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Objectif	

Une	source	de	chaleur	
volumique	est	appliquée	sur	
une	couche	constitutive	d’un	
multicouche.	
	
But	:	déterminer	la	
température	moyenne	de	la	
source	en	fonction	de	sa	
position	sur	le	système	
	
Applications	en	
caractérisation	thermique	
(thermoréflectance,	
radiométrie	photothermique,	
SThM)	
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Source	localisée	dans	une	couche	
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Source	localisée	dans	une	couche	

  
θ x, y, z, p( ) = T x, y, z,t( )e− pt dt

0

∞

∫

   

ρCp pθ x, y, z, p( ) = kx

∂2θ x, y, z, p( )
∂x2 + ky

∂2θ x, y, z, p( )
∂y2 + kz

∂2θ x, y, z, p( )
∂z2 + !g x, y, z, p( )

for0 < x < Lx ,0 < y < Ly ,0 < z < e

  

∂θ x, y, z, p( )
∂x

= 0, at x = 0   and  x = Lx

  

∂θ x, y, z, p( )
∂y

= 0, at y = 0    and  y = Ly

Transformée	de	Laplace	sur	le	temps	
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Source	localisée	dans	une	couche	
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Source	localisée	dans	une	couche	

Solution	quadripôle	
  

θ0

ψ 0

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
= A B

C A
⎡

⎣
⎢

⎤

⎦
⎥

θe

ψ e

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
− X

Y
⎡

⎣
⎢

⎤

⎦
⎥

  
δm,n

2 = p Dz + Dx Dzαm
2 + Dy Dz βn

2

  
A = cosh δm,n e( ); B =

sinh δm,n e( )
kz δm,n

; C = kz δm,n sinh δm,n e( )

  

X = g z( ) sinh δm,n z( )
kz δm,n

dz
0

e

∫ = g0

cosh δm,n e( )−1

kz δm,n
2

Y = g z( )cosh δm,n z( )dz
0

e

∫ = g0

sinh δm,n e( )
δm,n

D.	Maillet,	S.	André,	J.-C.	Batsale,	A.	
Degiovanni,	and	C.	Moyne.	Thermal	
quadrupoles;	solving	the	heat	equation	
through	integral	transforms.	Wiley	ed.,	
New	York,	2000		
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Source	localisée	dans	une	couche	
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Retour	à	la	solution	fréquentielle	
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Source	localisée	dans	une	couche	

  
Z1 =

A−1
C

   and Z3 =
1
C

  

Z = 2
kz δm,n

2 e
1−

δm,n e

sinh δm,n e( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

  
θ

xyz
=
θav +θap

2

Température	moyenne	de	la	source	

J.	Pailhes,	C.	Pradere,	J.-L.	Battaglia,	J.	Toutain,	A.	Kusiak,	
A.W.	Aregba,	J.C.	Batsale,	Improvement	of	the	thermal	
quadrupole	method	for	multilayered	media	with	heat	
sources,	J.	Thermal	Sciences	53,	49–55	(2012).		

A.	Degiovanni,	C.	Pradere,	E.	Ruffio,	J.-L.	Battaglia,	Advanced	
thermal	impedance	network	for	the	heat	diffusion	with	
sources,	International	Journal	of	Thermal	Sciences	130	
(2018)	518–524		
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Température	moyenne	de	la	source	
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Source	localisée	dans	une	couche	–	
impédances	thermiques	
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Source	localisée	dans	une	couche	-	EF	
TEST1.MPH	

  f = 1125Hz
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Source	localisée	dans	une	couche	-	
comparaison	

CPU time 
(proc i7, 2.7 MHz) 

FEA 6,2778 19.034 13.616 8 s (13082 DoF) 
QuadS 6,2777 19.0337 13.6161 0.026 s (M=N=100) 
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θ0 xy
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journée	SFT	du	20	juin	2019	 12	



