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Abstract

The thermal state at a solid–solid contact with interfacial heat generation requires the knowledge of two macroscopic
contact parameters: the thermal contact resistance (RTC) and the heat generation factor (a). RTC is already well defined
by many theoretical models, on the other hand, a remains poorly known and was never studied in the case of electro-
thermal contact. On the basis of a microscopic analysis of the coupled electrical and thermal phenomena in a current
tube crossing two asperities in contact, we propose a model of the heat generation factor. This one is a combination of
electrical resistivities and thermal conductivities of both materials in contact. Comparison of model to experimental
data are presented and discussed.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The thermal state at a solid–solid contact depends on
the contact characteristics. In the hypothetical case of a
perfect contact (Fig. 1, case a), the equations are well
known: they are the temperatures continuity equation
(1), and the conservation of heat flux transmitted by
conduction through the interface.

When the contact is imperfect (interstitial defects,
surface irregularities), the thermal field presents a dis-
continuity at the interface (Fig. 1, case b). Thus the con-
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dition (1) must be replaced by a homogeneous coupling
condition of Fourier type (3), where the temperature dis-
continuity at the interface is proportional to the heat
flux transmitted by conduction. The proportionality
coefficient called thermal contact resistance (RTC) char-
acterises the thermal imperfection of the contact.

Finally, if the contact is imperfect and is the site of
heat generation (sliding contact, electrothermal contact,
. . .), some difficulties appear due to heat generation and
its location in the disturbed zone of the contact. The two
coupling equations must be corrected. The correction of
heat flux conservation is easy: the totality of the gener-
ated heat flux should be added to the flux transmitted
by conduction through the interface. However, the
discontinuity temperature condition is more difficult
to modify. Keeping the notion of thermal contact
ed.
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Nomenclature

a thermal diffusivity (m2/s)
I current intensity (A)
F compression force (N)
F constriction function (m�1)
k proportionality coefficient between thermal

resistance and resistive path
R current tube radius (m)
r0 contact area radius (m)
Re
c electrical constriction resistance (X)

Rt
c thermal constriction resistance (K/W)

REC electrical contact resistance (X)
RTC thermal contact resistance (K/W)

t time (s)
T temperature (K)
U voltage (V)
a heat generation factor
C resistive path (K/W)
/g generated heat flux at the interface (W)
k thermal conductivity (W/m K)
q density (kg/m3)
q electrical resistivity (X m)
h temperature (K)
m voltage (V)
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resistance to characterise the imperfection of the con-
tact, one have to answer the question: how taking into
account the generated heat flux at the interface? Does
it take part to the interfacial temperatures discontinuity
in its entirety, partially or not at all? One must underline
that none of the reference books about heat transfer
treat this question [1–4]. On the other hand, the
literature shows that many research works tackle that
problem, but without an unanimously accepted formula-
tion, authors propose various ways of writing that
coupling condition (cf Section 2).

In the present work, we are particularly interested
with electro-thermal contact. Like in the case of sliding
Fig. 1. Equations of the thermal contact condition versus
contact characteristics.
contact, Joule effect heat generation at an electro-ther-
mal contact is volumetric. The phenomenon is located
on both sides of the theoretical contact plan, in the dis-
turbed zone of the interface, thickness of which is about
few tens microns. Heat flux which crosses this zone is
non-conservative, and that property involves to add to
RTC another parameter a in the thermal coupling condi-
tion. This second parameter represents the generated
heat flux fraction which takes part to the interfacial tem-
perature discontinuity.

The goal of this study is to model a in the case of a
static electro-thermal contact in thermal steady state.
Nowadays, the growing rise of numerical simulation in-
volves development of theoretical models describing a,
following examples of those describing RTC [54–56].
The paper is organized in three sections. In the first
one, we present an over review about thermal coupling
conditions at interfaces which are the site of heat gener-
ation. In the second one the model describing a is devel-
oped. The third part is devoted to the comparison of the
model with experimental results.
2. An over review of thermal contact condition with heat

generation

Most of works are about contacts which are the site
of mechanical heat generation (sliding contact, machin-
ing, grinding, . . .). The first description of the generated
heat flux partition at a sliding contact was proposed by
Vernotte [5]. The author considers a transient contact
problem involving frictional heat generation between
two semi-infinite media. The contact is assumed to be
perfect and the frictional generated heat flux is parti-
tioned between the two contacting bodies according to
their thermal effusivities. In their theoretical models,
Kato [6] and Chadrasekar [7] used that formulation of
the coupling condition in the case of a grinding problem.
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Their results were in good agreement with the experi-
mental results of Grzesik [8]. However, that formulation
of the coupling condition remains valid only for the
short time scales (case of the hypothesis of semi-infinite
medium). It is not usable in thermal steady state [9,10].

Several works about sliding contact present analytical
method to solve thermo-elasticity problems [11–23].
Generally, those problems are related to one conducting
medium sliding on a non-conducting body. In that situa-
tion, the thermal contact condition is based on two
assumptions: the contact is perfect and the totality of
the generated heat flux is absorbed by the conducting
body. That is a limit case of Ref. [5], which is valid what
ever the time scale. However, the perfect contact assump-
tion between two bodies in sliding contact was put at
fault by Dimarogonas [24] who experimentally showed
the existence of a temperature difference between the
two surfaces in contact of a brake disc.

