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Abstract

The development of a novel approach to the well-known Angstrém’s method for the measurement of the thermal diffusivity is reported. In
this method, the diffusivity is determined from the damping and the phase shift of a periodic thermal signal during its propagation along the
specimen. The propagation can be easily monitored by infrared thermography. In general, a non-contact source is used to apply the signal.

In the present work, however, a direct-cacit source is employed, with a temperatuseiltation signal supplied on a portion of one of
the two main surfaces of the specimen, where a homogeneous contamt gélded by using a proper contact pressure. Such practice
implies that the measures of surface temperature can be used to estimate the diffusivity only beyond a certain distance from the source, wher
the wave-front of the temperature oscillation within the specimenresglane and perpendicular to the main surfaces. This distance is
investigated here, to establish a general rule for the performance of the experiments.

A thermoelectric device based on the Peltier effect is employatieathermal source. The main difficulty about its use is to obtain a
perfectly harmonic and well-balanced thermal signal. This is necessary to avoid a complex processing of the experimental data, and it can be
achieved by supplying a current with a properly-chosen time-evolution pattern. Such an approach, which is built upon previous work, is here
enhanced by improving the underlying analytical model.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction greater accuracy is sought thae thuarded-hot-plate, while
using a simpler experimental procedure than the laser flash.

The development of a novel approach to the well-known A harmonic thermal signal is used, with null net heat
Angstrom’s method for the measurement of the thermal input. In other words, a harmonic temperature oscillation
diffusivity is reported. This is based on supplying to a slab around the ambient value is imposed onto the surface of the
specimen a periodic thermal signal with null net input [1]. Specimen.

The thermal diffusivity of the tested material is determined ~ The specimen has the shape of a long thin slab and
from the damping and the phase shift of the thermal signal the temperature oscillation is imposed on a strip of one
during its propagation along the specimen. The propagationof its two main surfaces. When the temperature oscillation
can be easily monitored by infrared thermography. propagates within the specimen from that strip, its wave-

The aim is to overcome some limitations of the most uti- front is initially plane and parallel to the main surfaces.
lized standard test methods, the guarded-hot-plate and theHereafter, it starts bending and becoming more and more
laser flash, when these are used to characterize thin specieurved until, above a certain distance, a plane wave-front is
mens with high conductivity or diffusivity. In particular, a achieved again, at another time. However, this is no more

parallel but perpendicular to the surfaces, so that the thermal
T Comecoond " signal is now propagating aside of the input strip, along the
E—Orrr\ra?lszggrel:s%séilbce)rr.to.muscio@unimore.it (A. Muscio), main dimension of the specimen. . . .
paolo.bison@itc.cnr.it (P.G. Bison), sergio.marinetti@itc.cnr.it At the end, a perfectly harmonic and one-dimensional
(S. Marinetti), ermanno.grinzato@itc.cnr.it (E. Grinzato). temperature oscillation is obtained within the specimen. Its

1290-0729/$ — see front mattét 2003 Elsevier SAS. All rights reserved.
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Nomenclature
Latin symbols Greek symbols
A inputsurfacearea ....................... ’m « actual thermal diffusivity ............. frs 1
a Seebeck coefficient .................. Kt op apparent thermal diffusivity from wave
C heatcapacity ........................:KJ?! PRASE. ..\t 21
c specific heat capacity.............(K3K)~* ay apparent thermal diffusivity from wave
d specimenthickness....................... m damping.....oovve e 21
G shape f?.CtOf ofapellet.................... m g phase-modifying factor due to convective heat
h convective heat transfer transfer
. . Z.K)*l . ip .
coefficient..................... Wi % amplitude-modifying factor due to convective
I electriccurrent . ........... ... ... L A heat t f
k thermal conductivity vim-K)~1 cartransier ,
e L2y AT temperature difference across a thermoelectrig
L thermal diffusionlength................... m
. . module.......... ... i K
N number of couples in a thermoelectric module ) _—
0 heat rate Y ATy local amplitude of the temperature oscillation K
r electrical resistivity ................... Q-m ATo ma>.<|ml.Jm amplitude of the temperature
S cross-section area of a pellet............. 2 m oscillation S EE TR TR YRR PRTRRERRTRPRR , K|
s heightofapellet......................... m P Mass density ... Lol
T LEMPEIatUre . . ..o K ¢x local phase shift of the temperature
¢ QM€ o oo s oscillation..............ooiiii i, rag
fo period of the temperature oscillation . . . .. ... S %o initial phase of the temperature oscillation . rad
te external relaxationtime .................... S Subscripts
X longitudinal coordinate (distance from the .
thermal SOUrce) ..........oovvuveeeunnn... m ambient
Xaccessible €xtension of the optically accessible surface m © cold _S'de
xsrip  extension of the thermal input (strip) surface m h hot s!de
z depth coordinate (distance from the accessible S specimen
SUMace) . ....ovei m x at thex-location

