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Analysis of the Evolution of the Structure of a 
Surface With Pyramidal Asperities in Contact With 

a Hard and Smooth Plane

This research deals with the evolution of the structure of the sapphire–brass interface due to the variation of contact pressure. This 
evolution primarily affects the essential parameters that govern the thermal contact resistance (TCR), namely, the contact point density 
N, the ratio of real area of contact S*, and the distance d separating the median contact planes. The combination of three measurement 
techniques, namely, profilometry, imaging, and mechanical characterization, was used for the purpose of investigating the structural 
variation of the interface. Alternatively, the TCR, which prevails at the inter-face, was estimated. Thus, the object of our study is to 
propose an original and new experimental approach allowing at the same time the precise measurement of the TCR and the estimate of 
the contact parameters of the interface studied constituting input data to the theoretical models of TCR. The estimated values given by 
these last are then com-pared with those measured. Through this approach, we try to open new ways of experi-mentation that would 
tend to reinforce the effort of TCR modeling. The results obtained showed that the roughness parameters Ra and Rq are independent of 
loading. The rough-ness Rp, which is considered equal to d, is sensitive to loading and has the same decreas-ing behavior under the 
effect of loading. The determination of S*, using the hardness testing, is even more relevant when the effective hardness Hc is 
considered. Analysis of data for the estimation of the TCR shows that the comparisons with the reference model (Bardon) attest to the 
relevance of our approach.

Introduction

The thermal contact resistance (TCR) is the capacity of the
interfacial zone to transfer heat from one solid to another. This
concept has attracted significant attention in the area of experi-
mental models [1–4]. Recently, researchers have particularly
focused on thermal contact, a state in which two or more systems
can exchange thermal energy. In general, two types of studies
have been carried out up to now: the first one is the mechanical
and/or statistical aspect that describes the interface structure and
thermal transfer through the real contact area and the interstitial
fluid, and the second one deals with the thermal microconstriction
phenomenon. Bardon’s equidistant cylindrical asperity model [5],
in which the mechanical and thermal aspects are thoroughly
described, is widely used by the research community. Assefraoui
[6] and Bensaad and Bourouga [7] used this model for the purpose
of correlating two TCR values that were estimated simultane-
ously, one through thermal measurement and the other by
mechanical and geometrical characterization of the contact surfa-
ces. Bardon’s model was further extended by Bourouga et al. [8]
to dynamic contacts, such as the contact between a hot forging
tool and a workpiece. An original approach was also developed
and proposed by Guillot et al. [9] to easily estimate the three
parameters, namely, the generated heat flux density, partition
coefficient and thermal contact resistance, of the thermal contact
at the interface between the tool and the workpiece in a high speed
machining process. Afterward, the thermal sliding contact resist-
ance at the tool–workpiece interface, under large strains, was

investigated using an experimental approach based on temperature
field measurement by thermocouples [10].

It is worth recalling that the thermal contact model, developed
by Chantrenne and Sacadura, uses two essential parameters,
namely, the TCR and the flux generation coefficient, in order to
investigate heat transfer phenomena through dry sliding contacts
[11]. For their part, Bauzin et al. performed the experimental vali-
dation of a thermal contact resistance model considering the three
sliding contact parameters, i.e., roughness, velocity, and pressure
[12]. On the other hand, Chern [13] used the finite element
method to analyze the microtemperature of peaks and valleys of
multiply asperity sliding contact surfaces. This factor has a signifi-
cant effect on the contact properties, such as the chemical reac-
tions of automatic injectors for medicine and chemical processes
and surface failure of micro and macrodevices.

In order to determine the typical experimental conditions that
allow minimizing the temperature loss during the glass forming
process, an experimental procedure was developed by Abdulhay
et al. [14] for the purpose of estimating the thermal contact resist-
ance at the glass–metal contact interface using the Beck inverse
technique. Another experimental device was developed by
Abdulhay et al. [15] to estimate the thermal contact resistance at
the tool—part interface during the three stages of the hot-
stamping process. A correlation between the TCR and contact
pressure was established in order to be used for numerical
simulation.

