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Four Decades of Research on Thermal Contact, Gap,
and Joint Resistance in Microelectronics
M. Michael Yovanovich

Abstract—The Keynote Paper reviews and highlights over
40 years of research on solutions for steady-state and transient
thermal constriction and spreading resistances, and thermomechanical models for contact, gap and joint resistances of joints
formed by conforming rough surfaces, nonconforming smooth
surfaces, and nonconforming rough surfaces. Microgap and
macrogap thermal resistance and conductance models are reviewed, and important relations and correlation equations are
presented. Contact microhardness, determined by Vickers indenters, are correlated and incorporated into the contact model for
conforming rough surfaces. Microhardness parameters are correlated with Brinell hardness values. Elastoplastic contact models
for joints formed by smooth sphere-smooth flat and conforming
rough surfaces are presented. A simple thermomechanical model
for microgaps occupied by oil, grease, grease filled with solid particles, and phase change materials such as paraffins is reviewed,
and good agreement with recently published data is noted.

GW

Index Terms—Microgap and macrogap thermal resistance,
steady-state, transient thermal constriction, Vickers indenters.

NOMENCLATURE

BGT

CLA

CMY

Apparent and real contact areas, m .
Microcontact spot radius, m.
Dimensionless correlation coefficients.
Relative radius of macrocontact,
.
Radius of microcontacts, m.
Bush, Gibson, and Thomas model.
Flux tube radius, m.
Dimensionless constriction resistance parameter
.
for layer-substrate,
Joint, solid, fluid conductance, W/m K.
Dimensionless contact conductance,
.
Center-line-average surface roughness, m.
Plastic contact parameter,
.
Vickers microhardness coefficient, GPa.
Vickers microhardness dimensionless coefficient.
Vickers microhardness coefficient, GPa.
Cooper, Mikic, and Yovanovich contact conductance model.
Sphere diameter, m.
Vickers indentation depth, m.
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Reference Vickers diagonal,
m.
Vickers indentation diagonal, m.
Young’s modulus, GPa.
Equivalent elastic modulus, GPa.
Complementary error function.
Inverse complementary error function.
External force, .
Critical external force, .
Microgap gas parameter.
Greenwood and Williamson model.
Hardness and bulk hardness, GPa.
Effective microhardness, GPa.
Contact microhardness, GPa.
Geometric mean Brinell hardness, GPa.
Layer and substrate contact microhardness, GPa.
Effective microhardness,
,
GPa.
Thermal contact, gap and joint conductance,
W/m K.
Dimensionless macrogap gas integral for point
contact.
Dimensionless microgap gas integral,
.
Bessel functions of first kind of order 0 and 1.
Thermal conductivity, W/mK.
Effective thermal conductivity, W/mK.
Harmonic mean thermal conductivity, W/mK.
Sampling length, m.
Elastoconstriction load parameter,
.
Conforming rough limit length scale,
, m.
Arbitrary length scale, m.
, m.
Gas rarefaction parameter,
Majumdar and Tien model.
Effective mean absolute surface slope.
Number of microcontacts.
Density of microcontacts,
.
Contact pressure, MPa.
Gas pressure, torr.
Reference gas pressure,
760 torr.
.
Prandtl number,
Nondimensional pressure,
.
Heat flow rate, W.
Thermal resistance, K/W.
Isoflux, constriction/spreading resistance, centroid
temperature basis, K/W.
Isoflux, constriction/spreading resistance, average
temperature basis, K/W.
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RMS

TCR
WA

,

1,2
23

EC
GW

Root-mean-square surface roughness.
Constriction/spreading resistance of th microcon, K/W.
tact spot,
Dimensionless thermal resistance.
Flow stress, GPa.
Radial coordinate, m.
Temperature, K.
Gas temperature, K.
Reference gas temperature,
288 K.
Mean joint temperature, K.
Thermal Contact Resistance, K/W.
Layer thickness or indentation depth, m.
Whitehouse and Archard model.
Dimensionless radial position,
.
Mean surface plane separation, m.
Greek
Accommodation parameter,
.
Accommodation coefficients at solid interfaces.
Nondimensional parameter,
.
Dimensionless gas parameter,
.
Radius of curvature of sphere, m.
Ratio of specific heats,
.
Local macrogap thickness, m.
Positive roots of
.
Emissivities of contacting surfaces.
Flux tube relative radius
.
Nondimensional parameter,
.
Conductivity ratio,
or
.
Molecular mean free path, m.
Relative mean plane separation,
.
Poisson’s ratio.
Radius of curvature, m.
RMS surface roughness, m.
Stefan–Boltzmann constant,
5.67
10 W/m K .
Reference surface roughness,
1 m.
Nondimensional parameter
.
Dimensionless spreading resistance.
Subscripts
Surface 1,2.
Layer-substrate parameter.
Apparent.
Bulk.
Conduction, contact, critical.
Effective.
Elastoconstriction.
Gap.
Greenwood and Williamson.
Hertz.
Joint.
Large (macro scale).
Elastic contact.
Elastoplastic contact.
Gap.
Joint.
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Mean.
Macro.
Micro.
Plastic contact.
Real.
Small.
Vickers.
I. INTRODUCTION