2	couches	dont	une	avec	source	-	EF	

<T2>surface	en	z=0	=	12,910	°C	

<T1>surface	en	z=0	=	6,2757°C	

e1	

0	

z	

e2	

Flux	nul	sur	paroi	latérale	et	z	=	e2	
Température	nulle	sur	paroi	z	=	0	
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2	couches	dont	une	avec	source–	
impédances	thermiques	
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2	couches	-	comparaison	

CPU	(proc	i7,	2.7	
MHz)	

EF	 6,2757	 12.910	 11.653	 10	s	(23987	DoF)	

QuadS	 6,2757	 12.910	 11.652	 0.034	s	
(M=N=100)	
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2	couches	dont	une	avec	source	et	
résistance	d’interface	-	EF	

Flux	nul	sur	paroi	latérale	et	z	=	e2	
Température	nulle	sur	paroi	z	=	0	

e1	

0	

z	

e2	

  RTH = 5×10−7 K.m2 /W
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2	couches	dont	une	avec	source	et	résistance	
interface	–	impédances	thermiques	
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2	couches	+	RTC	-	comparaison	

CPU	(proc	i7,	2.7	
MHz)	

EF	 6,2739	 12.815	 12.526	 10	s	(23987	DoF)	

QuadS	 6,2742	 15.857	 12.5258	 0.034	s	
(M=N=100)	
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Multicouches	avec	terme	source	
localisé	-	EF	

Q0
2	
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Multicouches	avec	terme	source	
localisé	-	QuadriS	
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Multicouches	avec	terme	source	
localisé	–	matériaux	≠	-	EF	
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Multicouches	avec	terme	source	
localisé	–	matériaux	≠		-	QuadS	
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Multicouches	avec	terme	source	localisé	–	matériaux	≠		-	QuadS	
décomposition	de	la	source	
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Multicouches	avec	terme	source	localisé	–	matériaux	≠		-	
QuadriS	

décomposition	de	la	source	
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Applications	

•  Thermo-réflectométrie	
•  Radiométrie	IR		avec	source	mobile	(flying	
spot)	

•  Microscopie	thermique	à	balayage…	
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Configuration	expérimentale	

Milieu	1	(k1,	r1,	Cp1)	 Milieu	2	(k2,	r2,	Cp2)	

Source	de	chaleur	se	déplaçant	dans	le	
plan	et	avec	une	pénétration	optique	dans	
le	milieu	

Résistance	thermique	à	
l’interface	entre	les	deux	
milieux	

x	

y	

z	
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Résolution	
•  Ce	problème	peut	être	résolu	par	:	
–  EF	:	beaucoup	d’éléments	sont	nécessaires	si	la	source	est	
de	dimensions	très	petites	par	rapport	au	dimensions	des	
deux	milieux	

–  Analytique	:	méthode	développée	par	Lepoutre	et	al.	en	
1995,	nécessitant	le	calcul	de	12	intégrales.	

icron-scale therm haracterizations of interfaces parallel 
or perpendicular to surface 

F. Lepoutre, D. Balageas, Ph. Forge, S. Hirschi, and J. L. Joulaud 
ONERA, WC, BP72, F92322 Chritillon, France 

D. Rochais 
ONERA (L3C) and CEA, BP12, F91680 Bruykes le Chatel, France 

F. C. Chena) 
ONERA, WC, BP72, F92322 Ch&illon, France 

(Received 10 May 1994; accepted for publication 13 April 1995j 

Theoretical and experimental possibilities are presented of a modulated photothermal method, 
laser-induced photoreflectance, for inspecting thermal diffusivities and quality of interfaces in 
composite materials with micron-scale spatial resolutions. The models are established for 
semi-infinite materials containing interfaces parallel or perpendicular to the sample surface. The 
applications concern thermal diffusivity measurements of anisotropic polycrystals and detection of 
thermal resistance in damaged materials and at interfaces between reinforcements and matrix in 
composites. 0 1995 American Institute of Ph.ysics. 