Moreover, Black et al. [16] found a relationship between the
constriction resistance, which contributes to the TCR between
rough metallic surfaces, and the geometrical and thermophysical
parameters. Most engineering surfaces are well represented by
that correlation. Afterwards, Merrill and Garimella [17] employed
a design of experiments approach to determine the effects of
metallic coatings on the TCR. Later, a constriction resistance
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model was combined with a surface deformation analysis based
on the mechanical deformation of a coated surface previously
indented with a spherical indenter. On the other hand, by putting
particular focus on machined surfaces, which represent the mating
surfaces in some turbo-machinery applications, Gopal et al. [18]
presented an experimental work where they investigated the effect
of loading and unloading history for numerous cycles.

For his part, Persson [19] discussed the crossover from the
nanoscale to the macroscale and showed that, for macroscopic sol-
ids, the spreading resistance dominates the interfacial resistance in
most cases. Moreover, Lishchuka [20] studied multilayered
porous silicon nanostructures, fabricated by electrochemical etch-
ing of monocrystalline Si substrates, by applying a periodically
changing current density. The difference between the experimen-
tal and theoretical values of thermal conductivity can certainly be
attributed to the presence of thermal resistance at the interface
between the porous layers.

In addition, Liu et al. [21] established a computational model
with a finite element algorithm for high-temperature TCR simula-
tion based on the multipoint contact theory. Moreover, the effects
of critical parameters, such as the contact pressure, average inter-
face temperature and equivalent surface roughness, on the thermal
contact resistance with and without thermal interface materials
were investigated. To enquire about the impact of the thermal
contact resistance on the efficiency of cooling in cryogenic instru-
ment, Mykhaylyk et al. [22] formulated a phenomenological
model that describes the empirical relationship between various
phenomena. This model systematically explains the observed
power law expressing the thermal contact resistance that depends
on the applied load and the roughness changes of the surfaces in
contact. On the other hand, Based on the current knowledge of the
surface topography and material properties of the two contacting
surfaces, for a given contact pressure and apparent contact area,
the numerical model developed by Vishal et al. [23] can be used
to predict the thermal contact resistance.

Other models dealing specifically with mechanical aspects,
such as elastic, plastic, and elasto-plastic mechanical patterns
of contact, have been employed as well. Greenwood and
Williamson’s model [24] is among the most widely used models,
in which the authors made an important number of hypotheses,
i.e., deformations are either purely elastic or purely plastic. One
can draw from this model the conclusion that in the elastic case
the real contact area is proportional to loading. The model of
Whitehouse et al. [25] remains close to Greenwood and
Williamson’s model but they differ in the hypotheses made on the
constant radius and the choice of the Gaussian distribution of
asperity heights. Cooper et al. [26] proved, through a theoretical
and experimental study, that the thermal transfer at the interface is
crucially dependent on the distribution of the highest peaks on the
surface and for this reason the Gaussian distribution becomes sus-
pect. Inspired by Bowden and Tabor’s model [27] for plastic
deformation, Yovanovich [28] proposed a new one that expresses
the contact parameters as a function of the effective microhard-
ness Hc, which is in turn, is expressed in terms of the apparent
contact pressure and surface roughness parameters. The authors
highlighted the effect of hardening on the real contact. It is worth
noting that Bowden and Tabor considered that the real contact
pressure is equal to the material’s hardness at the summit of the
asperity. Mikic [29] proposed a thermal conductance model that
considers the cases of pure plastic deformation, plastic deforma-
tion of asperities, elastic deformation of substrate, and pure elastic
deformation. Considering that the transition from one deformation
mode to another cannot be a simple “switchover” action, Sridhar
and Yovanovich [30] proposed an elasto-plastic model based on
that of Cooper et al. [26].

The present experimental work aims to study the simultaneous
evolution of the contact parameters at the sapphire–metal inter-
face, under progressive loading, and the thermal contact resist-
ance. The object of our study is to propose an original and new
experimental approach allowing at the same time the precise

measurement of the TCR and the estimate of the contact parame-
ters of the interface studied constituting input data to the Bardon’s
theoretical model of TCR [5]. The estimated values given by these
last are then compared with those measured. Through this
approach, we try to open new ways of experimentation that would
tend to reinforce the effort of TCR modeling.