Still in the case of sliding contact, Varadi [25] numer-
ically simulates the elastoplastic deformations of two
surfaces in friction. Asperities in contact are considered
as semi-infinite media in thermal steady state. The gen-
erated heat flux at the contact points is partitioned
according to the thermal conductivity of materials in
contact. Kulchytsky [26] also used that definition while
using a corrective term related to the contact cooling
by convection.

Komanduri [27–29] proposes analytical solutions of
several applications of sliding contact (bearings, machin-
ing). The method used consists in coupling analytical
solutions of a solid heated by a moving heat source with
that of a solid heated by a stationary heat source of the
same geometry [1]. The author shows that a solution
exists only if heat flux partition along the interface is
non-uniformly distributed.

Levytsky [30,31] and Yevtushenko [32] propose ana-
lytical solutions to many thermo-elasticity problems of
sliding contacts. They take into account the thermal
contact resistance and localize the heat generation on
the theoretical contact area, which is the site of the most
important heating of the system. Consequently, the gen-
erated heat flux is partitioned into two parts, each one
crossing one of the disturbed zones of the contact. Other
authors like Ciavarella [33] localize the heat generation
on one of the two frictional surfaces which is the site
of the most important heating of the system. That mod-
elling implies that only one part of the generated heat
flux crosses the thermal contact resistance in its entirety.

Those modellings of heat generation locations are al-
ways non-justified, so they do not take into account the
complexity of heat generation phenomena. Currently, it
is well known that heat generation at a sliding contact is
due to two types of heat sources. The first one is volu-
metric and is due to plastic deformations in the sheared
zone of the contact. The second one is surfacic and is
due to the friction between the two bodies in contact
[8]. It is necessary to localise precisely the heat sources
to define adequately the parameter which, in addition
with RTC, intervenes in the interfacial coupling condi-
tion [34–36].

The consideration of volumetric heat sources in the
case of sliding contacts leads to formulate the interfacial
coupling condition in a different way. Bardon [37] pro-
posed that the partition coefficient of interfacial gener-
ated heat flux can be replaced by the notion of ‘‘part
of the generated heat flux which contributes to the inter-
facial temperature discontinuity’’. That concept has the
merit to consider the non-conservative character of the
heat flux which crosses the perturbed zone of the con-
tact. That notion was adopted by Chantrenne [38] who
proposes a thermal model of the sliding contact taking
into account a volumetric heat generation at the inter-
face. That model is based on a microscopic analysis of
heat transfers and generation phenomena in the vicinity
of the interface. A numerical procedure allows to deter-
mine the sliding thermal contact resistance and a start-
ing from a microscopic model. That study shows that
a depends on heat sources locations near the interface.
Influence of the contact geometry on a and RTC was also
highlighted.

Laraqi [39] proposes an approach of frictional heat
generation based on a Gaussian distribution of heat
sources. However, the problem involving in heat sources
intensities characterization remains posed. The author
shows influence of heat transfers between the contact
and its surrounding on a, and thus concludes that a is
not an intrinsic property of the interface.

In recent studies, Bauzin [40,41] presented experimen-
tal results of simultaneous estimations of a, /g and RTC

in the case of sliding contact. His results show that the
thermal coupling condition is well defined by the two
parameters RTC and a. In addition, experiments on
notched samples permitted to show that a can be deter-
mined from constriction resistances measurements. Val-
ues of a obtained by this way are in good agreement
with estimated values by inverse analysis. Finally, Bauzin
observed that a is correlated with materials effusivities
beyond a sliding velocity threshold. On the other hand,
RTC is not very sensitive to that parameter.

Whether the authors are mechanical or heat engi-
neers, it arises that works which aim at defining the slid-
ing contact coupling condition runs up against the
problem of the precise localization of heat generation
zones. This problem does not arise in the case of elec-
tro-thermal contact which offers the advantage of the
precise knowledge of the heat sources distribution start-
ing from the solution of the electric problem [42–44]. Par-
adoxically, in the case of electro-thermal contact, the
macroscopic thermal aspects were studied very little
and few works concerned the thermal coupling condition
[45,46]. The main part of studies close to the subject were
about electricity of power, and in particular the spot
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welding process application, the study of which is justi-
fied by the growing rise of numerical simulation in the
industrial community. So, in the electrode–sheet inter-
face study, Cho [47] and Han [48] neglect the thermal
contact resistance and the interfacial generated heat flux
by Joule effect. In another study, Cho [49] takes into ac-
count the interfacial generated heat flux in the heat bal-
ance but neglects the contact imperfection. In a recent
numerical study, Khan [50] considers RTC at electrode–
sheet interface but neglects the interfacial generated heat
flux. Finally, Wang [51] considers those two properties of
electro-thermal contact. The author considers that the
generated heat flux, negligible compared to heat flux
transmitted by external heat sources, does not take part
to the interfacial temperature discontinuity. Recently,
Le Meur et al. estimated simultaneously RTC and a
during a resistance spot welding operation by implemen-
ting a very fine thermocouple instrumentation and an
adapted inverse problem resolution [52,53].