phase-shift and damping can be monitored by measuringists about the vertical mid-plane. Therefore, only half of the
the temperature on the specimen surface. Then, these caspecimen needs to be considered. The heat diffusion prob-
be correlated to the thermal-diffusivity value through simple lem in the slab is governed by the Fourier's equation with no

analytical formulas. generation term:
The experimental implementation of the proposed mea- 2 2
o . - . . . T °T  0°T
surement method is investigated in depth in this work, in — =« 2tz (1)
which the focus is on the practice to obtain a thermal signal * <
both one-dimensional and perfectly harmonic. Because of the thermoelecirievice, the boundary condi-

tion for the thermal input surface consists in a harmonic tem-
perature oscillation around the ambient temperature:

2. The measurement method T(—xsuip<x <0, z=0, 1)

; . t
_ The_measurement method, although well known, is suc- =17, + ATOS|n<2ﬂ_ — <po> (2)
cinctly introduced for the sake of completeness. A more de- 1o
tailed description is reported in [1,2]. wherexsyip is thex-dimension of the input surface strip (see

The implementation of the method presented here is Fig. 1), #p is the oscillation periodATp is the maximum
targeted to measure the thermal diffusivity of a thin slab oscillation amplitude angy is the initial phase.
made of a homogeneous material. A thermoelectric source Other boundary conditions are those of null heat flux at
supplies a periodic thermal input to a ‘strip’ of the slab the symmetry plane and convective-radiative heat transfer
surface. The strip is in the middle of the slab and covers the elsewhere.
whole width. The remaining surface is exposed to ambient  The initial temperature is assumed uniform in the slab
air and is optically accessible (see Fig. 1). and equal to the ambient valu&;. The initial condition,
Neglecting the side effects, the problem can be consid- however, has an effect on the initial transient only, but not
ered two-dimensional in the—z plane. Symmetry also ex-  on the long-term steady-periodic response of the system [3].
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Fig. 1. Slab specimen and thermal source.

A further simplification of the model is possible if the The ‘thermal diffusion lengthL is a characteristic parame-
temperature across the slab thicknesds almost uniform ter of the thermal problem and it is defined as follows:
at anyx-location. This occurs only beyond a given distance
from the source, for which one can set= 0. Hereafter, [ :\/@ (9)
the thermal waves induced by the source propagate along T
the slab as a plane front, so that the slab becomes thermallyThe time ze in Egs. (7)—(8) is known as the ‘external
similar to a long thin rod. The governing equation thus is: ~ relaxation time’, and it is defined as:

2 cd

oT _ 9T 2h (T — Ty 3) fo= 'Oz_h (10)
Whente is much larger thamy, heat transfer by convection
between the slab and the environment is negligible with
respect to the heat diffusion within the solid. Therefore,
the last term in Eq. (3) can be neglected. The solution for
| negligible convection is thus obtained [3]:

g =
at ax2  pcd
If the slab is long enough, the temperature oscillations are
almost completely damped before reaching the far edge.
In this case, the rod can be considered semi-infinite, i.e.,

Xaccessible= oo in Fig. 1.
The boundary conditions for the one-dimensional mode

are: X t

, T(x,t)=Ta+ AToe L sm(Znt— — % — cpo) (12)
T(x=0,t)=Ta+ AT()Sin<2n’——(p0> 4) ) 0 )

Io However, when using a low-frequency source like the
T(x =00, t)=Ta (5) thermoelectric heat pumps considered here, convection is

. . usually significant and Eq. (6) must be used.
Beyond the distance at which the wave-front of the temper- Both Eq. (6) and Eq. (11) are obtained under the assump-
ature oscillations becomes plane and perpendicular to the ' '