It was decided to use a combined measurement technique in
which one could, on the one hand, observe by optical profilome-
try, imaging, and mechanical characterization the changes of the
interface structure and on the other hand measure the TCR in
steady regime.

The results obtained for surfaces with pyramidal asperities were
recorded.

Experimental Approach

The main idea was to estimate the interface parameters that
allow evaluating the TCR from profilometric analyses or imaging
[7]. These parameters are the ratio of real area of contact S*, the
density of contact points N, and the height d of the highest peak.
One considers the favorable case of a plane contact between a
smooth and infinitely rigid surface (sapphire) and another rough
and deformable one made of brass. This interface was subjected
to progressive loading. The density of contact points N was eval-
uated from the processing of the sample surface images obtained
by direct photography through the transparent wall of sapphire.
The interface was then filled with an opaque paste. The separation
distance between median planes was determined from the topog-
raphies recorded after each loading step. Moreover, S* was deter-
mined from measurements of the contact pressure and
microhardness of the sample. In order to take into account the
work hardening phenomenon, the microhardness was measured
for the entire field of values of the applied force. The movement
of matter that causes the increase in the actual surface area of con-
tact was also investigated. On the other hand, the thermal resist-
ance was simultaneously measured on steady-state. The TCR
values obtained were then systematically compared with the esti-
mated values using a specific theoretical model.

Three different specimens, whose dimensions are summarized
in Table 1, were considered for the purpose of studying the evolu-
tion of the TCR as a function of the number N. The brass speci-
mens with pyramidal indentations on the surface were designated
by (laiton (brass) pyramid) LP.

Measuring Apparatus

The five main elements of the experimental apparatus shown in
Fig. 1 are the following: the sapphire (1), the brass or steel sample
with thermocouples (5), the heater (3), the cold box (4), and the
pneumatic loading system (7) [7]. The electric heater constituting
the hot source is mounted on a poorly conductive seat (11). In
order to obtain a good contact, a thin conductive layer of graphite
grease is put on the interface between the sample and the heater.
The water box (cold source) is arranged in perfect contact with
the sapphire. The very smooth surfaces of the sapphire and water
box are coated with graphite grease to improve thermal contact. In
fact, the water box comes to replace the crown carrying the view-
ing window as shown in Fig. 1. It is traversed by a thermally con-
trolled flow of water and thus serves to maintain a temperature

Table 1 Roughness of surfaces with pyramidal asperities

LP3 LP4 LP5

c (lm) 330 252 140

h (lm) 90 77 50
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gradient along the axis of symmetry. The applied heating has for
reference the ambient temperature. Thus, the temperature of the
cold source is maintained equal to the latter by a flow of thermo-
regulated water through the cold box by means of a Lauda RK20
type apparatus (Thermokinetics Laboratory, Polytechnic School
of the University of Nantes, Nantes, France). Before activating the
hot source, it is verified that all the thermocouples both in the
sample and in the wall of the cold box give a single temperature:
the ambient temperature.

The sapphire—sample—heater assembly is mounted on a coni-
cal seat (10) carried by a steel ball (9). The pneumatic load force
combined with this type of support is used to avoid partial contact
at the interface.

The contact between the specimen and the sapphire is made
using setup screw mounted on the piston plate. The latter is
backed up by the edge of the thick wall of the cylinder. Once the
contact is made a low load is applied to the cylinder. We can then
proceed to the pressure setup by means of the regulator installed
at the exit of compressed air circuit or by a throttle placed before
in the pressured air circuit. The assembly is then aligned under the
effect of load.