T

HIS Keynote Paper reviews four decades of research on
thermal contact, gap, and joint resistances and conductances with applications to microelectronics. It represents a personal journey which began more than 40 years ago and it continues today.
I first heard about thermal contact resistance (TCR) in
September 1963 when Professor Warren M. Rohsenow, Massachusetts Institute of Technology (MIT), suggested that I
undertake experimental research on TCR as my Ph.D. dissertation. Shortly after accepting Professor Rohsenow’s offer, I
worked with Professor Henri Fenech, Nuclear Department,
MIT, on the experimental program using a novel test rig designed by Dr. J. J. Henry to obtain accurate thermal contact
conductance data under vacuum conditions.
During my time at MIT, Professor Michael Cooper of Cambridge University, Cambridge, UK, who was on a sabbatical,
and Professor Bora Mikic and I began collaborating on the
development of an analytical model for predicting thermal contact conductance of conforming rough surfaces in a vacuum.
The geometric-mechanical-thermal model that resulted from
this close collaboration was published in 1969, and is called
the Cooper–Mikic–Yovanovich (CMY) model. Over the past
four decades I have continued working on the CMY model
validating its accuracy and extending its applicability to many
different types of metals.
After MIT, I joined Professor Henri Cordier’s research group
in Poitiers, France. During my stay in France, I became aware
of other aspects of TCR research such as thermal resistance of
joints formed by turned surfaces, effects of thin metallic foils on
thermal joint resistance during loading and unloading, etc.
In September 1969, I became an Associate Professor in
the Department of Mechanical Engineering, University of
Waterloo, Waterloo, ON. I continued my quest for a better
understanding of the fundamentals of TCR with financial support from NSERC and the assistance of numerous scholarship
graduate students.
The scope of this Keynote Paper precludes presentation of details of all TCR research done from 1963 to the present. Therefore, only the important results will be presented. The review
begins with the TCR work done in the U.S. and France in the
period from 1966 to 1970. Then the TCR results for the three
decades 1970 to 1979, 1980 to 1989, and 1990 to 2005 will be
presented.
Three major themes will be considered: i) models for thermal
constriction-spreading resistance, ii) models for mechanical
contact of conforming rough surfaces and nonconforming
smooth surfaces, and iii) models for micro and macrogap resistance and conductance. These themes are closely connected in
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Fig. 1. Time line for thermal contact resistance research.

the development of thermal contact, gap and joint resistance of
conductance models for several different types of joints.
Fig. 2. Contact conductance of aluminum alloys versus contact pressure.

II. TIME LINE
Fig. 1 illustrates the research time lines for TCR from 1930
through 2010. A search of the TCR literature in 1963 revealed
that very little experimental, and even less analytical/modeling
work, was available before 1930. In the period from about 1930
to 1950 one finds papers on TCR in the area of cryogenics. The
publications report experimental data for polished stainless steel
surfaces making contact in a vacuum at low temperatures. The
experimental data show the effects of contact pressure, temperature level, and gas pressure on TCR.
From 1940 through 1955, there are many reports and some
papers on TCR for systems of interest to the aircraft industry.
Experimental data with some correlations were reported for thin
metallic members bolted or riveted with air as the interstitial
substance. Since these systems are somewhat complex, there
were only a few analytical studies attempted.
During the period from 1950 through 1970, nuclear industries in the USA, U.K., France, Russia, Canada, and few other
countries examined the TCR from several perspectives. The industry was interested in the effects of high temperature, high
contact pressure, and high gas temperature on TCR for various
reactor designs. The contacting metals were special alloys, and
the gases which occupied the micro and macrogaps were mixtures of exotic gases such as inert gases mixed with fission gases.
Many elaborate and costly in-situ experiments were conducted
to measure TCR over a range of temperature, contact pressure,
and gas pressure. The experimental results were frequently correlated, and a few empirical models were reported.
From about 1960 through 1985, NASA conducted inhouse
research and funded research at several universities on TCR for
spacecraft and other space vehicles. The NASA engineers were
concerned with TCR at many joints found in spacecraft and
satellites which function under vacuum conditions. The metals
which form the joints are thin and they are frequently bolted,
and the contact pressure is relatively light. The thermal engineers examined the effects of thin interstitial metals such as indium, lead, and tin on TCR.

