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Abstract

Heat transfer through a two-layer system constituted of different materials has been studied. We focus on the overall apparent thermal
conductivity in the direction perpendicular to the planes of the layers and consider the case of two materials, alumina and glass, which exhibit
a strong difference in individual thermal conductivity. Numerical simulations using finite element analysis have been performed for two
situations: transient response corresponding to characterisation of the thermal conductivity by the laser-flash experiment and steady-state
response corresponding to the behaviour of two resistors in series. The calculations show that the two methods give similar results up to a
volume fraction equal to 0.5 of the alumina phase. However, for alumina volume fractions above 0.5 the laser-flash experiment overestimates
the overall thermal conductivity predicted by the steady-state series model. This is explained by a limit to the validity of a homogeneous
approximation to the two-layer heterogeneous system, typically used in the analysis of laser-flash data. Experimental results, obtained on
alumina/glass two-layer samples of varying relative thicknesses, support these deductions, though the thermal resistance of the contact betweel
the layers should also be taken into account.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Fourier's law, can be used to obtain an experimental value
for the overall thermal conductivity. In practise, transient

Two-layer systems are encountered in a wide variety of methods, and in particular the laser-flash method, are pre-

industrial application$:? For example, in mechanical en-  ferred to reduce errors due to thermal contact resistance and

gineering the high temperature performance (>40p of heat losse$> The laser-flash method measures directly the
moving solid surfaces in contact can be improved by the ad- overall apparent thermal diffusivity of the two-layer system.
dition of a layer of material with high resistance to wéan. Bulmer and Tayldt have developed an analytical model

electronics, two-layer or multilayer systems are assembledfor this situation and demonstrated its validity for two-layer
in order to remove excess local heat resulting from the Joule systems where the volumes fractions are not too different.
effect. Knowledge, of the thermal behaviour and character- The steady-state thermal conductivity can then be calcu-
istics of such systems, is therefore important for achieving |ated assuming that the system is a homogeneous medium.
optimum operating efficiency. Strictly, in the case under study, this is not true. Conse-
In this paper, we focus attention on the overall thermal quently, the paper examines the validity of such a homoge-
conductivity of a two-layer system consisting of a glass neous approximation to a heterogeneous situation. First, we
layer joined to an alumina layer. These materials exhibit compare numerical simulations of the transient behaviour
significantly different values of thermal conductivity and we of a two-layer system in the flash experiment to a simple
consider the heat flow direction perpendicular to the planes steady-state model based on two resistors in series. We
of the layers. In theory a steady-state method, exploiting explore the role of the volume fractions of each layer to de-
termine when the approximation is valid and when it is not.
* Corresponding author. Then, the computer-simulated results are compared to real
E-mail addressj.absi@ensci.fr (J. Absi). experimental data for the alumina/glass two-layer system.
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Fig. 1. Heating cycle used in the fabrication of the two-layer system.
2. Experimental procedure where p1, p2 refer to the measured values of density for
each layer. The volume fractions, v, were estimated from
2.1. Sample preparation the relative thicknesses of each layer, measured using the

translation table of an optical microscope. In a similar way,

Two-layer samples of alumina joined to glass were made a value for the overall specific he&l,, was evaluated with
with a total thickness of approximately 3 mm. Initially, the the expression:
layers of glass and alumina were prepared separately. The
composition of the glass was chosen so that its coefficient of Cy =
thermal expansion was close to that of alumina, which was P1VL T+ P202
measured with a value of&x 10°K~! at room temper-  whereC; andC; refer to the specific heats of the alumina
ature. Hence, 3wt.% of N® was mixed with a glass frit and g|ass solid phases at room temperature.
(Ferro-BC832). A glass slab was then obtained by firing at  The laser-flash method was used to determine, via the
940°C. The corresponding alumina layer was obtained by thermal diffusivity, the overall thermal conductivity of the
uniaxially pressing fine powder (P172 SB, Pechiney) into samples. A short pulse (0.5 ms) of a laser beam (assimilated
a 25mm disc and firing at 160C for 4 h. After polishing in theory to a Dirac function) is used to heat up the front
the contact surfaces, joining was then achieved by press-face of the cylindrical sample. The absorbed heat diffuses
ing the two layers together during a heating cycle at@O0  throughout the sample and an infra red detector is used to