The samples are of cylindrical form with 8mm in diameter
and 10mm in height. Figure 1 shows that each specimen is
equipped along its axis by four thermocouples of K type welded
at the bottom of the radial holes of 0.5mm in diameter. The dis-
tances of welds to the interface are 1.5, 3.5, 5.5, and 7.5mm,
respectively. The plate of sapphire has the form of a polished
disk of 8mm in diameter and 2mm in thickness. Its two faces
are polished and have a roughness Ra of 30 nm. The total assem-
bly is mounted aligned in a system associated with the pneu-
matic loading system. This system is mainly a cylinder of
60mm in height and 95mm in diameter equipped with a rigid
piston to support the air pressure of 6 bar. Two holes are made
in the cylinder wall, the first is used for pressured air input and
the second holds a pressure sensor of Kisler XT-190M-7-BAR-
G type, which is linked to a conditioner type AW180-A10S-FN
with analog output of 0–10 V in continuous electric current. A
hard steel doughnut of 20mm in thickness is mounted on the
pneumatic system, which allows mounting the different

accessories required for thermal measurement and interface visu-
alization. The thermocouples and pressure sensor responses are
registered through a data acquisition chain.

To identify the surface finish of the specimens, a profilometer
UBM type UBC14 with dynamic focalization is used. Its definition
is 0.5lm in the plan of the surface and 6 nm in the normal direc-
tion. With the visualization cell represented in Fig. 1, the interface
sapphire–metal is loaded up to the chosen contact pressure in order
to perform the contact thermal resistance measurement. A special
mounting allows observing and photographing the interface
through a window of 3mm in diameter. The photography is made
by a digital camera mounted on a stereo-microscope Olympus
K700 providing a zoom from 6 to 50�. The camera allows supple-
mentary zoom of 1.25�. The camera is controlled by a personal
computer. A code of image analyzer allows determining the num-
ber of contact points.

Experimental Procedure

Figure 2 gives a schematic of an experiment for a given speci-
men. We note that microhardness test is a series of measures
made for different values of applied loads. For each value of load,
seven indentations are made and the average value is used to plot
the curve of microhardness.

Fig. 1 Sketch of measurement system

Fig. 2 Diagram summarizing the course of the experience of a
given sample
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Thermal Contact Resistance Calculation

Thermal Measurement. In Fig. 3, we recall the positions of
the five thermocouples used in this study. For each measurement,
we record the temperature fields during the heating of the
sapphire–metal sample pair under an applied mechanical load. In
Figs. 4 and 5, we present the raw temperature records obtained
during an experiment on the LP3 sample under the maximum load
of 148.9 bar.

The Determination of the Thermal Contact Conditions

Surface Temperatures and Heat Flow at the Contact. For
steady regime, the measurements taken by the thermocouples T2,

T3, T4, and T5 draw a linear curve which makes it possible to
determine the value of the temperature at the face of the sample
participating to the contact.

Knowing the density of heat flow through the interface of the
contact and the temperature measured by the thermocouple No. 1
and considering a perfect contact between the cold box and the
sapphire, the linear law describing the temperature field makes it
possible to determine the temperature of the sapphire at the inter-
face. In Fig. 6, we present an example of sapphire and brass sur-
face temperature values. Figure 7 presents an example of the
calculated values of heat flux through the interface.

Fig. 3 Schematic diagram

Fig. 4 Example of temperature recording, experiment on sam-
ple LP3 with contact pressure 148.9bar

Fig. 5 Measurement of the time constant on a temperature
record for the sapphire/LP3 pair

Fig. 6 Example of sapphire and brass surface temperature val-
ues, sample LP3
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Thermal Contact Resistance. The principle of measuring of the
thermal contact resistance consists of two steps:

� In the first step, the flow density transferred to the interface
and the sample-side contact temperature Tsbrass is estimated
from the temperature measurements taken along the axis of
the sample (Fig. 3).

� And in the second step, from the knowledge of the flow den-
sity that crosses the interface and that of the temperature
given by the thermocouple implanted in the brass wall of the
cold box (Fig. 3) supposed in perfect contact with the sap-
phire, one determines the sapphire side surface temperature
Tssapphire.

Thus, we know the flux density q, which passes through the
sample–sapphire interface and the two temperatures of the surfa-
ces in contact Tsbrass and Tssapphire. The contact resistance can then
be determined from the following ratio:

TCR ¼
Tsbrass � Tssapphire

q
(1)

Figure 8 presents an example of the calculated values of the ther-
mal contact resistance.