From about 1970 through the present and beyond, the microelectronics industry began to devote more research effort
and funding to several TCR problems which appear at different
levels of their systems. There are several interfaces and joints
that appear in the thermal path from the device (heat source)
to the liquid cooled heat sinks. Air or helium appears in some
of the micro and macrogaps, and other substances such as oil,
grease, and grease filled with small solid particles are used to
enhance the effective thermal conductivity of the gaps.
Around 2000 or earlier, one finds the first papers on TCR
research at nanoscales. The issues associated with nano-technologies are similar to those that have occupied thermal analysts
over the past 50 to 60 years, except the scales are significantly
smaller, and questions arise as to whether the models that have
been used with some success in the past are appropriate for the
nanoscales. The TCR research at nanoscales will become more
important as certain industries such as microelectronics move
their current microscale technologies downward to very small
feature sizes.
In 1966 Thomas and Probert [1] published a survey of the experimental work done in North America and Europe from 1939
to 1965. The work was done in government and university laboratories, and in many industrial laboratories. The metals tested
were copper and aluminum alloys, stainless steels, other steels,
and miscellaneous materials. The interstitial substances were
gases (air, helium), indium foils, and various substances such as
oil, silicone grease, and dc 340 grease. The gas pressure ranged
from 10 to 760 torr, and the mechanical pressure ranged from
a low pressure of about 0.1 atm up to 1000 atm. In Figs. 2–6,
many plots of thermal contact conductance in W/m K of
aluminum alloys, copper alloys, stainless steels, other types of
steel, and miscellaneous materials versus the contact pressure
in MPa are shown.
Some of the data are from vacuum tests, while other data are
based on tests in air or other gases. The contact pressure range
is relatively large. The measured values in general show that
increasing the load will result in greater contact conductance
values. The slopes of the various graphs are different due to
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Fig. 3. Contact conductance of copper alloys versus contact pressure.
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Fig. 6. Contact conductance of miscellaneous materials versus contact
pressure.

pressure on contact conductance for different types of steels.
The data were obtained in a vacuum, and other data were obtained with air and other gases such as helium. The trends of
versus are similar to those reported for the aluminum alloys.
Fig. 6 shows the measured contact conductance versus contact
pressure for miscellaneous materials.
Thomas and Probert [1] reported that the available simple
contact conductance model was expressed as
(1)

Fig. 4. Contact conductance of stainless steels versus contact pressure.

where ,
, and
are the joint, solid, and fluid conductances, respectively. This simple relation shows that there are
two “paths” for the heat to cross the joint: i) by means of the microcontacts and ii) across the microgaps. Radiation heat transfer
across the micro and macrogaps was ignored. They concluded
from their survey that no satisfactory theory of interface heat
transfer exists.
Its apparent that correlations for individual graphs, if they
were available, would not be appropriate for the other graphs.
Furthermore, correlation equations do not give understanding of
the factors which contribute to TCR. In order to develop an accurate joint conductance models, its necessary to conduct basic
research at several levels. This systematic approach will be outlined in the following section.
III. TRIAD FOR THERMAL CONTACT RESISTANCE

Fig. 5. Contact conductance of other steels versus contact pressure.

several factors such as temperature level, surface roughness and
surface out-of-flatness, etc. Fig. 5 shows the effect of contact

Before accurate thermal joint conductance (resistance)
predictive models can be developed its important to examine
the triad for Thermal Contact Resistance which is shown in
Fig. 7. The figure shows three basic problems: i) geometry,
ii) mechanics, and iii) thermal. The intersection of geometry
and mechanics constitutes the contact mechanics problem, the
intersection of geometry and thermal constitutes the constriction (spreading) resistance problem, and the intersection of
mechanics and thermal constitutes the thermal elastoplasticity
problem which will not be discussed in the subsequent sections. The intersection of geometry, mechanics and thermal
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Fig. 7. Triad for thermal contact resistance (conductance).