(Fig. ). The two-layer samples were then cut and polished monitor the evolution of the back face temperature. Samples
into discs of 8 mm in diameter suitable for the laser-flash ex-

periment. A batch of two-layer samples was made with vari-

[ f the volume fraction (relative thickness) between the Table 1
ation 0_ o . Characteristics of the batch of two-layer samples
two solid phasesTable J). Individual samples of each solid

C1p1v1 + C2p2v2

(@)

phase were prepared for the characterisation of the basic palW°-yér samples  Total thickness (m) % volume of alumina
rameters which were needed for the analytical calculations 1 3.6E— 03 9.2
and simulations. The quality of the interface was also ex- 2 2.9E— 03 155
amined by scanning electron microscopig. 2 shows that i g'iE: 82 ;gg
it is well form_ed and devoid of significant air gaps resulting 3.0E— 03 322
from separation of the two layers. 6 3.7E— 03 33.3
7 2.8E— 03 35
— 8 3.3E— 03 44
2.2. Characterisation 9 39E_ 03 48.7
_ . 10 3.5E— 03 49
The density of each type of layer was evaluated using the 11 2.8E— 03 49.1
method based on Archimedes’ principle. For the two-layer 12 2.6E— 03 49.2
samples an overall value of density, was calculated using 1431 i'gE‘ 82 23431
an expression based on the rule of mixtures: 15 2 6E— 03 80.8
16 2.3E— 03 90.2
- p1v1 + p2v2 1) 17 2.3E— 03 90.5

v1 + v2
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Fig. 2. Micrograph of the alumina/glass interface.

were coated with a thin graphite layer to improve laser beam 3. Numerical simulation
absorption and also the emitted signal from the back face.
The back face temperature can be analysed with Parker's With respect to the laser-flash method, the calculation of

original expressiof}: the overall conductivity of a two-layer system should be
) based on the transient heat transfer behaviour. Analytical
o = 0.13% 3) calculations for heat propagation in a two-layer system have
1172 been made involving a Laplace transformation on the general
heat equation in the form

wheree is the sample thickness ang, the time taken by 2
the back face to increase its temperature to one-half of the T = T (6)
maximum value. However, the thermal diffusivity value will 9 dx2
be overestimated if heat losses occur. This discrepancy iSAssuming a perfect contact, Bulmer and Ta§larsed a
due to the deviation from the ideal temperature—time curve computer routine to solve a complicated series of equa-
for a homogenous sample described in the form of a univer- tions and predict the overall temperature—time behaviour.
sal curve in a dimensionless plot. A number of procedures goyayad et at? extended the approach to take into account
have been developed to provide corrections for non-ideal the thermal resistance of the contact between the layers.
behaviour’ ™! Similar to Clark and Taylor's method for han-  Given the difficulties of the analytical approach, a conve-
dling heat losse&) we have used Degiovanni’'s expression njent and efficient alternative is provided by numerical sim-
to calculate experimental values of thermal diffusivity: ulation. We have therefore modelled the transient response
of the two-layer system in conditions corresponding to the
e? 11/3 11/3 2 | _flash i i ini i -
o= — | 0.8498— 1.8451 4+ 1_0315<_> 4) aser-flash experiment using a finite element analysis soft
I5/6 I5/6 I5/6 ware package called ABAQUS. The operations, which are
necessary for the simulation, can be divided into three ma-
wheret; /3 andts/ refer to times for temperature increases jor parts: model construction, calculation and interpretation
to 1/3 and 5/6 of the maximum value, respectively. of the results.

A further advantage to this approach is that non-linearity ~ The sample symmetry in the form of a disc and the re-
in the conversion of the detector signal into recorded voltage ception of a uniform heat flow on the front face allow a
is also taken into account. The apparent thermal conductivity two-dimensional model to be used. The apparent thermal
Aa is then given by the relation: conductivity of this system was studied for the transient con-

Aa = apaCa ) Table 2

Characteristics of individual materials

where p, is the density andC; is the specific heat of the
sample which is assumed to be a homogenous medium. The
overall specific heat and density values for each two-layer Density [kg/n?] 2760 3230
sample were evaluated using the datdable 2andEqs. (1)  Specific heat [J/kgK] 744 766
and (2) Experimental error im is estimated at 5%. Conductivity [W/mK] s 14