The Estimation of the Thermal Contact Resistance

It is considered that the TCR results from the parallel composi-
tion of two resistors Rs and Rf, where

� Rs is the resistance to the passage of the heat flux by
solid–solid direct contact, it is calculated by the Bardon’s
model.

� and Rf is the resistance to the passage of heat flow through
the interstitial medium fluid.

One can estimate the TCR as

With :
1

TCR
¼

1

Rs

þ
1

Rf

$ TCR ¼ RsRf = Rs þ Rfð Þ (2)

Results and Discussion

Analysis of Deformation Data and Contact Parameters. The
mechanical deformations to which the rough surface of the

specimen is subjected cannot be seen through the sapphire wall
under loading using the profilometer [7]. Indeed, Assefraoui [6],
who had developed a similar device with a lever-loading system,
noticed that such an experiment gives very erroneous results due
to an optical deformation of the topography that is induced by the
presence of sapphire. After checking this result, it turned out that
only the plastic deformations of the surface before and after the
loading, without the presence of sapphire, could be considered.
For the profilometric measurements, only an increment of 1 lm
was used, as recommended by Assefraoui. It was revealed from
the experiment that a square surface with twelve pyramids can be
representative of the total base surface of the specimen under
study. The surface texture was also statistically characterized.
Figure 9 and Table 2 indicate that the pyramidal surfaces are not
Gaussian. Figure 10 indicates that the roughness parameters Ra

and Rq are independent from loading. However, the roughness Rp,
which is considered equal to d, is very sensitive to loading.

Fig. 7 Example of values of heat flux through the interface,
experiment on sample LP3

Fig. 8 Example of values of TCR, experiments on sample LP3

Fig. 9 Comparison of the normal law and distribution law of
investigated surfaces

Table 2 Statistical characteristics of surfaces

m1 Ra (lm) Rq (lm) Sk ¼ m3=R
3
q K ¼ m4=R

4
q

Normal law 0 — — 0 3
Controlled surface 0.13 8.8 10.8 �0.78 4.8
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Figure 11 clearly demonstrates that the pyramidal asperities
present different peaks and the surface has a nonuniform rough-
ness. In addition, the color contrast in Fig. 11(b) indicates that the
pyramid summits are crushed and flattened, and therefore, the
total roughness goes from 86lm before crushing to 76lm after

crushing. It is observed from profilometry that the heights of the
different pyramids are not equal; they show an average dispersion
of 5lm. This has an impact on N, which is minimum for a load
level of 0.5 bar. Then N starts increasing with P to eventually
reach a maximum value, which is confirmed by Fig. 12.

Fig. 10 Evolution of roughness parameters Ra (a), Rq (b), and Rp (c) as a function of the load P

Fig. 11 View of the sample before and after loading: (a) before loading and (b) after loading (P5 78 bar)
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Obviously, the flow of matter and hardening should be different
from one pyramid to another. Furthermore, Fig. 13 presents the
profiles passing by the summits of asperities along the Ox and Oy
axes. Note that the highest peaks were reduced after crushing. It is
important to mention that the scan increment, i.e.,1lm, is very
small and it is difficult to find the accurate profile before deforma-
tion. The width of the first pyramid was measured at the ordinate
of 30 lm; its width before crushing was 53lm and then it
increased by 5 lm after a loading of 78 bar as seen on the profile’s
superposition along Ox. The decrease in altitude and widening of
the top of the pyramid can be observed on the profile, along Oy.
At the altitude of 33 lm, which corresponds to the ordinate of
30lm, the width varies between 55lm and 66lm. The average
deformation represented by the variation of the total roughness is,
in this case, about 6 lm or 7lm. Furthermore, different machining
defects were observed along the Ox and Oy directions. The obser-
vation of the two profiles shows the presence of a second rough-
ness scale (3–4 lm). This is valid for the twelve pyramids studied.

Mechanical Characterization of the Interface. The Vickers
hardness test was carried out on brass, as shown in Fig. 14; it can
easily be noted that for a load of 100 g, the hardness is constant
and is equal to 1.26GPa, which is about 16 times lower than
sapphire hardness (20GPa). This confirms the hypothesis that sap-
phire is dimensionally stable. The Vickers microhardness values
for brass are dependent on the penetration depth as shown in
Fig. 14. The points shown represent the average value of 6 test
values at each load.