constitutes the thermal contact resistance problem. For the
development of a thermal contact resistance problem, the
contact mechanics problem must be solved. There are three
types of contact mechanics problems and solutions: a) pure
elastic contact, b) pure plastic contact, and c) the more complex
elastoplastic contact.
The triad will be used as a guide for the development of
different types of geometric-mechanical-thermal contact resistance and conductance models.
Fig. 8 shows several different types of geometric-mechanical
joints that can be formed. In all cases shown, the surfaces are assumed to be free of oxides or other contaminants. The surfaces
can be smooth and nonconforming as depicted in the left top and
bottom joints. The right top and bottom joints show conforming
rough surfaces. In the center top and bottom joints are formed by
nonconforming and rough surfaces. In the lower row of joints, a
uniform thin metallic of nonmetallic layer is bonded to the flat
surface called the substrate. This layer influences the mechanical and thermal interaction of the upper and lower surfaces.
The axial force on the joints is assumed to be steady and only
the first loading cycle will be considered.
When the surfaces are rough and conforming as shown in the
top and bottom right joints, and there is a substance in the microgaps such as air or oil or grease, then microgap resistance-conductance models are required. When the surfaces are smooth
and nonconforming as shown in the top and bottom left joints,
and the macrogap is occupied with a substance such as air, then a
macrogap resistance model is required. For the top and bottom
center joints which are formed by rough, nonconforming surfaces, then both micro- and macrogap resistance models are
required.

IV. THERMAL CONTACT RESISTANCE RESEARCH 1963–1970
During the first period from 1963 to 1970, the research on
TCR was done in the U.S. and France. Several different aspects

Fig. 8.

Schematics of typical mechanical joints.

of thermal contact resistance were examined such as development of models for prediction of thermal contact conductance
of joints formed by conforming rough surfaces, a model for
thermal resistance of a joint formed by smooth nonconforming
surfaces with application to instrument bearings, a model for
the thermal joint resistance of nonconforming rough surfaces, a
model for the thermal constriction zone, and thermal resistance
measurements of soldered joints.
TCR of Nominally Flat Rough Surfaces in a Vacuum.
Yovanovich and Fenech [2] examined TCR of nominally flat,
rough surfaces in a vacuum both experimentally and analytically. This research showed that the microcontact spots can be
modeled as circular areas that separate two “halfspaces” when
the joint is in a vacuum. Good agreement was obtained between
the data and the TCR model that predicted the number and size
of the microcontacts.
Elastoconstriction Resistance Model for Elastically Deformed Spheres in a Vacuum. The elastoconstriction model for
TCR across elastically deformed spheres with applications to
instrument bearings for spacecraft and satellites was developed
[3]. The Hertz theory of elastic contact was used to calculate
the circular contact area. The thermal constriction-spreading resistances in the spheres and in the inner race and outer race
were modeled as constriction and spreading resistances in halfspaces. A simple gap model for conduction through the gas in
the macrogap was presented. This model accounted for slip and
rarefaction effects at the gas-solid interfaces. A simple model
was proposed for radiative heat transfer in a vacuum or through
a transparent gas.
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Thermal Constriction Zone. The thermal constriction
“zone” was proposed in [4] for steady conduction from an
isolated, isothermal circular area into an isotropic halfspace.
Oblate spheroidal coordinates were used to obtain an analytical
solution which showed that about 98% of the total constriction
resistance occurs in a “zone” adjacent to the circular area and
that the size of the “zone” is approximately 40 radii. Since
a typical microcontact “spot” has a radius of approximately
5–10 m, the size of the associated constriction “zone” is about
200–400 m.
Conforming Rough Surface Contact Conductance Model.
The TCR model for conforming (nominally flat) rough surfaces
was developed by Cooper, Mikic and Yovanovich [5]. The geometric model is based on the assumptions: the surface asperities have gaussian height distribution about some mean plane of
contact and the asperities are distributed randomly over the ap.
parent contact area
The important surface roughness parameters are the
root-mean-square (RMS) roughness or the center-line-average (CLA) roughness which are defined as
Fig. 9. Typical joint formed by two conforming rough surfaces.