I. INTRODUCTION 

The increasing complexity and the highly heterogeneous 
nature of modern materials require new methods of charac- 
terization with high spatial resolutions. The thermal param- 
eters of inhomogeneous materials (diffusivity, thermal resis- 
tance of interfaces, and so forth) are of special importance 
since, first, they determine the lifetime of the final product 
and, second, because the bulk values are often inapplicable 
to the individual components of the composite. Conventional 
methods of temperature measurement use invasive probes 
(thermocouples, for instance) and have low spatial resolu- 
tions. 

For more than 20 years now, modulated photothermal 
methods have provided efficient tools for thermal 
characterizations.’ In these techniques, the sample is heated 
by the absorption of a modulated light beam (pump beam) 
and the induced periodic temperature is detected by various 
methods generally classified as thermal methods if they in- 
volve only thermal processes and as acoustical ones if they 
use the thermomechanical deformation of the sample 
surface.2 

The method described in this article is called laser- 
induced photoreflectance and is related to the thermal meth- 
ods (see Fig. 1). Its principle is to detect the periodic tem- 
perature through the thermally induced modulation of the 
optical reflection coefficient of the surface. This is achieved 
by measuring the periodic component of a continuous laser 
beam probing the heated surface (probe beam, see Fig. 1). 
Such a method is contactless, and nondestructive if the pump 
intensity does not produce too large increases of temperature. 
Compared with other photothermal methods, the main ad- 
vantage of photoreflectance is its high spatial resolution: If 
the pump and the probe are focused at the limit of the optical 
resolution and if modulation frequencies are higher than a 
megahertz, micron-scale thermal images can be obtained.3 

8)On leave from IzfP FbG, D6600 Saarbriicken, Germany. 

This article aims to demonstrate that the proposed 
method is well suited for local thermal diffusivity measure- 
ments and investigations of the quality of interfaces.4 It is 
divided in two parts, one on theory (Sec. II) and the other on 
the experiments (Sec. III). To simplify the theoretical ap- 
proach we limited our study to the problem of sinusoidal 
heat diffusion in a semi-infinite medium containing only one 
interface either parallel or perpendicular to the surface (Sec. 
II). These two fundamental problems can be solved analyti- 
cally so that a physical understanding of the respective ef- 
fects of thermal and optical properties is easy to develop. 

The results of this calculation are applied in Sec. III to 
thermal diffusivity measurements and to characterizations of 
interfaces. The first application is achieved using an experi- 
mental setup having a rather low spatial resolution (-4 pm) 
but well adapted to the detection of the temperature profile 
around the pump beam. The second setup allows focusing 
the beams with a submicron resolution and is used to analyze 
interfaces such as cracks and quality of contacts between 
particles of reinforcement and matrix in metal composites. 

II. ANALYTICAL MODELS 

A. Symmetries of the problem: Methods of solution 

The schematic geometries of the problem are shown in 
Fig. 2. 

The sample is assumed to be semi-infinite in the z diiec- 
tion. It is separated in two parts by an interface either parallel 
or perpendicular to the surface and which can be thermally 
resistive (thermal resistance RT). The media on either side of 
this interface can be thermally different. 

The periodic temperature produced by the modulated 
pump beam is detected by a lock-in amplifier working on the 
fundamental frequency of this periodic signal so that the heat 
source, in the heat diffusion equation, can be considered as 
sine modulated. The spatial distribution of this source is as- 
sumed to be Gaussian, i.e., we limit our study to the case of 
a TEM 00 pump beam. The pump beam can be absorbed 

2208 J. Appl. Phys. 78 (4), 15 August 1995 0021-8979/95/78(4)/2208/l 6/$6.00 0 1995 American Institute of Physics 
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Résolution	par	Qs	

•  On	forme	dans	un	premier	
temps	une	image	du	
domaine	par	rapport	au	plan	
supérieur	(où	se	déplace	la	
source)	

•  On	fait	une	rotation	de	90°	
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