Glass Alumina
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Fig. 3. Model of a two-layer sample in the laser-flash experiment.
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in steady-state conditions after application of a constanttem- & 41 ® Steady state simulation (alumina-glass)
perature difference across the samgig( 3. The thermal £ 1 B _Steady state simulation (glass-alumina)
contact between the two layers is assumed to be perfect (no % 101
thermal resistance). E
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=
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3.1. Steady-state conditions E
g 4
. . . o .__m-—"'
A temperature difference is applied across the sampleand £ 2}—w—®— % Alumina

the heat flow leaving the back face as a function of time
is simulated. The apparent thermal conductivityis then
calculated from Fourier's law and the steady-state value of Fig. 4. Thermal conductivity calculated by numerical simulation (steady

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

the heat flow with: state) and by a series model usi&g. (8)vs. volume fraction of alumina.
de
la= 7
Sl (7 erter _en e ®)
Aa AL A2
whereg is the back face heat flow density (W) andeis  \yhereey, e refer to the thicknesses of the individual layers

the total thickness of the sample. The situation is simulated andi1, A, refer to their thermal conductivities. The numer-
with a single calculation step after time duration of 5-10s jca| simulation is therefore validated. A further check was
depending on the sample thickness. Heat loss to a convectiorherformed by reversing the temperature difference across
environment at 20C is fixed at the curved sample surface the simulated sample and this again revealed no difference.
of the cylinder.
4.2. Transient conditions (laser-flash experiment)
3.2. Transient conditions
The laser-flash experiment was simulated numerically

The laser-flash experiment is simulated first, by a step in on each two-layer sample by predicting the correspond-
which the laser beam flash is modelled by a heat flow den-ing temperature—time behaviour at the centre of the back
sity at the front face of 2 x 10°Wm~2 lasting 0.45ms, face. Parker’s expression and the Degiovanni method were
and second, by a step of heat propagation through the samboth used to calculate the thermal diffusivity and then the
ple. The total calculation time, allowing for achievement of corresponding thermal conductivity values were obtained
thermal equilibrium, was 10-20s depending on the samplewith Eq. (5) In Fig. 5 the results are compared with the
thickness. In both these steps the time and space incrementsteady-state series model given By. (8) Both sets of
are chosen so as to give maximum information while re-
specting reasonable calculation times.

[N
o

Series model

-
i

@ Degiovanni (abaqus)
% Parker (abaqus)
><  Experimental (laser-flash)

-
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4. Results and discussion
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4.1. Steady-state calculation

(=2}

Thermal conductivity (W/(m.K))
IN ©

The values of thermal conductivity predicted by numerical Z‘M
% Alumina

simulation for a two-layer system in the steady state are .

shown inFig. 4. They are plotted as a function of the volume 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

fraction of the alumina ph n ree very closely with

thaCt Ol'dol' the 6}“ | tad% atshe and zg et? € )f/t\(;’\lostiy tl Fig. 5. Thermal conductivity determined by numerical simulation (transient
e_so 1 mg cal CL_J ated by the combination o 0 therma regime), by the series model and by the laser-flash technique vs. volume

resistances in series: fraction of alumina.
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data show a similar trend as a function of alumina volume temperature—time behaviour kig. 6. The plots are given
fraction. However, above 50% of alumina, a significant in dimensionless units of temperature and time

difference is qbserved between the steady-state values . T —To

and those obtained by the transient calculations. For largeT” = 1 9)
volume fractions of alumina (the conducting phase) the max— 10

transient values are up to 15% higher than the steady-statevhereTg is ambient temperatur&max the maximum tem-
counterparts. Furthermore, there is also a slight separationperature achieved by the sample after reception of the laser
of the Parker and Degiovanni values. pulse in adiabatic conditions, and