In summary it appears that without an unanimously
accepted formulation, the thermal coupling condition at
an interface which is the site of heat generation was ap-
proached in very different ways according to authors�. In
the majority of these studies, the coupling condition is
formulated in a simplified way without taking into ac-
count the real physical nature of interfacial heat genera-
tion phenomena. This work aims at filling this gap, at
least in the case of electro-thermal contact.
3. The current tube model

In order to account for the electro-thermal diffusion
phenomena which hold in the disturbed zone of the con-
tact, we proposed a model of an electric current tube
crossing two asperities of different materials in contact
[57]. This model consists of two cylinders of the same ra-
dius R and of the same axis, in partial contact on a disc
of radius r0.

The side surface of the cylinders is electrically and
thermally insulated to ensure current and heat conserva-
Fig. 2. The current
tion. Two zero temperatures are imposed at the external
boundaries. The heat generation due to Joule effect is the
only source term considered to highlight thermal phe-
nomena which are the consequence of superposition of
the fully developed electric and thermal constrictions
around an elementary contact spot (Fig. 2). The mathe-
matical formulation of the diffusion problem is given by
the following set of equations.

Electrical problem:

DV i ¼ 0; i ¼ 1; 2; �l1 < z < l2; 0 < r < R ð5:1aÞ

V 1ðr;�l1Þ ¼ 0; 0 < r < R ð5:1bÞ

r1
dV 1

dz
ðr; 0Þ ¼ r2

dV 2

dz
ðr; 0Þ; 0 < r < r0 ð5:1cÞ

V 1ðr; 0Þ ¼ V 2ðr; 0Þ; 0 < r < r0 ð5:1dÞ

dV 1

dz
ðr; 0Þ ¼ dV 2

dz
ðr; 0Þ ¼ 0; r0 < r < R ð5:1eÞ

V 2ðr; l2Þ 6¼ 0; 0 < r < R ð5:1fÞ

dV 1

dr
ð0; zÞ ¼ dV 2

dr
ð0; zÞ ¼ 0; �l1 < z < l2 ð5:1gÞ

dV 1

dr
ðR; zÞ ¼ dV 2

dr
ðR; zÞ ¼ 0; �l1 < z < l2 ð5:1hÞ

Thermal problem:

DT i ¼ �riðgradV iÞ2; i ¼ 1; 2; �l1 < z < l2;

0 < r < R ð5:2aÞ

T 1ðr;�l1Þ ¼ 0; 0 < r < R ð5:2bÞ

k1
dT 1

dz
ðr; 0Þ ¼ k2

dT 2

dz
ðr; 0Þ; 0 < r < r0 ð5:2cÞ

T 1ðr; 0Þ ¼ T 2ðr; 0Þ; 0 < r < r0 ð5:2dÞ

dT 1

dz
ðr; 0Þ ¼ dT 2

dz
ðr; 0Þ ¼ 0; r0 < r < R ð5:2eÞ
tube model.
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T 2ðr; l2Þ ¼ 0; 0 < r < R ð5:2fÞ

dT 1

dr
ð0; zÞ ¼ dT 2

dr
ð0; zÞ ¼ 0; �l1 < z < l2 ð5:2gÞ

dT 1

dr
ðR; zÞ ¼ dT 2

dr
ðR; zÞ ¼ 0; �l1 < z < l2 ð5:2hÞ

The resolution of coupled electrical and thermal
equations is done numerically using a finite volumes
scheme of discretization. The numerical grid is non-uni-
form. It has been refined around the contact area bound-
ary because it is the location of large electrical and
thermal gradients.

A typical numerical result is shown in Fig. 3, in the
case of two platinum and copper media. Note that the
maximum isotherm and the largest thermal gradient is
located in the Pt cylinder. For other couples of materi-
Fig. 3. A numerical solution of the current
als, on observed that the bigger the electrical resistivities
ratio is, the more the maximum isotherm is far from the
interface in the more resistive medium. The maximum
isotherm delimits a volume with the contact area. The
generated heat in that volume contributes to the heating
of medium 2 that it crosses in its entirety.

This simple model permits to show the particular
characteristics of the electrical and thermal fields, which
prevail in the disturbed zone, in the vicinity of the
interface.

3.1. Discussion about the partition of the generated heat

flux at the interface

If the radius R of the current tube is very large in
front of the radius r0 of the contact disc (r0 < R/10) areas
on the both sides of the contact can be regarded as two
tube model––contact platinum/copper.



Fig. 4. Model of two semi-infinite media in partial contact.
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semi-infinite media in partial contact on a disc of radius
r0, with two zero temperatures imposed on the bound-
aries (in z ! ±1) (Fig. 4).

The maximum isotherm is an adiabatic surface local-
ised in medium 1 (platinum) which, by convention, is the
most electrically and thermally resistive. It shares the
generated heat flux in the medium 1 in two parts. One
of them flows toward the boundary of medium 1, and
the other crosses the contact disc (z = 0) and flows to-
wards the boundary of medium 2 (in z ! ±1). Conse-
quently, Tmax satisfies the relation:

Tmax ¼ /left
g1 C

left
1 ¼ /right

g1 ðCright
1 þ Rc2Þ þ /g2C2 ð6Þ

/left
g1 and /right

g1 respectively represent the generated heat
flux on the left and on the right of the maximum iso-
therm in medium 1. /g2 represents the generated heat
flux in medium 2. Cleft

1 and Cright
1 are what we call ‘‘resis-

tive paths’’. Even if they are of the same dimension, they
are not exactly thermal resistances because of the non-
conservative character of the heat flux due to the volu-
metric heat generation. These resistive paths represent
the average of the resistive journeys covered by ele-
mentary quantities of heat generated in medium 1, from
the place where they are generated to the boundaries
(z! �1 or z = 0) where they end up.