. . tion of planar symmetry of the test system. This is achieved
main surfaces of the specimen, a long-term( co) steady- P y y y

iodi \tical solution i lable for th : ¢ by placing the thermal source centrally on the specimen sur-
periodic analytical solution IS avallable for the SyStem ol 5.6 An asymmetrical position of the source, however, is not
Egs. (3)—(5), independent of the initial condition [3]:

expected to affect the solutions, provided that the length of

_,x t X the shorter part of the specimen is greater than a few times
— 14 — _ A=
T, D) =Tat AToe 7T sm(Zn fo 'BL <po> (6) Different procedures may be used for the estimation of
where the diffusivity, such as inverse analysis techniques, non-

linear fitting of Eq. (6), or the approach eployed here,
1 2 a classical linear least-square estimation applied to the phase
B= |—5——+,/1+ (——) (7 lag and the exponentially dedag amplitude of the thermal
waves. This relatively simple approach is made possible by
applying a perfectly harmonic thermal signal with null net
, = 11 41 (it_)z ®) heat input. In fact, finding out the practice to obtain that

signal is the purpose of this work.
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of the sample surface at a given time and is the average of
several adjacent lines of theiginal thermal image. This
first step of the data reduction permits to achieve a typical
standard deviation ranging from 0.02 K for a last generation
sensor to 0.2 K typical of older equipment. Thereafter, the
estimation procedure is divided into two more steps: fitting
in time and fitting in space.

(b) Fitting in time.

Each column of the matrix is fitted through a least square
procedure by a harmonic function of time. Notwithstanding
sine and cosine are transcendental functions, the least square
procedure is linear as the mddeg linear in the parameters
Fig. 2. Behavior of factors 82 and 1/y 2 versusg/e. amplitude and phase which are the results of this stage. The
error associated to the estimation is also given together with

From the phase lag, one can calculate an apparent valughe test ofx? for the goodness of fit. Only the parameters
of the thermal diffusivity,as, that is related to the actual ~OPtained from a good fit are @ined for the successive

1 obtained close to the source, where the signal is high, while

ap=0— (12) the fit is less reliable in spatial positions far from the source,
B where the noise dominates.
Another apparent value of the thermal diffusivity,, can be In a typical experiment, the time step between two
calculated from the wave amplitude, also this one related to successive sampling is 1 to 10 s depending on the period
the actual value by an unknown factor: of the heating source. The acquisition lasts for one or more
1 cycles of the thermal source, producing some hundreds
a4y =a— (13) sample in time.
4

(c) Fitting in space

The actual diffusivity is respectively overestimated The amplitude as a function of space is damped exponen-
(1/82 > 1) or underestimated (¥2 < 1). In both cases, the tially, therefore its logarithm is a straight line whose slope
discrepancy depends on the ratife and, consequently, depends on thermal diffusivity. The phase changes linearly
on the convection coefficient. Fig. 2 reveals, however, that with space and its slope depends on thermal diffusivity also.
the overestimate by using the linear fitting of the phase lag, The errors associated with the estimations of the two slopes
Eq. (12), is negligible ifg is much smaller than,, and that are considered as well. In a typical experiment, a pixel cov-
the same applies to the underestimate by using the linear fit-ers one square millimeter area of the sample. More than 200
ting of the wave amplitude, Eg. (13). Convection can thus pixels are taken into account in the spatial fitting, along the
be neglected and the apparent diffusivity coincides with the heat propagation direction. Only a fraction (say 50-100) is
actual diffusivity. Unfortunately, the condition occurs only meaningful as the thermal signal is highly damped in space,
when thin specimens of high-diffusivity materials are tested. and that fraction is selected on the base of the aforemen-
In the other cases, however, combinipgande, from the tioned x 2 criterion.

same experiment would allow to determine the true value of  (d) Final estimate.

the diffusivity [3-7]: The final result for thermal diffusivity comes from the
_ combination of the two estimated slopes. The propagation of
= Vo Yy (14) errors from the original temperature data through the various

An experimental apparatus based on the above-describeditting steps down to the final results is computed according
approach was implemented at the CNR-ITC in Padova [1, to classical rules and good practice of data and error analysis.
2,6,7]. A liquid-cooled thermoelectric source, driven by a The experiments were conducted on one slab made of
computer-controlled power supply, was used to apply the AlSI-304 steel ¢ = 3.99 x 106 m?.s~1 measured by

thermal input. A high-resolution Agema Thermovisfo®00 Laser Flash [6,7]). To obtain a statistical validation of
thermographic camera [8] maaed the surface temperature the method, 38 tests were carried out. Varying parameters
of the specimen. were the period of the thermal wave, its amplitude and

The diffusivity value wasletermined from the surface- the convective condition (tested with vertical or horizontal
temperature data through the procedure that is summarizedspecimen, natural and forcedrmaection). Data are reported
below. in Fig. 3 with error bar corresponding #8/— one standard

(a) Preliminary data reduction. deviation.

