qqy /e, h/es, L/\/ﬁS
and ef/e;. To better evaluate the quality of the fittings, the
residuals, i.e. the normalized difference between experimental
data and fitted values, (75(0)exp — T5(0)i)/T5(0)exp X 100, are
also plotted. They are lower than 2% in the whole time range.
The retrieved diffusivity and effusivity data for the ten sam-
ples are summarized in table 1, where the materials are listed
according to decreasing values of the thermal effusivity. Each
value is the average of three consecutive measurements.

As can be observed in table 1, thermal diffusivity values
for all the samples agree with the literature values in both
configurations: using air or water as backing fluid. As the
thermal effusivity of polymers is very close to that of ethanol
(Cethanol = S60W s> m™2K~"), no thermal diffusivity can be
obtained for these materials using ethanol as backing fluid
(since there is no noticeable change in the —0.5 slope) in
agreement with the theoretical prediction.

Regarding the thermal effusivity, which is the main goal
of this work, it is retrieved accurately provided e < 3ey, as is
the case for polymers, Sigradur G glassy carbon and bismuth,
when measured with water backing. For samples verifying
es >> 3ey, as is the case of copper, zinc, nickel, lead, alumina
and AISI-304, the thermal effusivity is underestimated and
this error is more pronounced as the thermal effusivity of
the sample differs from that of the water. The origin of this
drawback arises from the fact that for good thermal effusors,
the sensitivity of 73(0) to effusivity is low close to the elbow
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Figure 6. Temperature rise above ambient as a function of time after the heating pulse for different materials. Dots are the experimental
data and continuous lines the fitting to the theory. Temperature data for Ni and PC are shifted. (a) Metallic samples. (b) Polymers.
Polymeric samples were studied with three backings: air, water and ethanol, whereas metallic samples were studied only with air and water

backings. Residuals are also plotted to visualize the quality of the fits.

Table 1. Thermal diffusivity (D;) and effusivity (es) of the materials studied in this work. The uncertainty is discussed in the text.

Dy air backing

D, water backing  Dj literature®

es water backing

e, literature®

Material L (mm) (mm?s~) (mm?s~h (mm?s~) (Ws®m—2K™ (Ws®m—2K™h
Cu 3.248 107 120 117 9100 37140

Ni 2.065 21 21 23.0 12000 18910

Zn 3.116 42 44 41.8 9800 17942
Alumina 1.035 8.4 8.6 7.6-10.3 8600 9430-10900
AISI-304 0.897 3.8 4.1 3.95 6800 7498

Pb 2.176 23 24 24.1 6800 7190

Bi 1.040 6.0 6.1 6.55 3000 3050

Glassy carbon 1.088 6.6 6.6 6.2 2300 2530

PEEK 0.259 0.17 0.18 0.145 640 655

PC 0.261 0.14 0.15 0.13-0.15 550 523-563

(11, 18,19].

and it slowly increases with time. In fact, very long times
must be reached in order to obtain a significant sensitivity to
effusivity, as can be seen in figure 3(b). However, those data
corresponding to such long times are affected by lateral heat
flux and therefore cannot be used in the fitting to equation (5),
which assumes 1D heat propagation.

The two polymers studied in this work were also analysed
using ethanol as backing fluid. The obtained effusivity values
are: epc = 550W s m~2K~! and epgpx = 640W s m—2K~ 1.
Note that they agree with the values obtained with water
backing and with the literature values.

The uncertainty in Dy in flash measurements with air
backing is in the range 3-5%, as was shown in a previous
work [12]. The uncertainty in D with water backing depends
on the effusivity of the sample, as discussed in section 3. It is
small (3-5%) for samples verifying e; >> ey, or eg << ey, but
it increases as the effusivity approaches that of water. In the
limit, for samples with effusivity close to that of the water, Dy
cannot be obtained since its sensitivity is close to zero (see

figure 3(a)). In these cases, the practical solution is replacing
water by another fluid with different effusivity, e.g. ethanol.
On the other hand, as discussed above, only thermal effu-
sivities satisfying es < 3ef can be measured. The uncertainty
is around 5-10%. Accordingly, the experimental results are
given with two significant figures (see table 1).

Notice that only room temperature (RT) measurements
have been performed. In any event, there are several liquids
with boiling points in the range 200-300°C (such as glyc-
erine, 290 °C) that could be used to measure Dg and e above
RT. It is worth mentioning that the eutectic liquid alloy made
of Ga, In and Sn has a boiling point higher than 1300°C.
Owing to its low toxicity and wetting ability [20], introducing
this liquid metal paves the way to use the method proposed in
this work at high temperatures. In this case heat transfer by
convection to the backing fluid cannot be neglected. This issue
can be overcome by placing both the sample and the backing
fluid in a horizontal position. Otherwise this heat transfer by
convection should be included in the theoretical model.
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5. Conclusions

In this work, we have addressed the challenging task of mea-
suring the thermal effusivity of solids in a fast and accurate
manner. We have improved the flash method in the front con-
figuration to deal with a two-layer system made of the plate
under study and a reference liquid. It is shown that the time
evolution of the surface temperature of the solid plate is sensi-
tive to thermal diffusivity and to the thermal mismatch between
solid and liquid, which depends on their ratio of thermal effu-
sivities. IR thermography measurements performed on ten
samples covering a wide range of thermal effusivities con-
firm that the thermal effusivity can be retrieved accurately,
provided the thermal effusivity of the sample is not higher
than three times the thermal effusivity of the reference liquid.
Since water is the most accessible liquid with high thermal
effusivity, the highest effusivity that can be measured with
this technique is about S000W s> m=2K~!. Although good
effusors are out the application range of this technique, the
transport properties of many materials of industrial interest
such as polymers, composites, ceramics, inorganic oxides, etc
can be retrieved.
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