In the same way, C2 represents the resistive path in
medium 2 crossed by /g2. C

left
1 and Cright

1 are respectively
at the origin of the temperature variations Tmax �
T�1 = Tmax and Tmax � T0 in medium 1. T0 is the tem-
perature of the contact disc with radius r0. R

t
c2 is the ther-

mal constriction resistance in medium 2.

3.2. Relation between resistive path and thermal resistance

One starts from a relation between the voltage field m
and the temperature field h in an electro-thermal constric-
tion established by Holm [42]. That relation established
for two media of the same material in contact is valid
what ever the geometry of the interface (one or several
contact areas). It is established assuming the constant
thermal conductivity k0 and the electrical resistivity q0.
It is written as:
m2 ¼ 2q0k0½Tmax � h� ð7Þ

If one considers two semi-infinite media of the same
material in contact, between the boundaries of which
one imposes a voltage difference U (m�1 = �U/2 and
m+1 = +U/2), and temperatures T±1 = 0, the limit of
expression (7) when z! ±1 is written as:

U 2=4 ¼ 2q0k0Tmax ð8Þ

The generated heat flux in each electric constriction
is:

/g ¼
U 2=4

Re
c

ð9Þ

Eq. (8) in (9) gives:

/g ¼
2q0k0Tmax

Re
c

ð10Þ

The constriction function F is the same in the electrical
and thermal problems when there is no volumetric heat
generation, so:

F ¼ Re
c=q0 ¼ k0Rt

c ð11Þ

These electric and thermal constriction resistances are
linked by:

Re
c ¼ q0k0R

t
c

Thus (10) can be written as:

/g

2
¼ Tmax

Rt
c

() Tmax ¼
Rt
c

2
/g ð12Þ

Expression (12) shows that, in a medium with Joule
effect heat generation (unconservative heat flux), the
temperature difference between the maximum and the
minimum (zero) isotherms is proportional to /g and to
the half of the thermal resistance between the two iso-
therms when the medium is not the site of heat genera-
tion. According to the definition of the resistive path
C, one can write:

Tmax ¼ C/g ð13Þ

By identification, the resistive path C is equal to the
half of the thermal resistance R between the boundaries
of the medium when there is no heat generation:

C ¼ 1

2
R ð14Þ

If one denotes Re
c1 the electrical constriction resis-

tance in medium 1 between z = 0 and z ! �1, and
Re
g1 and Re

d1 the parts of this resistance respectively
located on the left and on the right of the equipotential
associated to the maximum isotherm, one can write:

/g1 ¼ Re
c1I

2 /left
g1 ¼ Re

g1I
2 and /right

g1 ¼ Re
d1I

2 ð15Þ

where I is the current intensity which crosses the contact
area.
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One can deduce the fractions of the generated heat
flux flowing on the left and on the right of the maximum
isotherm:

c ¼
/left

g1

/g1

¼
Re
g1

Re
c1

and 1� c ¼
/right

g1

/g1

¼ Re
d1

Re
c1

ð16Þ

The parts Rt
g1 and Rt

d1 of the thermal constriction
resistance Rt

c1 in medium 1, located on the left and on
the right of the maximum isotherm verify then the same
expressions:

c ¼
Rt
g1

Rt
c1

and 1� c ¼ Rt
d1

Rt
c1

ð17Þ

Then, starting from relation (14), it is possible to ex-
press the thermal resistive paths Cleft

1 , Cright
1 , and C2

according to the thermal constriction resistances:

Cleft
1 ¼ 1

2
Rt
g1 ¼

1

2
cRt

c1 ð18Þ

Cright
1 ¼ 1

2
Rt
d1 ¼

1

2
ð1� cÞRt

c1 ð19Þ

C2 ¼
1

2
Rt
c2 ð20Þ

Now let us use the results of this microscopic analysis
to define a at the macroscopic scale.

3.3. Definition of coefficient a

3.3.1. General case

Let us consider an electrothermal contact between
two different media (Fig. 5). The interface is considered
here at the macroscopic scale, i.e. the thickness of the
perturbed zone of the contact is considered zero. The
external boundaries of the two elements in contact are
Fig. 5. Macroscopic contact.
submitted to two different temperatures T�L1 and TL2.
Thus, the thermal contact condition is written as:

/1 þ a/g ¼
T 1 � T 2

RTC

ð21Þ

in addition with a heat flux conservation equation. The
interfacial temperature discontinuity is due to the cross-
ing of the transmitted heat flux /1 and of a fraction a of
the generated heat flux /g through RTC.

It is convenient to represent the interfacial heat trans-
fers phenomena by a thermal resistive scheme between
temperatures T1 and T2 (Fig. 6). Where b is the part
of total heat flux generated in medium 1, and ki are
the proportionality coefficients between thermal resis-
tances and resistive paths, i.e. the fractions of thermal
contact resistances which take part to the interfacial
temperature discontinuity. RTC1 and RTC2 are the two
fractions of RTC assigned respectively on the left and
on the right sides of the interface (RTC = RTC1 + RTC2).