The raw temperature data are arranged in a matrix. Each  Overall, the results were we encouraging. A few tech-
column represents the behavior of a pixel on the sample nical issues, however, were evidenced by the experiments.
surface in time. Each row is the spatial temperature profile Among these, the most critical ones are:
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8“06 ___________ e Complicated techniquesan be employed to obtain a
¢« null net heat input, such as alternating flows of hot and
oo e b o % cold fluids (the method actually adopted by Angstrom).

The most practical way, however, may consist in using a
thermoelectric device based on the Peltier effect, set in
; ; | i contact with the specimen. In fact, this device pumps heat
% § i | § when a direct current flows through it, and it can alternate
! ! ’ heating and cooling stages by simply switching the direction
of the current. Such an approach was tested by a few authors
[16—18] with positive outcomes, and it was adopted in the
i | i | ; ; set-up of the method investigated here [19]. Its enhancement
T 1}@1 -------- droemmeee boeenneenes is the main contribution of the present work.
| | i | | i The dynamic behavior of a thermoelectric device is
strongly non-linear. Therefore, even if it is supplied with
a harmonic current input, the thermal output is far from
being harmonic and well-balanced. An immediate solution
Fig. 3. Diffusivity values obtainedrom several experiments on AISI-304  to this seems to be the adoption of a closed-loop controller
specimen. based on a temperature sensor. Unfortunately, design and
calibration of controllers of this type are quite complex [20]
(a) obtaining a proper thermal input, perfectly-harmonic and can result impractical for material testing, with regard
and with null net heat flux; to the ease and the rapidity of the experiment. Moreover,
(b) determining the distance from the thermal source, be- the feedback system requires temperature probes such as
yond which the wave propagation can be considered thermocouples, which can élgsbe insufficiently accurate
one-dimensional. for small temperature oscillations and must be small enough
to avoid perturbations in the thermal field. Other types of
Both subjects are analyzed in the following paragraphs. sensor can be too slow for high-frequency oscillations.
For these reasons, an original strategy of use of the
thermoelectric source has been developed. The thermal
3. Harmonic thermal signal with null net heat input signal is generated by supplying a current input with a
properly-chosen time-evolution pattern, and there is no need
A null net input of the thermal signal is needed, in of areal-time feed-back loop. The pattern is developed from
order to set the average temperature of the specimen to thehe analytical formula that governs the transient behavior of
desired value, namely the ambient temperature. If a non-a thermoelectric device and its thermal load.
zero direct component occurs tine signal, the equilibrium This method was experimentally tested in a preliminary
value about which the temperature oscillates differs from the form with satisfactory results [1,2,4-7,19]. Here, it is en-
temperature of the test ambient, and is inhomogeneous allhanced by improving the analytical model from which the
over the specimen. Moreover, the direct component must betime-evolution pattern of the current is obtained. From the
de-coupled from the periodic component. improved model, a pattern is developed for the current sup-
The thermal signal should also be perfectly harmonic. ply, by which an optimal thermal input can theoretically be
In fact, while it is usually possible to develop a periodic provided.
but non-harmonic signal into a Fourier’s series of harmonic ~ An elementary thermoelectric module is made-up by
components, a complex processing of the distribution and bridging electrically the extremities of two prismatic legs
evolution of the surface temperature is required to separate(the pellets) made of p- and n-type semiconductor mate-
the contribution of each coponent. Instead, a harmonic rial, usually bismuth telluride (BiTes). At one end the
thermal signal, with negligible high-order components, al- pellets are contacted by a copper tab, the ‘cold junction’.
lows recovering the diffusivity value by a simple processing A p-type/metal/n-type dual heterojunction structure is thus
of the experimental data. formed. The opposite ends are contacted by two distinct, mu-
In previous studies on AC calorimetric and wave-propaga- tually insulated, copper tabs, the ‘hot junctions’.
tion methods, the techniques originated by the Angstrém’s  In a commercial thermoelectric module, several elemen-
method, non-contact sources were usually employed suchtary modules are serially interconnected, as sketched in
as light or laser beams chopped by a moving mask [9-15]. Fig. 4. The assembly of semiconductor couples is sand-
These are relatively practical to use, but yield a positive net wiched between two thin plates of high-purity ceramics (alu-
input of the thermal signal, which can shift significantly the mina), working as electrical insulators.
reference temperature ofetexperiment and must be ade- A thermoelectric module operates in cooling mode if an
quately filtered. Moreover, strong high-order harmonics of- electrical current/ is supplied. When passing through the
ten arise. cold junctions, the electrons absorb energy from these to