The differences could be explained by: 2ot

- a problem in the accuracy of the numerical simulation of w= &2

the transient regime, . . : . .
- the influence of heat losses which deform the temperature—WherEt s the tlme_,e |s_s_ample thickness andis Fhe ap-
time curve. parent thermally diffusivity of the sample assuming _homo-
geneous response. The curve for 100% alumina gives the
The close agreement of the numerical calculations for reference homogeneous response for a solid and is essen-
samples up to 50% volume fraction of alumina with the tially independent of the value of thermal diffusivity. The
steady-state curve suggests that the accuracy of the procesimulated curve for the two-layer system with 10% in vol-
dure is not in question. Further support to this idea is given ume of glass exhibits a significant deviation from this ho-
by the transient calculations for 100% alumina where the mogeneous response especially for times greater than
values coincide with the steady-state value. Heat losses car(Fig. 69. It can be seen that the two curves cross over at
also lead to an over estimation of the thermal diffusivity by aboutt;;» meaning that the Parker analysis is almost unaf-
the Parker expression and hence an increase in the thermdlected. In contrast, the Degiovanni analysis, based in part
conductivity value. Though this would explain the separa- on t5;s will apply a correction to pushg,s back onto the
tion between the Parker and Degiovanni values the argumenthomogeneous curve. This increases its value and hence de-
is not consistent. First, such an effect should be more pro- creases the calculated thermal diffusivity. The separation of
nounced for the more insulating lower alumina volume frac- the Parker and Degiovanni values for the high alumina vol-
tion samples, which is not the case. Second, the Degiovanniume fraction samples is thus explained. We note that the
values, essentially independent of heat losses, should lie onParker and Degiovanni values coincide within calculation
the steady-state curve which is not observed between 65errors for 100% aluminaH(g. 5 and also for the lower alu-
and 95% volume fractions of alumina. We note also that the mina volume fraction samplebig. 6bshows that for a 10%
Parker and Degiovanni values coincide for 100% alumina. volume fraction of alumina the temperature time curve ex-
We therefore ask whether there is a limit to the valid- hibits almost no deviation from homogeneous response. We
ity of the homogeneous approximation used implicitly in deduce that for the alumina/glass samples under study the
Eq. (5) For strongly heterogeneous samples constituted of homogeneous approximation vi&g. (5) gives access to a
a thin insulating layer joined to major conducting phase, satisfying value for the overall thermal conductivity in the
Eqg. (5)overestimates the steady-state thermal conductivity. steady state for alumina volume fractions up to 0.5. This cor-
In essence, the laser-flash experiment measures the overallesponds simply to two resistors in series. However, it is no
thermal diffusivity ¢ = A/pc), a sort of inverse thermal longer the case for the higher alumina volume fraction sam-
time constant, which is only slightly modified by the addi- ples where the laser-flash data should be interpreted with a
tion of the glass layer. In contrast, the glass layer strongly more complex transient model of the two-layer system.
reduces the overall steady-state thermal conductivity. Finally, the difference between the experimental points
More evidence is given by the experimental results mea- and the simulated values can be explained by the additional
sured with laser-flash method which are compared to thethermal resistance of the contact which is certainly less
calculations inFig. 5. For samples with less than 50% vol- than perfect® Even a very good contact at an interface
ume fraction of alumina, good agreement is found between can be considered to have a thermal resistance. For exam-
experiment and theory. Above 50% volume fraction of alu- ple, the thermal resistance of a grain boundary in a dense
mina this agreement is no longer true. The experimental val- sintered ceramic has been evaluated at®f? K W1 in
ues are found between a lower limit given by the steady-statealumina® or 5 x 10-9m?2KW1 in zirconial® The attri-
series combination of resistors and an upper limit given by bution of this value to the interface in the two-layer system
the numerical simulation of the laser-flash experiment. The yields no significant effect. At the other extreme the ther-
difference from the steady-state behaviour increases withmal resistance of a poor contact, such as two aluminium
the volume fraction of alumina. This supports the interpre- blocks simply held together by pressure, is of the order
tation that there is a limit to the validity of a homogeneous of 10-*m2KW1. It is reasonable to assume that alu-
approximation to a two-layer heterogeneous system. mina/glass interfaces of our samples lie between these two
Another manifestation of the heterogeneous response oflimits. In another piece of work concerning these samples,
the two-layer system can be found by examination of the we have shown that the effect of a thermal contact resis-

(10
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Fig. 6. (a) Dimensionless plot of back face temperature history for single-layer and two-layer (10% glass and 90% alumina)T$yatelnsare defined
in Egs. (9) and (10)(b) Dimensionless plot of back face temperature history for single-layer and two-layer (90% glass and 10% alumina) systems.

tance of 10° to 10°°>m?K W1 on the simulated values can be calculated with the expression:
is sufficient to obtain agreement with experiméhiThis
value applies to all volume fractions in the two-layer sys-
tem but its effect becomes less significant for samples ex- wherea is the measured thermal diffusivity, apg andCy
hibiting greater thermal resistance (low volume fraction of are overall density and specific heat values for the two-layer
alumina). system. We have studied the validity of this approximation as
a function of relative volume fraction between the two solid
phases. Numerical simulation shows that both approaches
5. Conclusion yield very similar results up to an alumina volume fraction of
0.5. With alumina volume fractions greater than 0.5, the tran-
The thermal response of a two-layer system has been studsient method overestimates the value of overall thermal con-
ied for the case of a strong difference in thermal conductiv- ductivity compared to that obtained in a steady-state exper-
ity of the respective layers. In particular, the overall thermal iment. The difference from steady-state behaviour increases
conductivity value of the system, in the direction of heat flow with the volume fraction of the more conducting phase and
perpendicular to the planes of the layers, given by a tran- exhibits a maximum value of 15% at an alumina volume
sient measurement of the thermal diffusivity is compared to fraction equal to 0.9. This is explained by deformation of the
that obtained in the steady-state situation. The assumptiontemperature—time behaviour of the two-layer system com-
of the laser-flash method is that the sample behaves as a hopared to the response of a homogeneous medium. Experi-
mogeneous medium and hence the thermal conductigity = mental results for alumina/glass two-layer samples support