Eq. (21) expresses that heat flux /1, transmitted from
body 1, crosses the entire thermal contact resistance. On
the other hand, generated heat flux /g does not take part
in its entirety to the temperature discontinuity T1 � T2;
that is due to the non-conservative character of /g. As
it has been previously shown, that amounts to saying
that heat flux b/g and (1 � b)/g, generated respectively
on the sides 1 and 2, cross only fractions k1 = k2 = 1/2
of the thermal contact resistances RTC1 and RTC2. Tem-
peratures Ti1 and Ti2 are fictitious temperatures, neces-
sary for the representation of the thermal resistive
scheme; they have no physical reality.

Thus, the interfacial temperature discontinuity is
written as:

T 1 � T 2 ¼ ð1� k1ÞRTC1u1 þ ðk1RTC1 þ ð1� k2ÞRTC2Þ

� ðbug þ u1Þ þ k2RTC2ðug þ u1Þ ð22Þ

T 1 � T 2 ¼ u1½RTC1 þ RTC2�
þ ug½bðk1RTC1 þ ð1� k2ÞRTC2Þ þ k2RTC2�

u1 þ ug b
k1RTC1 þ ð1� k2ÞRTC2

RTC1 þ RTC2

� �
þ k2

RTC2

RTC1 þ RTC2

� �

¼ T 1 � T 2

RTC

ð23Þ

By comparing Eqs. (21) and (23), one obtains the
expression of a:

a ¼ b
k1RTC1 þ ð1� k2ÞRTC2

RTC1 þ RTC2

þ k2
RTC2

RTC1 þ RTC2

ð24Þ

By replacing k1 and k2 by 1/2 one obtains:

a ¼ 1

2
bþ RTC2

RTC1 þ RTC2

� �
ð25Þ



Fig. 6. Thermal resistive scheme––general case.
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Lastly, since b ¼ q1
q1þq2

, and RTC2

RTC1þRTC2
¼ k1

k1þk2
:

a ¼ 1

2

q1

q1 þ q2

þ k1
k1 þ k2

� �
ð26Þ

The expression of a is obtained from a particular for-
mulation of the thermal coupling condition (22). This
last distinguishes the contributions of the transmitted
heat flux /1 and of the interfacial generated heat flux
/g to the contact temperature discontinuity. Knowing
that /1 is expressed from the gradient at the interface,
a does not depend on thermal boundary conditions. In
addition, expression (26) calls upon the Holm�s law
which is independent of the contact geometry. So a does
not depend either on the interface structure, a is a com-
bination of the thermophysical properties of the materi-
als playing a role in the generation and heat transfer
phenomena in the interfacial zone.

Expression (26) is based on the assumption of con-
stant thermo-physical properties. In the more realistic
case where thermo-physical properties qi and ki depend
on temperature, relation (26) remains valid provided
that one evaluates those properties at the average tem-
peratures of surfaces in contact (an iterative procedure
would be necessary in that case).

Although the geometrical characteristics of the con-
tact do not explicitly appear in expression (26), these last
have an indirect influence on a. Indeed, the geometrical
imperfection of the contact, at the origin of RTC and
REC (i.e. /g), generates a temperature jump at the inter-
face which sets values of electrical resistivities and ther-
mal conductivities of which depends a.

To highlight that a is independent from the external
boundary conditions, let us consider the same analysis
in the particular case where two zero temperatures are
imposed at the external boundaries.

3.3.2. Case of two zero temperatures imposed at the

external boundaries

In the particular case where two zero temperatures are
imposed at the external boundaries, heat transfers can be
represented by the thermal resistive scheme in Fig. 7.
Fig. 7. Thermal resistive scheme––case of two zero
In this case, the thermal contact condition (21) re-
mains valid, but /1 depends on /g. The interfacial tem-
perature discontinuity can be expressed as follows:

T 1 � T i1 ¼ �uð1� k1ÞRTC1 ð27Þ

T i1 � T i2 ¼ ½k1RTC1 þ ð1� k2ÞRTC2�ð�u1 þ bugÞ ð28Þ

T i2 � T 2 ¼ k2RTC2ð�u1 þ ugÞ ð29Þ

By adding these three equations one obtains:

T 1 � T 2 ¼ �/1ðRTC1 þ RTC2Þ þ ½k1RTC1

þ ð1� k2ÞRTC2�b/g þ k2RTC2/g ð30Þ

So, the thermal contact condition (21) can be written
as:

�u1 þ
k2RTC2 þ b½k1RTC1 þ ð1� k2ÞRTC2�

RTC

/g ¼
T 1 � T 2

RTC

ð31Þ

By replacing k1 and k2 by 1/2, and since b ¼ q1
q1þq2

,
and RTC2

RTC1þRTC2
¼ k1

k1þk2
, one obtains:

a ¼ 1

2

q1

q1 þ q2

þ k1
k1 þ k2

� �
ð32Þ

Whatever the thermal boundary conditions, a has al-
ways the same expression (26) depending on the thermo-
physical properties of materials in contact which govern
heat generation and transfers. a is an intrinsic property
of the interface.

Let us compare now the values of experimental esti-
mations of a with those obtained starting from the the-
oretical model.
4. Experimental study: estimation of RTC and a

Results presented in this section concern experiments
undertaken in unsteady state. However, the characteris-
tic time of electric and thermal constrictions phenomena
being very short (�1 ls for the thermal problem, and
temperatures imposed at external boundaries.