(2)
is the distance of points in the surface from the mean
where
plane and is the length of the trace. The absolute mean asperity
slope is defined as

where is the total force, is the apparent contact pressure,
and
are the total real area and apparent area of conand
tact, respectively. The force balance gives the following relation
for the relative real contact in terms of the apparent contact pressure and the microcontact hardness:

(3)

(6)

The effective RMS surface roughness and the effective absolute mean asperity slope for a typical joint formed by two conforming rough surfaces are given by [5]
(4)
where and are the RMS surface roughness and
and
are the mean absolute asperity slope of the contacting surfaces,
respectively.
The three deformation models (elastic, plastic, or elastoplastic) give relationships for three important micro-geometric
, ii) the
parameters: i) the relative real contact area
contact spot density , and iii) the mean contact spot radius
in terms of the relative mean plane separation defined as
. The mean plane separation and the effective surface roughness are illustrated in Fig. 9 for the joint formed by
the mechanical contact of two nominally flat, rough surfaces.
The contact model of the CMY TCR model assumes that
one of the contacting surfaces is softer and the deformation
is purely plastic whether the harder asperities “penetrate” the
softer metal, or whether the softer asperities are “flattened.”
that can be assigned to the
There is a contact micohardness
deformation of the contacting asperities. The overall force balance on the joint yields the following relation:
(5)

For the plastic deformation model there is one thermal contact
conductance model which is given by the relation [5]
(7)
where the effective thermal conductivity of the joint is
(8)
The thermal constriction parameter , based on isothermal contact spots, is approximated by [5]
(9)
. The geowhere the relative contact spot size is
metric parameters , and
are related to the relative
.
mean plane separation
Contact Geometric Parameters. For plastic deformation the
micro-contact geometric parameters are [5]

(10)
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Dimensionless Contact Conductance. The dimensionless
can be expressed in terms of the relcontact conductance
ative mean plane separation [5]

(11)

This relation is applicable for all mechanical deformation
models (elastic, plastic, or elastoplastic).
The correlation equation of the dimensionless contact conductance obtained from theoretical values for a nominal range
is [5]
of and

The correlation coefficients were given as
1.45 and
0.985. The correlation equation was compared with vacuum
data for 6 joints formed by stainless steel and aluminum surfaces. The effective surface roughness parameter ranged from
m to
m. The values of the microcontact hardness for the two metals were taken to be
2.4 GPa for the stainless steel joints and
0.927 GPa for
the aluminum joints. The data were found to lie in the relative
3 10 . With the
contact pressure range 2 10
exception of several low load points all experimental values of
at the higher relative contact pressures fell below the theoretical curve. The data, however, showed loading trends similar
to the model predictions.
TCR of Rough, Wavy Surfaces in Vacuum. In paper [6],
a theoretical model was presented for the overall thermal contact resistance of a smooth sphere in contact with a rough flat
in a vacuum. The radiative heat transfer across the macrogap
was assumed to be negligible. The total resistance was based on
a simple linear superposition of micro- and macro-constriction
resistances. The micro-constriction resistances were based on
the CMY model [5].
Thermal Resistance at Soldered Joints. It was shown by
several experiments that there is thermal resistance at soldered
joints [7]. All tests were performed with nearly identical surface roughness. The measured values ranged from 0.025 C
cm W for the “best” joint (brass/brass) to 0.14 C cm W
for a poorly soldered joint. The variation in the values was consistent with the quality of the solder. The measured values were
much greater than the theoretical value of 0.002 46 C cm W
for an average solder thickness of 15 m and an effective surface roughness of about 0.5 m. Correlations were presented in
[8].

V. THERMAL CONTACT RESISTANCE RESEARCH 1970–1980
The research accomplished in the period 1970–1980 consisted of many analytical and numerical studies, and several
experimental investigations on constriction and spreading resistances, development and experimental validation of elastoconstriction and elastogap resistance models, and measurment of
the effect of metallic foils on TCR and development of correlation equations for the optimum foil thickness, and other investigations [10], [12], [15], [18].
Constriction-Spreading Resistances. The analytical studies
of steady and transient constriction and spreading resistances in
isotropic halfspaces and flux tubes and channels are given in references [16], [19]–[25], and [29]. The effects of shape, boundary
conditions, and the length scale on constriction-spreading resistances were examined. It was found that the dimensionless
spreading resistance defined as
(12)
where
is the spreading resistance, is the thermal conductivity of the halfspace (substrate), and is the arbitrary length
scale of the source area depends on boundary condition (e.g.,
isoflux, isothermal) and the shape of the source area.
For the circular and elliptical geometries the isoflux condition
results in a spreading resistance which is about 8% greater than
the isothermal condition. This relatively small difference was
observed for other geometries such as regular polygonal areas,
semicircles, etc. If the arbitrary length scale is chosen to be
, where is the area of the source, the effects of shape
and aspect ratio become negligible. Thus, the constriction and
spreading resistances of rectangular and elliptical source areas
having identical boundary conditions, area, and aspect ratio are
very close in value. All numerical values of the dimensionless
spreading resistances for singly-connected sources lie in the following narrow ranges: see (13), shown at the bottom of the page.
5/9
For the isoflux sources useful approximations are
. For isothermal sources a useful apand
.
proximation is
It was also found by numerical studies that the dimensionless
spreading resistances of doubly-connected source areas such
as regular polygonal areas having identical source areas
, aspect ratios
, and identical boundary conditions, have similar dimensionless resistances defined as
(14)
where
is the total source area and
and
are the inner
and outer areas. Correlation equations were developed. The solutions and correlation equations are summarized in Chapter 4
of the Handbook of Heat Transfer [105].