Initially, S* was estimated by means of the Bowden and
Tabor’s model [27] using the Vickers microhardness Hv; then, the
effect of hardening phenomenon on the real contact was taken

Fig. 12 Images of the interface between asperities and sapphire depending on the load

Fig. 13 Topographic profiles of the rough surface, measured
along Ox and Oy, before and after loading (P5 78 bar)

Fig. 14 Vickers hardness test

Fig. 15 Effective microhardness plots
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into account, and H was considered as equal to the effective
microhardness obtained by Yovanovich’s model [28]. Therefore,
it may be said that The effective microhardness is quite original as
it combines the microhardness test results with those of the profi-
lometric measurements. Figure 15 explicitly indicates that Hc is
five times greater than Hv.

Analysis of Data for the Estimation of S*. Initially, S* was
estimated by means of the Bowden and Tabor’s model [27] using
the Vickers microhardness Hv (S*Hv); then, the effect of hardening

Fig. 16 (a) Abbott curves recorded after loading (b) top of the
pyramid in (a)

Table 3 Values of S*(%) for the sapphire–brass pair

P (bar) 0.5 2.8 20.1 75.9 215.6

Couple sapphire/LP3 S*¼P/Hv 0.004 0.02 0.16 0.6 1.7
S*¼P/Hc 0.0007 0.004 0.032 0.12 0.36
S* profilo 0.039 0.049 0.06 0.083 0.35

Couple sapphire/LP4 S*¼P/Hv 0.004 0.022 0.17 0.6 1.7
S*¼P/Hc 0.0008 0.0048 0.039 0.14 0.4
S*profilo 0.021 2.3� 10�2 3.7� 10�2 0.11 0.42

Couple sapphire/LP5 S*¼P/Hv 0.0037 0.02 — 0.60 1.7
S*¼P/Hc 0.00065 0.0035 — 0.12 0.34
S*profile 7.9� 10�2 8� 10�2 9.4� 10�2 0.19

Fig. 17 The variation of the difference between “S*profile” and
“S*Hc” with respect to “S*Hc” according to the loading

Fig. 18 Thermal contact resistance values measured and
estimated in terms of S*5P/Hc, S*5P/Hv and S*profilo, couple sap-
phire/LP3
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phenomenon on the real contact was taken into account, and H
was considered as equal to the effective microhardness obtained
by Yovanovich’s model [28] (S*Hc).

The values of S* obtained by profilometry (S*profilo) are consid-
ered as equal to the bearing rate G corresponding to the first point
taken after the change of slope of the Abbott curve observed at the
summit of the asperity, as illustrated in Fig. 16. Table 3 displays
the values of S* for each specimen.

The Fig. 17 shows the variation of the difference between
“S*profilo” and “S*Hc” with respect to “S*Hc” according to the
loading. The analysis shows that using Hv gives values of S*
higher than those obtained through Hc. For large loads, the values
of S*profilo are closer to those estimated through the use of Hc.

In order to determine the most relevant estimation, it was
decided to proceed to the evaluation of the thermal contact resist-
ance by the model of Bardon [5] and then compare it with the one
obtained by thermal measurement.

Analysis of Data for the Estimation of the Thermal Contact
Resistance. We note that the reproducibility study of the estimate
of the contact resistance TCR shows that the levels of value of
TCR and its dispersion attest to the good reliability of the meas-
uring device [7].

Figures 18–20 show the comparison between the measurement
of the TCR and its estimation as a function of “S*Hc,” “S*Hv,” and
“S*profile.” We observe that the determination of S* using the
hardness test results is relevant and particularly when considering
the effective hardness Hc. It allows noting that for larger loads,
the estimated value is close to that measured; the relative differ-
ence hardly exceeds 4% especially for samples LP3 and LP4.