Aa = apaCa
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these observations, though it is also necessary to take into 4. Parker, W. J., Jenkins, R. J., Butler, C. P. and Abbott, G. L., Flash
account the thermal resistance of the contact between the

two layers.

Finally, we conclude that for the case of a thin thermally
resistive layer on a conducting substrate, a model which
correctly describes the transient response of the two-layer

system, should be used for a precise analysis of the data 6

obtained in a laser-flash experiment.

Acknowledgements

Sylvie Grandjean would like to thank the Limousin region
and Benoit N#-Ali would like to thank the French Ministry
of Research and Technology for the Ph.D. study grants.

References

1. Pesare, M., Giorgio, A. and Perri, A. G., An analytical method for the
thermal layout optimisation of multilayer structure solid-state devices.
Solid State Electron2001,45, 511-517.

2. Li, B. C. and Zhang, S. Y., The effect of interface resistances on
thermal wave propagation in multi-layered samplésAppl. Phys.
1997, 30, 1444-1447.

3. Fournier, P., Reynaud, P., Platon, F. and Absi, J., Tribological be-
haviour of carbon-fibre-reinforced SiC matrix compositds.Eng.
Tribol. 2000, 214(Pt 1), 291-306.

method of determining thermal diffusivity, heat capacity and thermal
conductivity. J. Appl. Phys1961,32, 1679-1684.

5. Bucknam, M. A., Bentsen, L. D., Makosey, J., Angell, G. R. and

10.

11.

12.

13.

14.

15.

Hasselman, D. P. H., The measurement of the thermal conductivity
of refractories by the laser-flash methdodans. J. Br. Ceram. Soc.
1983, 82, 18-23.

Bulmer, R. F. and Taylor, R., Measurement by the flash method of
thermal diffusivity in two-layer composite samplés$igh Temp. High
Press.1974,6, 491-497.

. Heckman, R. C., Finite pulse-time and heat-loss effects in pulse

thermal diffusivity measurementd. Appl. Phys1973,44, 1455-1460.

. Cowan, R. D., Pulse method of measuring thermal diffusivity at high

temperatures]. Appl. Phys1963, 34, 926-927.

. Taylor, R. E., Critical evaluation of flash method for measuring thermal

diffusivity. Rev. Int. Htes Temp. Réfradt975,12, 141-145.

Clark, L. M. and Taylor, R. E., Radiation loss in the flash method
for thermal diffusivity.J. Appl. Phys1975,46, 714-719.

Degiovanni, A., Diffusivité et méthode flasliRev. Gen. Therm.
(France) 1977,185, 420-441.

Bouayad, H., Martin, C. and Smith, D. S., Contact thermal resistance
in a two layer systeml. High Temp. Mater. Proces002,6, 145-160.
Absi, J., Nait-Ali, B., Smith, D. S. and Grandjean, S., Numerical
simulation of thermal contact resistance of two-layer systenPrb:
ceedings of the Il International Congress on Materjaigril 2003,
Lisbon, Portugal, C.D.

Smith, D. S., Fayette, S., Grandjean, S., Martin, C., Telle, R. and
Tonnessen, T., Thermal resistance of grain boundaries in alumina
ceramics and refractorie§. Am. Ceram. So2003, 86, 105-111.

Yang, H. S., Bai, G. R., Thompson, L. J. and Eastman, J. A., Interfacial
thermal resistance in nanocrystalline yttria-stabilized zircoAieta
Mater. 2002, 50, 2309-2317.



	Thermal response of two-layer systems:Numerical simulation and experimental validation
	Introduction
	Experimental procedure
	Sample preparation
	Characterisation

	Numerical simulation
	Steady-state conditions
	Transient conditions

	Results and discussion
	Steady-state calculation
	Transient conditions (laser-flash experiment)

	Conclusion
	Acknowledgements
	References