isoflux, centroid temperature basis
isoflux, average temperature basis
isothermal

(13)
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TABLE II
COMPARISONS OF ELASTOCONSTRICTION RESISTANCE
MODEL AND VACUUM DATA

Fig. 10.

Schematic of sphere-flat contact and macrogap.

Dimensionless Radiation Resistance. The dimensionless ra. The dimensiondiation resistance is defined as
less radiation resistance for the complex enclosure formed by
the sphere-flat contact and the surrounding insulation is given
by the following relation [14]:

TABLE I
TEST PARAMETER VALUES FOR SPHERE-FLAT CONTACT

(17)
Elastoconstriction and Elastogap Resistance Models.
Seven publications deal with analytical models [9], [11], [14],
[27] and experimental investigations [17], [28] of elastoconstriction and elastogap resistances. The elastoconstriction
resistance models [9], [11], [14], [26], [27], and the experiments of elastogap resistance of a sphere-flat contact [17] in a
vacuum, and with air and argon in the macrogaps. Hertz elastic
contact theory was used to predict the radius of contact for the
elastoconstriction resistance, and the local gap thickness for the
elastogap resistance.
and a
The elastic contact of a smooth sphere of radius
smooth flat is shown in Fig. 10. The contact radius is , and
the local macrogap thickness is . The elastic properties of the
sphere and flat, respectively, are , and , . The mechanical and thermal models are given in [14] and the experiments
and test results are given in [17]. The elastoconstriction model
with radiative heat transfer and the vacuum test results are compared in Table I.
The test parameter values are listed in Table I.
Dimensionless Contact Resistance. The dimensionless con. Its given by the foltact resistance is defined as
lowing relation:

(15)
where the elastic load parameter is obtained from the Hertz
theory [9], [14]

(16)
where
.

is the the external force on the contact, and also

is the sphere diameter,
W/m
where
K is the Stefan–Boltzmann constant,
is
and
the absolute temperature of the sphere-flat gap, and
are the extrapolated absolute temperatures of the sphere and flat
respectively. Also, and are the emissivities of the sphere
and flat, respectively. For the system the dimensionless radiation
resistance can be expressed as
(18)
Dimensionless Joint Resistance. The dimensionless joint re. According to the decoupled
sistance is defined as
model, the dimensionless joint resistance depends on the contact
and radiation resistances in the following manner:
(19)
The model predictions [14] and the experimental data [17] are
compared in Table III for a range of loads. Since the values of
were in a relatively narrow range: 316 K
337 K, the
values of the dimensionless radiation resistance were also in a
1696. The dimensionless radiation
narrow range: 1398
resistance values for all loads were greater than the values of the
dimensionless contact resistance which varied with the load.
The agreement between the predicted values of the elastoconstriction model and the experimental values as given in Table II
is excellent for all dimensionless loads . The maximum percent difference is about 3.7%, and the RMS percent difference
is approximately 2.2%.
Elastogap Resistance. The elastogap resistance model is
based on a coupled temperature [14]. Its given by
(20)
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TABLE III
ELASTOGAP RESISTANCE THEORY AND MEASUREMENTS
25.4 mm,
115.1, AND AIR

D=

L=

FOR

where the elastogap integral is defined as
Fig. 11.

(21)

.
where
The macrogap resistance integral depends on two dimensionand
. The dimensionless geometric parameters:
where
less local gap thickness in the interval
is [14]

(22)
The dimensionless gas rarefaction parameter is
(23)
with

(24)

are the
where is the accommodation parameter and ,
thermal accommodation coefficients at the gas-sphere and
gas-flat interfaces, respectively. The gas parameter depends
, and the Prandtl
on the ratio of the specific heats
. The molecular mean free path of the gas
is
number
related to the reference value
at reference temperature
and reference gas pressure
, and the gap gas temperature
and gas pressure . For the smooth sphere and smooth flat
64 nm at
288 K
joint, with air in the macrogap,
and
760 torr,
1.61,
0.70, and
0.80,
0.85.
For these tests the dimensionless radiation resistance of the
sphere-flat-insulation enclosure for the system parameters is
(25)

IBM thermal conduction module (TCM).