Table 1
Materials properties

Materials Steel Copper

k (W/m K) 40 320
q (nX m) 100 50
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shorter for the electric one), and quite lower than the
experiments durations, the previous definition of a (26)
remains valid in these applications. We have developed
and constructed two different experiments. The first
one is developed in laboratory and concern the case of
static contact between two metallic cylinders crossed
by an electrical current [46]. The second one, carried
out in an industrial environment, is related to the spot
welding process, and more especially to the dynamic
electrode–sheet contact [52]. Before the comparison be-
tween the values given by the theoretical model (26)
and the ones obtained by experiments, we present the
experimental setups.

4.1. Case of a static contact

4.1.1. Measurement principle

Coefficient a has been estimated simultaneously with
RTC in the case of a static electro-thermal contact. The
measurement principle is based on the analysis of the
transient thermal field in two copper and steel cylinders
in contact heated by Joule effect. The measurement prin-
ciple is schematically presented in Fig. 8. The two cylin-
ders are assembled between two water boxes, aligned
and tightened by means of a press which applies a nor-
mal force F to them. They can be crossed by a heat flux
and/or an electrical current. The electrical current is pro-
vided by a stabilized power supply connected at the two
ends of the cylinders (electrodes A and B). The heat flux
is provided by the water boxes carrying two water flows
maintained at two different (or equal) temperatures h1
and h2. The side surface is thermally insulated.

The contact located at x = 0 is imperfect. So, it is the
site of an electrical contact resistance which opposes to
the electric current and of a thermal contact resistance
which opposes to the heat flux. The electrical contact
resistance noted REC is supposed to be known starting
from an auxiliary measurement [62]. It is used to calcu-
late the generated heat flux density /g (W/m2) at inter-
face x = 0 when an electrical current crosses the
Fig. 8. Measureme
contact. In the same way, the thermophysical character-
istics of both materials are assumed to be well known,
in particular the electrical resistivities which are used
to calculate the volumetric heat sources P1 and P2

(W/m3) (Table 1) [60,61].
With such a device, the estimation of RTC and a can

be carried out by means of a 1D transient linear conduc-
tive model defined on the domain [�L1;L2] for t > 0, and
by the measurement of temperatures at selected points
of the cylinders axis. Points x = �L1 and x = L2 are
equipped with thermocouples which record tempera-
tures T�L1(t) and TL2(t) respectively. Thus, we consider
boundary conditions of the first kind at these two points.
The linear system describing the heat transfer in the de-
vice can be formulated as follows:

1

a1

oT 1

ot
¼ o

2T 1

ox2
þ P 1

k1
� L1 6 x 6 0; t > 0 ð33aÞ

1

a2

oT 2

ot
¼ o2T 2

ox2
þ P 2

k2
0 6 x 6 L2; t > 0 ð33bÞ

T 1ð�L1; tÞ ¼ T�L1ðtÞ x ¼ �L1; t > 0 ð33cÞ

k1
oT 1ð0�; tÞ

ox
¼ k2

oT 2ð0þ; tÞ
ox

þ ug ð33dÞ

k2
oT 2ð0þ; tÞ

ox
þ aug ¼

T 2ð0þ; tÞ � T 1ð0�; tÞ
RTC

ð33eÞ

T 2ðL2; tÞ ¼ T L2ðtÞ x ¼ L2; t > 0 ð33fÞ

T 1ðx; 0Þ ¼ T 1
i ðxÞ � L1 6 x 6 0; t ¼ 0 ð33gÞ

T 2ðx; 0Þ ¼ T 2
i ðxÞ 0 6 x 6 L2; t ¼ 0 ð33hÞ
nt principle.
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where T j
i ðxÞ (j = 1,2) represent the initial temperature

distribution in the domain [�L1,L2] before the passage
of the electrical current. The boundary condition at
the interface x = 0 is composed of two equations: the
heat flux conservation Eq. (33d) and a condition of the
third kind (33e). It is the latter which interests us since
it expresses the temperature jump at the interface as a
function of the two sought parameters RTC and a.

The estimation of RTC and a is based on the solution
of the inverse heat conduction problem whose direct
problem is given by the equations of system (33). The
solution of the inverse heat conduction problem will
be based on the knowledge of the following data:

• two temperature recordings within cylinder 1,
denoted T 1

m1 and T 1
m2, and two other temperature

recordings within cylinder 2, denoted T 2
m1 and T 2

m2.
These measurements are located at x-coordinates:
x1m1, x

1
m2 in medium 1 and x2m1 and x2m2 in medium 2,

respectively.
• the voltage recording (current intensity is imposed
and well known).

• the electric and thermal characteristics of materials
are supposed to be known, uniform and constant
(Table 1) [60,61].

4.1.2. Estimation method

Let the vector to be estimated be denoted n =
(RTC,a). The estimation method is based on the minimi-
zation of the sum of squares criterion:

JðnÞ ¼ 1

2

XNt

k¼1

½Y ðnÞk � eY k �2 ð34Þ

where Yk is the temperature vector calculated at time tk

at the sensor locations x1m1 and x2m1 � eY k
is the tempera-

ture measured at time tk.
Fig. 9. Experime
One of the main problems encountered in this exper-
iment is due to the high correlation level between RTC

and a. A detailed study of the sensibility coefficients
has been undertaken to improve the estimation algo-
rithm [53]. In spite of that, the accuracy of the estima-
tions could not be improved beyond an inaccuracy of
about 1% on RTC and 16% on a.