(o2

diffusivity [m%‘s]
s wh
o |
e
A
el Féd
Hee

L)

i i i | b j
o] 200 400 600 800 1000 1200 1400
period 5]




458 A. Muscio et al. / International Journal of Thermal Sciences 43 (2004) 453-463
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Fig. 4. Sketch of a commeed thermoelectric module.

overcome the local potential step. The opposite occurs at A more balanced thermal digbance is achieved by
the hot junctions, due to the opposite sign of the potential supplying a current cycle with above-zero mean value
step. With this Peltier effect, heat is transferred by the (with a positive current being equivalent to cooling), or
electron current across the module, being subtracted todifferent amplitudes in heating and cooling. An initial
one of the plates and rejected to the other. A temperatureguess can be made for the mean value, then it can be
differenceAT = Th — Tc is finally established between the  improved looking at the experimental results. The thermal

two opposite sides, with the hot junctions being usually kept disturbances calculated numerically for this approach is
at a temperature close to the ambient value by a proper heafjjystrated in Fig. 6.

sink. Again the comparison with a reference harmonic cycle
The total cooling powerQc, of a device consisting iV shows that the signal is distorted, but the mean value can
serially-interconnected thermoelectric couples is given by pe set to zero. Much better results are however obtained
the following well known formula [21]: by supplying a current cycle ith different amplitudes in
1r , heating and cooling. A proper choice of the amplitude ratio,
c= ZN[a(Th —ADI -5 GkAT} (15) which is also in this case attable through an initial guess

. N and a subsequent experimental optimization, can produce an
wherea, r, andk are, respectively, the Seebeck coefficient, yndeniably good thermal signal, as depicted in Fig. 7.
the electrical resistivity and the thermal conductivity of the In view of the ease of implementation, the latter control

semiconductor. The shape factar, is defined ag; = §/s, strategy is acceptable whenever the easy set up of the
where S is the pellet cross-section area, ani the pellet  experiments is mostly desired, and it was actually adopted
height. in the early laboratory experiences [4,5,19]. However, the

Eq. (15) is illustrative of the non-linear behavior of ther-  gejection of the proper amplitude ratio must be performed by
moelectric devices. This is such that supplying a sinusoidal i3 and error’, and this can be a time-consuming operation.
voltage or currentinput produces a temperature cycle signif- o problem of obtaining a truly-harmonic thermal dis-
icantly distorted with respect to a perfectly-harmonic one. y,hance without the need of either a real-time feedback or
This is shown in F|g._5, which represeqts the tlmg—evolu.non a troublesome calibration of the thermal source can be ulti-
Of AT = Ta—T¢ predicted for a harmonic current input with mately overcome by using a current cycle with proper time-
Z€To mean value by a fully numerical model of the thermo- evolution pattern. This is determined by solving Eq. (15)
electric module. with respect tol (current) and then imposing a harmonic

Even if a null external heat load is assumed, the compari- __ .. . .
. . . ) oscillation of the temperature at the cold side of the thermo-
son with a reference harmonic cycle with the same amplitude . .
electric module. To the purpose, Eq. (15) can be rewritten as

evidences distortions. Moreover, the temperature oscillatesfo”OWS_
about a value that is well above the ambient one (zero in the '
normalized scale of Fig. 5), due to the opposed contribution Oc

of the Joule dissipation between cooling and heating. 5512 —a(Th— AT)I +kGAT + oN = 0 (16)
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The desired time-evolution pattern of the currentis given by . = Q.(1) = aCcAT)

the acceptable solution of Eq. (16) with respect to

G
I(t) = 7[a(Th — AT)

- \/az(Th — AT)?

The time-dependence of Eq. (17) is in the following terms:

AT = AT (1)

Qc

— 2rkAT —r—i| a7

NG

(18)

AT)

o + Qc,ext(?)