The comparison between the predictions of the elastoconstriction and elastogap models and the experimental data for the
115.1 and gas pressures ranging from 400 torr
fixed load
to a vacuum are given in Table III. The agreement between the
theoretical models and the data is excellent for all test points.
The largest difference occurs at the highest gas pressures
where the theory predicts lower joint resistances by approximately 5%. The agreement between theory and experiment
improves with decreasing gas pressure.
Its also shown in Table III, that the presence of air in the
sphere-flat macrogap significantly decreases the joint resistance
when compared with the vacuum results. The elastogap model
can be used to predict the performance of other gases such as
argon and helium.
The IBM thermal conduction module (TCM) shown in
Fig. 11 is an excellent example of the application of the elastogap resistance model (EGR) to an important microelectronics
system. In the TCM aluminum pistons with smooth hemispherical ends were spring loaded to make light contact with
the chips. The macrogap was filled with helium. This system
removed the heat generated by the devices, and it was carried
away by water cooled cold plates.
Effect of Metallic Foils on TCR: Optimum Foil Thickness.
An experimental investigation on the effect of metallic foils on
TCR of a turned surface in contact with an optically flat surface
in air [13] showed that there is an optimum thickness. Test results are shown in Figs. 12 and 13 for tin and lead foils, respectively. Similar results were obtained with aluminum and copper
foils for loading and unloading tests. A minimum joint resistance was observed in all tests.
The nominal values of the physical and thermal properties of
the metallic foils used to determine the optimum thickness are
listed in Table IV.
The foil thickness was varied from 10 to 500 m. The tests
with foils followed the thickness sequence: 500, 100, 50, 25, and
10 m. The last test was the bare surface test. All tests were conducted in air at 1 atm. The forces on the joint were 20, 40, 60,
80, and 100 kg/cm . The joint was formed by the contact of a
turned surface and an optically flat surface. The lathe turned surface had the following characteristics: sawtooth peak-to-valley
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TABLE V
RATIO OF MINIMUM JOINT RESISTANCE WITH FOIL TO BARE SURFACE

The units of the parameters that appear in the correlation equaW/cm C , and
kg/mm [30], [33].
tion are kg/cm ,
Fig. 12. Effect of tin foil thickness during first load.

VI. THERMAL CONTACT RESISTANCE RESEARCH 1980–1990

Fig. 13.

Effect of lead foil thickness during first load.
TABLE IV
HARDNESS AND CONDUCTIVITY OF METALLIC FOILS

height was 90 m and the peak-to-peak span was 180 m. The
RMS roughness was measured with a profilometer and found
to be approximately 52 m. The bare turned and optically flat
surfaces were armco iron.
The test results for loading and unloading showed a minimum
joint resistance for a particular foil thickness. All metallic foils
showed a significant reduction in the joint resistance with respect to the bare joint resistance. The ratios of the joint resistance with metallic foil divided by the joint resistance of the
bare joint for all foils and all loads are tabulated in Table V.
A correlation equation was developed for the resistance ratio
for the first load tests only
minimum resistance
bare surface

(26)

Several different aspects of TCR were studied in this decade.
Many publications dealt with steady and transient constriction
[39], [43], [52] and spreading resistances in a halfspace [37],
[40], [42], [47], [49], [50], [65], [66], [67], and in flux tubes
[46], [47], [49], [50], [59], [62], [69], [70] and channels [41],
[45]. Experiments were conducted on the microhardness variation due to workhardening [32], [35], [64]. The effect of oxides
[34] and thin metallic layers on TCR were examined experimentally [34], [38], [44], [54], [68], [72] and analytically [44], [52],
[54], [57], [58], [61]. A model was developed for a bolted joint
[55] for microelectronic applications. Most of the research effort on TCR was directed toward microelectronic issues and a
couple were directed to nuclear issues [34], [53]. Special topics
[36], [41], [45], [48], [51], [56][58], [60], [61], [70], [74], [77]
were studied.
Model development and experiments were directed to a better
understanding of heat transfer across the microgaps formed by
conforming rough surfaces [31], [54], [63], [71] for microelectronic and nuclear applications. The work on TCR done prior to
1986 was summarized and given in keynote papers [59], [64],
and in a book chapter [67].
Three important topics will be given in this section: i) the microhardness variation due to workhardening, ii) the microgap
conductance model and correlations, and iii) the model and experiments for the effect of a softer, higher thermal conductivity
layer bonded to a substrate.
Extended Conforming Rough Surface Model. The conforming rough surface model of [5] was re-examined in 1981
[31] and a new, more accurate, correlation equation was proposed for the contact conductance
(28)
This correlation equation of the theoretical values is accurate to
1.5% in the range:
4.75. Since the relative
mean plane separation and the relative contact pressure
are related as