4.1.3. Experimental implementation

The experimental device is presented in Fig. 9. One is
interested in the interface between the two metallic cylin-
ders of the same dimensions (a) equipped with thermo-
couples (b) of K type and of 80 lm diameter. Hot
junctions of the thermocouples are welded at precise
positions on the cylinders axis. The cylinders are laid
down between two water boxes (c) which are fixed at
the electrodes of the power supply (d). The water flows
crossing each water box are controlled and permit to im-
pose the desired temperatures on the boundaries of the
cylinders in contact. A cold box (f) accommodates the
cold junctions of the thermocouples. The temperature
signals are amplified (g) before their recording by means
of a fast multi-channel acquisition system (h). The elec-
trical current is provided with a regulation system. The
normal force applied to the contact is also controlled.

The model (33) is linear and considers the thermo-
physical properties as constant and uniform. To this
end, the intensity of the current I was chosen so that
the maximum heating does not exceed 50 K. We re-
tained I = 3000 A. The numerical simulation allowed
to choose the size of the cylinders so as to check the
1D model assumption. The latter have a diameter of
20 mm and a height of 50 mm. These dimensions ensure
a uniform source term in Eq. (33a). The side surface of
the cylinders is insulated massively.

The theoretical aspects of the thermocouples instru-
mentation in order to estimate correctly the thermal con-
ntal setup.
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tact parameters were the subject of a specific analysis
[58,59]. The choice of the thermocouples positions was
based on the research of the best sensitivity-precision
of measurement compromise that one wishes to give to
the estimations.

The experimental procedure consists in putting the
two cylinders in contact between the two electrodes of
the power supply and to apply a normal compression
force F. In this case, we have chosen F = 82 daN, which
corresponds to a nominal contact pressure of 2.61 MPa.
The two water boxes carry water flows at the same tem-
perature. Once the thermal steady state is reached, one
switches on the electrical current which crosses the two
cylinders during 4 s. Then the cylinders warm up by
Joule effect. A fast acquisition system related to a cold
reference box, where all the thermocouples wires are
connected, permits to record the temperatures during
the experiment. Before estimations of RTC and a, the
temperature recordings are filtered in order to eliminate
the measurement noise of frequency 50 Hz due to the
passage of the AC current.

The experiment is carried out six times in order to
test the reproducibility of the temperature measurements
and estimations. Fig. 10 presents temperature measure-
ments related to the six experiments, and for the four
thermocouples used to do the estimations. Temperature
curves are monotonically increasing during the experi-
ment. Temperature variations are more important in
the steel cylinder since it is more resistive than copper.
Interfacial generated heat flux being the most important
heat source of the system, temperature are monotoni-
cally decreasing with distance from the interface. These
results show the good superposition of the six curves
related to each thermocouple, which proves the good
reliability of the experiment.
Fig. 10. Temperature measurements in th
The post-processing of the six experiments is done
under the same numerical conditions. Table 2 gathers
the results of estimations. The values of RTC and a, their
average values, as well as the dispersions which charac-
terize them are presented. Table 2 contains too the value
of a given by the theoretical model (26).

One notes the very weak dispersion between RTC and
a estimations. Posted dispersions represent only the inci-
dences of the dispersion of the temperature measure-
ments. The dispersion of RTC and a are respectively
about 0.7% and 5% of the estimated average values.
That shows the good reliability of the experiment.

The estimation of RTC is in accordance with the field
of usually allowed values for a steel–copper contact.
These results confirm the reliability of the experiment
and of the estimation method. In addition, the estima-
tion of a is about equal to the value given by the theoret-
ical model (26). That tends to confirm the relevance of
the theoretical model of a.

4.2. Case of the dynamic electrode–sheet contact

during a spot welding operation [52]

The resistance spot welding process consists in join-
ing two thin sheets maintained in contact between two
copper electrodes (Fig. 11). During the welding opera-
tion, the flow of a very high current provokes fast heat-
ing of the sheets in the zone located between the two
electrodes, until the melting point is reached at the
sheet–sheet interface. At the microscopic scale, the cur-
rent flow produces two superimposed heat sources in
the asperities in contact. The first one is due to the elec-
trical resistivities of materials. It concerns all the welding
device and in particular the asperities in contact. The
second one covers only the volume where electric
e case of the steel–copper contact.



Table 2
Comparison between the analytical model and estimation results in the case of the static copper–steel contact

Test Estimated RTC

(K m2/W)
Average value of
RTC (K m2/W)

dRTC (K m2/W) Estimated a Average
value of a

da Theoretical
a (25)

Residues (�C)

1 1.42 · 10�4 0.41 0.0098
2 1.41 · 10�4 0.42 0.011
3 1.40 · 10�4 0.39 0.0076
4 1.43 · 10�4 1.41 · 10�4 10�6 0.40 0.40 2 · 10�2 0.39 0.01104
5 1.41 · 10�4 0.38 0.00724
6 1.39 · 10�4 0.40 0.00109

Fig. 11. Resistance spot welding process.
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constrictions develop on both sides of elementary con-
tact areas. It is important to note that the heating due
to the electric micro-constriction is very fast since the
characteristic time is r2/a [54], where r is the average con-
tact radius between asperities (�lm), and a, the lower
thermal diffusivity of the two media. The orders of mag-
nitude do not exceed a few microseconds, and are thus
insignificant in comparison with the welding time scale
(0.2 s). This heating is confined to the top of the asperi-
ties. Therefore, the temperature reached in these regions
is much higher than the macroscopic electrode–sheet
contact temperatures. This phenomenon reduces signifi-
cantly the yield stress of the softest material which is
thus brought to undergo plastic deformations. This sec-
ond component of the local heating has a major influ-
ence on the asperities deformations, which cause an
increase in the real contact area.