(19)

If the hot side of the thermoelectric module is kept at
ambient temperature, the heat capacityo be considered

is given by half of the module capacity. For a transverse
application of the thermal signal, the heat capacity of the
portion of specimen below the contact interface must also be

added.
The system of Eqgs. (17)—(19)

can be used to impose

not only a harmonic thermal disturbance, but also any
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other types of time-varying thermal input, provided that

X sin[Zni + tan‘l(ﬁﬂ

the temperature fluctuations are small enough to consider fo 14
invariable the semiconductor properties and, most of all, One can observe that the thermal inertia of the system is
that it is possible to define an analytical relationship for dominated by the heat capacity alone as long as the
the dependence of the external heat load on time and/oreffusivity kspscs Of the specimen is small. Unfortunately, this
temperature. If an estimate of this is possible, a satisfactoryis seldom the case when testing metals or other materials
thermal input is obtained since from start, and it can be with high values of the thermal conductivity. On the other
optimized through only a small number of experiments. hand, the measurement of the conductivity is a goal of the

In the proposed method, one wants to impose at the inputproposed measurement method, so that its value is usually
surface the harmonic temperature oscillation described byunavailable. An initial guess can however be introduced
Eq. (4). The amplitude of the oscillation,Tp, must achieve  in Eq. (22) and, subsequently, enhanced through a few
a compromise between intensity of the thermal signal, which experiments.
has to be as large as possible, and containment of the The above-described contrstrategy has been theoreti-
effects of non-linear phenomena such as the dependenceally tested by predicting the thermal signal for a current
on temperature of the material properties and the boundarycycle governed by Egs. (17), (20), and (22) through a fully
conditions. numerical model of the specimen and the thermoelectric heat

One may also presume that the surface temperature of thepump. The temperature distribution along the specimen was
specimen equals the cold-side temperature of the heat pumpcalculated numerically by a finite-difference approach. This
Assuming a null initial phaseg for sake of simplicity, one  analysis has yielded excellent outcomes, showing that a per-
has: fect signal can be obtained also in case of transverse heat
input. Moreover, the temperature estimated at the input inter-
face is virtually coincident with a reference harmonic cycle

A th | . ists b h dafter only two-three current cycles (see Fig. 8).
thermal contact resistance exists between heat pump and 4, pjag may in practice arise from the constancy of the

specimen. A small values of this is however achievable | . <iqe temperature of the heat puriip, which should be

by using a cfonductlve grease and a proper pressure at th%s close as possible to the test ambient value; a satisfactory
contact interface. steadiness df}, is however achieved through a liquid-cooled

Thﬁ egternil hﬁath IoacQC,@}tl Of. theh heath p#mp Is heat-sink and a proper flow rate of coolant from a reservoir
actually given by the heat rate flowing through the contact steady temperature. A thorough characterization of the

areaA between the thermoeleatrsource and the specimen. heat pump must also be performed, to determine the exact

For a one-dimensional configuration of the test system, e of the thermoelectric properties and the cold-side heat
this load can be estimated through some trigonometric capacity

transformations as follows: As for the external heat load, it has been verified that

ar T even large errors on the preliminary estimate of the effusivity
= Aks— = ATpA —(B2+y2 2 :
Qeext(t) = Aks g —o 0 \/kspscsto (#2+7?) affect significantly the amplitude of the thermal cycle, but
. t
x sm[Zn— + tan1<é)}
fo 14

not its harmonic behavior or the average value. Moreover,
Introducing Egs. (20)—(21) into Eq. (19), one obtains:

(22)

AT()=Ta—Tc(t)=Ta—T(O, 1) = ATosin<27rtL> (20)
0

(21) if the measurement of the diffusivity is the goal of the

experiment, the calibration of the external load provides an

indirect confirmation to the accuracy of the measured value.
The above-described approach was employed during the

most recent stages of the work, where the external heat

2n 2n T 9
Qc(t)zATOCt—co —t + AToA kspscst—(ﬂ +y?)
0 0 0
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Fig. 9. Instantaneous temperature distribution numerically calculated in the specimen cross-section (Samcef plot).