Figure 21 shows that the difference between the estimation of
the TCR as a function of “S*profilo” and “TCRmeasure” is very
important for the low loads. This difference decreases by increas-
ing the load. From a load of 20 bar it does not exceed 30% of the
measurement. Figure 22 shows that the difference between the
estimation of the TCR as a function of “S*profilo” and that as a
function of “S*Hc” is very important for the low loads. This differ-
ence decreases by increasing the load. From a load of 20 bar it
does not exceed 35% of the estimated value of the TCR as a func-
tion of “S*Hc.”

For low loads, the assumption that S* is equal to the
bearing rate G leads to underestimate the TCR. This can be
justified by the spring back of the material, at the top of the

Fig. 20 Thermal contact resistance values measured and
estimated in terms of S*5P/Hc, S*5P/Hv and S*profilo, couple
sapphire/LP5 Fig. 22 The variation of the difference between “TCRprofilo”

and “TCRHc” with respect to “TCRHc” according to the loading

Fig. 19 Thermal contact resistance values measured and esti-
mated in terms of S*5P/Hc, S*5P/Hv and S*profilo, couple sap-
phire/LP4

Fig. 21 The variation of the difference between “TCRprofilo”
and “TCRmeasure” with respect to “TCRmeasure” according to the
loading
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asperity, and/or by the presence of the second scale of roughness
observed.

Conclusion

The basic idea of this research was to estimate the interface
parameters S*, N, and d that allow determining the thermal con-
tact resistance from profilometric analyses or imaging. The sur-
face with identical pyramidal asperities is used to overcome the
knowledge of the density of contact points which is equal to the
number of pyramids per unit area. This allows to study the evolu-
tion of the real contact rate during step loading.

A contact plane was considered between a smooth and infinitely
rigid material (sapphire) and a rough and deformable material
(brass). This interface was subjected to progressive loading. For
the purpose of taking into account the work hardening phenom-
enon, the microhardness was measured for all the field of values
of the applied force. At the same time, the thermal resistance was
measured. The TCR values measured on steady-state were sys-
tematically compared with the values estimated from the chosen
theoretical model. The reproducibility of the estimate of the con-
tact resistance TCR is studied. The levels of value of TCR and its
dispersion attest to the good reliability of the measuring device.

The most important results are summarized in the following:
The roughness parameters Ra and Rq are indifferent to loading.
However, the roughness parameter Rp, which is considered as
equal to d, is sensitive to loading and has the same decreasing
behavior under the effect of loading. The determination of S* by
hardness testing is pertinent and particularly when the effective
hardness Hc is taken into account. Using the model of Bardon
allows giving a good estimate of the TCR.

For low loads, the differences between the TCR¼ f(S*profilo)
and “TCRmeasure” and that between the TCR¼ f(S*profile) and
TCR¼ f(S*Hc) are very important for the low loads. These differen-
ces decrease by increasing the load. The assumption that S* is equal
to the bearing rate G leads to underestimate the TCR. This can be
justified by the spring back of the material, at the top of the asperity,
and/or by the presence of the second scale of roughness observed.

For moderate and larger loads, the estimated values of TCR as
function of “S*profilo” and “S*Hc” are close to that measured, espe-
cially for samples LP3 and LP4. We conclude that the hypothesis
of the plastic behavior assumption of the asperities is verified,
especially for moderate and large loads.

The interesting and relevant comparisons with the reference
model attest to the relevance of the approach and are encouraging
to persevere in the development of new techniques for character-
izing contact parameters.

Nomenclature

c ¼ length of the side of the side of the base of the pyramid
d ¼ distance between planes of surfaces in contact (lm)

d* ¼ normalized distance between planes of surfaces in
contact (lm)

h ¼ height (lm)
HB ¼ Brinell hardness (GPa)
Hc ¼ effective microhardness (GPa)
K ¼ Kurtosis
m ¼ slope of asperity
N ¼ density of contact points (m�2)
P ¼ pressure (bar)
Ra ¼ arithmetic average roughness (lm)
Rf ¼ resistance solid–fluid–solid
Rp ¼ height of highest peak (lm)
Rq ¼ average quadratic roughness (lm)
Rs ¼ constriction resistance solid–solid (K m2/W)
Rt ¼ total roughness (lm)
S* ¼ real contact ratio
Sk ¼ skewness
T ¼ temperature (K)
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