The heating due to heat generation in the materials
tends to dilate the sheets and the electrodes. The dilation
tends to increase the compression force. However, that
cannot occur because of the regulation system which
maintains constant the electrode force. Thus, the signifi-
cant plastic deformations of asperities in contact (spread-
ing out of the contact), and appearance of new contacts
between asperities (increase of the contact points density)
are due to the decrease in the yield stress (or microhard-
ness) of the softest material. This dynamic character re-
lated to the decreasing of the yield stress constitutes the
specificity of the electro-thermal contact for a contact
pressure which is maintained constant. The phenomena
described above are at the origin of the contact parame-
ters variations during a welding operation.

In a recent study [52], the heat generation factor a
were experimentally estimated during a welding opera-
tion, as well as the temperatures at electrode–sheet inter-
face. As shown in Fig. 12, a follows a time-dependent
evolution. That is the consequence of the influence of
the large temperature variation in the two materials in
the close vicinity of the interface. Knowing evolutions
of electrical resistivities and thermal conductivities of
sheets and electrodes versus temperature, one can calcu-
late a evolution from expression (26), during the welding
operation. The comparison of the two curves of a is pre-
sented in Fig. 12. The two curves have comparable aver-
age values. The relative difference between model and
experiment does not exceed 18% at the end of the weld-
ing operation. At t = 0, the two curves have the same
value a = 0.5. The curve calculated from expression
(26) increases until t = 0.0065 s, then monotonically de-
creases until the end of the welding operation. On the
domain t 2 [0.10 s;0.15 s], the two curves are perfectly
superimposed. At t = 0.14 s, the two curves have a com-
mon point of null derivative. The most significant varia-
tions of value between the two curves are at the
beginning and the end of the welding operation.

Several reasons allow to explain the differences be-
tween the two curves. At the beginning of the welding
operation, the interface structure undergoes significant
and fast modifications. The duration of the local defor-
mations could be shorter than the characteristic times of
electric and thermal constrictions phenomena, what
would invalidate the theoretical model. Another expla-
nation could be related to the uncertainty on RECT/E

values at the beginning of the welding operation, which
would introduce an error in /g calculation. It is possible
that the RECT/E curve used [62] does not correspond
completely to the conditions of the beginning of the
experiment. Lastly, Ref. [52] shows that the measure-
ment sensitivity due to a is minimum at the beginning
of the welding operation, which causes an increased



Fig. 12. Comparison between the theoretical model and estimation results in the case of the dynamic electrode–sheet interface during
the spot welding process.

G. Le Meur et al. / International Journal of Heat and Mass Transfer 49 (2006) 387–401 399
inaccuracy on a estimation. That could explain the dif-
ferences between the two curves for t < 0.05 s.

At the end of the welding operation, one main phe-
nomena occurs which could justify the difference between
model and experiment for t > 0.15 s. Beyond that time,
appearance of the molten nugget, more resistive than
solid steel, causes the transfer to become slightly two
dimensional in the sheet. Since the estimation algorithm
is one-D, this phenomena could invalidate the estima-
tions results at the end of the welding operation.
5. Conclusion

The heat transfer study at a solid–solid contact with
an interfacial heat generation is a very interesting subject
as well on the fundamental level as on that of the appli-
cations. This interest is reinforced by the growing rise of
the numerical simulation which requires to know this
type of contact condition.

On the basis of a microscopic model of a current tube
crossing two asperities in contact, we have analysed the
electrothermal diffusion phenomena in the disturbed
zone, in the vicinity of the contact. The discussion, based
on the assumption of semi-infinite medium, is about the
partition of the generated heat flux in the constriction.
This analysis leads us to define the concept of ‘‘thermal
resistive path’’. By using the results of the microscopic
analysis, a definition of the heat generation factor, noted
a, is proposed in the case of a macroscopic contact. This
expression of a appears as a combination of properties
of the contact playing a role in heat generation and heat
transfer by conduction phenomena. Thus a is indepen-
dent of the thermal boundary conditions, and of the
contact geometry. However, although the geometric
characteristics of the contact do not appear explicitly
in expression (26), they nevertheless influence the value
of coefficient a. Since the contact imperfection produces
a temperature discontinuity at the interface, it has an
influence on the temperature level in each material,
and consequently on the electrical resistivities and ther-
mal conductivities values of which a depends.

Results of estimations of the heat generation factor in
the case of a static copper–steel electro-thermal contact
perfectly polished are weakly dispersed and in good
agreement with the value calculated from expression
(26). That indicates the good reliability of the experi-
mental methodology, and the relevance of the theoreti-
cal model of a in the case of a static contact.

The comparison between the a curve estimated in the
case of the dynamic electrothermal electrode–sheet inter-
face during a spot welding operation and the values
given by expression (26) are in good agreement. Several
explanations could justify the differences between the
two curves. However, the model seems to be cogency
even if several improvements could be made to it, in par-
ticular with regard to the taking into account of the
interface fast deformations.
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