load of Eg. (21) was neglected, with the encouraging results transfer was assumed to occur on all surfaces exposed to air,
reported before [1,2,6,7]. with a constant convection coefficient and air temperature.
The thermo-physical properties of the materials were con-
sidered constant.
4. One-dimensional wave propagation Despite of the application of the input transversally to
the direction of wave propagation, such propagation can
As previously mentioned, a direct-contact source is used be considered one-dimensional at sufficient distance from
to apply the thermal signal. This makes not easy to achievethe source. This can be noticed in Fig. 9, which shows the
an uniform heat input all ovehe contact interface, since instantaneous temperature distribution on the cross-section
the contact resistance to the heat flux can be inhomogeneou$f the slab. The thermal disturbance is applied on the left
due to surface roughness or imperfect flatness. It is thereforgpart of the top surface. The isothermal lines, which represent
necessary to supply the thermal input on a ‘strip’ of one the thermal waves propagating in the slab, progressively turn
of the two main surfaces of the slab specimen, where ainto straight vertical lines, as the waves move away from the
homogeneous contact can be yielded by using an adequat&eat source.
contact pressure. The same behavior of the thermal waves was observed
Such a practice, however, implies that the measures ofin the experiments. A thermographic image of the instanta-
surface temperature are useful to estimate the diffusivity neous temperature distribution on the side surface of a spec-
only beyond a certain distance from the input source. In imen is shown in Fig. 10.
fact, the wave-front of the temperature oscillation is initially A thorough numerical investigation showed that the
plane and parallel to the specimen surface. Then, it startsplanar wave-front is fully developed at a distance from the
bending and becoming more and more curved, until a planesource greater than the specimen thicknésshis is evident
wave-front is achieved again, but at this time perpendicular in Fig. 11, which plots the local derivative of the wave phase
to the specimen surface. and the wave amplitude, both normalized to their asymptotic
The distance at which the above condition is met, and values, versus the normalized distance from the souyeg,
a true one-dimensional propagation of the thermal signal is Independently of the thermal diffusion lengh, and of the
yielded aside of the input strip, along the main dimension intensity of convection (in the terms andy), the thermal
of the specimen, is investigated here by both numerical system within the specimen can actually be considered one-
and experimental analyses. Through these, a general rule iglimensional for /d > 1.
established for the performance of the experiments. Altogether, the numerical and experimental results demon-
An extensive numerical investigation was performed, strate that Eq. (6) is alwayapplicable if the surface-
using the finite element code Samcef [22]. The purpose wastemperature distribution is monitored at a distance from the
to compare the accuracy of the equations to estimate thesource greater thah
diffusivity, with respect to fully two-dimensional solutions. It can also be verified by some simple mathematical
The simulation reproduced the slab shown in Fig. 1. considerations that the minimum distance from the source
A harmonically oscillating temperature profile was imposed is shortened tad/2, if a ‘sandwich’ configuration as in
onto the thermal input surface. The slab surface temperatureFig. 12 is used. More specifically, the periodic thermal input
was calculated over the remainder of the top face, which can be supplied by two different thermoelectric modules,
would be the optically accessible surface. Convective heatbetween which the specimen is sandwiched. This also allows
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Fig. 10. Instantaneous temperature distiitn measured on the specimen side surfteermographic imageAlSI-304 specimend = 1.7 mm.

: At the current stage of development, the method is
1 1 targeted to the case of a thin slab of high-conductivity
AIAT,/9x material, in which a one-dimensional temperature field is
‘ easily produced. The harmonic input is applied onto a
=YL | surface strip that covers the whole width of the slab. The
or —_—L/d=5 thermal diffusivity is eventually correlated to the phase lag
CLORERS _%js and the exponentially decagjnamplitude of the thermal
/(=B/L) | e LJd=1 waves propagating along the slab. These are tracked on the
N x/d=1 same surface where the thermal input is applied, adjacent to
0 ’ ’ ’ ‘ ’ ' ’ the thermal input area.
0 1 x/d 2 In this work, the experimental implementation of the test

_ _ ' method was investigated, focusing on obtaining a thermal
Fig. 11. Wave-phase, and wave-amplitude\ 7, numerically calculated signal both perfectly harmonic and one-dimensional.
versus the distance from the source. . . .
A perfectly-harmonic thermal signal permits to recover

them“’d“f@mes the diffusivity value by an effortless processing of the
\\\__ experimental data. Moreover, a null net heat input of
i;---- . -
- N %«%/I 7777777777777 the ;lgnal allows setting the average temperature of the
[ \ \ specimen to the ambient value.
‘\Q':_;\ \ The most practical way to obtain null net heat input
input surfaces cross-section is employing a thermoelectric source based on the Peltier

effect. In fact, this device pumps heat when a direct current

flows through it, and it can alternate heating and cooling

an easier application of the desired contact pressure and:stages by smply switching the direction of the_current.

if necessary, an increase in the maximum amplitude of A harmonic anq well-balanced therm_al signal can be

the thermal heat input. It is only required that the two a9h|eved by supplying to t_hethermoc_alectnc source a current
with a purposely-chosen time-evolution pattern. The pattern

thermoelectric modules have exactly equal performance, be develoned f th wiical f la that
which can be quickly verified through commercial testing can be developed Irom the analytical formuia that governs
the transient behavior of a thermoelectric module and its

Fig. 12. Slab specimen and thermalsce: ‘sandwich configuration’.

devices [23].
vices [23] thermal load.
The approach, already testedtlwsatisfactory results,
5. Concluding remarks was here improved by enhancing the analytical model on

which the time-evolution pattern is obtained. From the
A novel approach to the well-known Angstréom’s method enhanced model, a more acdaraime-evolution pattern

to measure the thermal diffusivity of solid materials has is developed for the current supply, by which an optimal
been developed. This approach is different from other thermal input can theoretically be provided.
techniques, mostly using photo-thermal sources, in that Another crucial aspect of the experimental procedure is
a harmonic thermal signal is supplied to the specimen that the thermoelectric source supplies the thermal signal
by a thermoelectric source based on the Peltier effect. by direct contact. This makes not easy to achieve an uni-
Through this, a steady-periodic propagation of thermal form heat input all over the contact interface, due to surface
waves with ambient mean value can be obtained in the solid.roughness or imperfect flatness. Thus, a homogeneous con-
The thermal diffusivity is then estimated by tracking the tact must be assured by using a proper contact pressure. This
thermal wave propagation on the solid surface by infrared can be applied by placing the thermal source on one of the
thermography. two main surfaces of the slab specimen.
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This practice implies that the surface-temperature mea- [6] P.G. Bison, S. Marinetti, A. Mazzoldi, E. Grinzato, C. Bressan, Cross-
sures are useful to estimate the diffusivity only beyondacer-  comparison of thermal diffusivityneasurements by thermal methods,
tain distance from the input surface, where the wave-frontof _ Infrared Physics and Technology 43 (3-5) (2002) 127-132. _
the temperature oscillation becomes plane and perpendicularm F. Cemuschi, P.G. Bison, S. Marinet, A. Figari, L. Lorenzon,

g . . E. Grinzato, Comparison of thermal diffusivity measurement tech-
to the main surfaces of the specimen. But a thorough inves-  pjgues, in: Proceedings of Quantitative InfraRed Thermography 6,
tigation, which is here presented, allowed establishing that ~ Dubrovnik, Croatia, September 24-27, 2002, submitted for publica-
a true one-dimensional propagation of the signal is yielded tion. . .
at a distance from the source just greater than the specimen 8] Agema Thermovisiofi 900 Series, User Manual, 1993.

. . . . . [9] L.C. Aamodt, J.C. Murphy, Photothermal measurements using a
thickness, independently of the duration of the signal period localized excitation source, J. Appl. Phys. 52 (8) (1981) 4903-4914.

and the intensity of the heat transfer between specimen andigj . Hatta, Y. Sasuga, R. Kato, A. Maesono, Thermal diffusivity
ambient. Moreover, the distance can be halved by adopting  measurement of thin films by means of an AC method, Rev. Sci.
a ‘sandwich’ architecture of the thermal source. Instruments 56 (8) (1985) 1643-1647.

The research presented here is part of a long-term pl’oject,[ll] E.P. Visser, E.H. Versteegen, W.J.P. van Enckevort, Measurement of

aimed at the full implementation of the pronosed anbroach thermal diffusion in thin films using a modulated laser technique:
! ulfimp ! propos pp Application to chemical-vaporeaposited diamond films, J. Appl.

to the measurement of the thermal diffusivity. The final goal Phys. 71 (7) (1992) 3238-3248.

is to overcome some limitations of the most utilized standard [12] H.P.R. Frederikse, R.J. Fields, A. Feldman, Thermal and electrical
test methods, the guarded-hot-plate and the laser flash, in the  properties of Copper—Tin and Nickel-Tin intermetallics, J. Appl.
characterization of thin specimens with high conductivity or ___ Phys. 72 (7) (1992) 2879-2882.

diffusivity. In particular. a mee accurate characterization is [13] L. Fabbri, P. Fenici, Three-dimeiosal photothermatadiometry for
y-inp ! the determination of the thermal diffusivity of solids, Rev. Sci.

sought than by the guarded-hot-plate, using a much simpler  nstruments 66 (6) (1995) 3593-3600.
experimental procedure than for the laser flash. [14] A. Feldman, N.M. Balzaretti, A modification of Angstrom’s methods
that employs photothermal radiometry to measure thermal diffusivity:
Application to chemical vapor deposited diamond, Rev. Sci. Instru-
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