It is

(29)
(27)

The correlation equation is applicable in the range:
.
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The correlation equation gives the following values:
m
m
m

Fig. 14. Vickers microhardness, and Brinell and Rockwell C hardness values.

Vickers microhardness measurements on ground, lapped and
polished Ni 200, SS 304, and two zirconium alloys revealed the
thin microhardness layer as shown in Fig. 14. The Brinell and
Rockwell C hardness values are also shown in Fig. 14. The microhardness and hardness (bulk) values are plotted with respect
and
to the indentation depth . The mean Vickers diagonal
the depth of penetration are related as
. The Vickers
indentation depths are in the range from about 1 m to values
below about 10 m. The Rockwell C indentation depths lie just
below 100 m, and the Brinell indentations are the largest and
they fall in the 700 to 900 m range.
The Vickers microhardness measurements were correlated
with respect to the depth of indentation and the Vickers mean
diagonal. The Vickers indentation depth was used initially [32],
[35], and correlations equations were found having the form
kg/mm

(30)

For the Ni 200 Vickers measurements the maximum value
kg/mm corresponds to the smallest depth of
m. The minimum value of the hardpenetration
ness was determined by Brinell and Rockwell C testers to be
kg/mm . The depth of penetration is determined
by extrapolation of the Vickers correlation equation which gives
m when
kg/mm . The correlation
coefficients for the Ni 200 surface are
kg/mm

kg/mm
(31)
The correlation equation gives the following values:
m
m
m

kg/mm
kg/mm
kg/mm

(32)

SS 304 Correlation Coefficients. The Vickers microhardness measurements were correlated and the correlation coefficients are
kg/mm

kg/mm
(33)

kg/mm
kg/mm
kg/mm

(34)

The Brinell and Rockwell C indentation tests gave identical
values for the bulk hardness:
kg/mm . The penetration depths were approximately 100 m for the Rockwell indentation and 700 m for the Brinell indentation.
Contact Microhardness Correlation Equation. An approximate contact microhardness model and correlation equation
was developed for the Ni 200 and SS 304 metals. In the model
its assumed that the average microcontact spot area
is equivalent to the Vickers projected area
. If the
Vickers diagonal is replaced by the depth of penetration we have
. The depth of penetration is related to the mean
contact spot radius
(35)
The contact microhardness is obtained from
(36)
if the mean contact spot is known. In the next step, in the development of a correlation equation we use the approximation for
the mean contact spot radius
(37)
are microns. This relation shows how
where the units of
the mean contact spot radius depends on the effective surface
and the relative contact pressure
. After
roughness
, we obtain the correlasubstitution for and putting
tion equation for the contact microhardness of Ni 200 surfaces
kg/mm
(38)
must be conThe units of are m, and the units of and
sistent. The correlation equation shows that the contact microhardness decreases with increasing surface roughness and contact pressure.
Alternative power-law correlation equations were developed
based on the mean Vickers diagonal [35], [63]. Its given by
where

m

(39)

is the Vickers microhardness, and and are the
where
correlation coefficients. The Vickers microhardness correlation
coefficients , , the maximum and RMS percent differences,
and the bulk hardness
determined by the Brinell and Rockwell C hardness indentations are given in Table VI.
The ratio of the largest and smallest values of
, and
are 1.30, 1.11, and 1.21, respectively.
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TABLE VI
VICKERS MICROHARDNESS CORRELATION COEFFICIENTS

For the four metals the bulk hardness
as determined by
Brinell and Rockwell C hardness testers, the bulk hardness was
1.913. It was found that
in the narrow range: 1.472
0.26. The correlation
the average value of the index is
coefficient was closely related to the bulk hardness as [35], [63]
GPa

(40)

All Vickers microhardness measurements for the four metals
were accurately correlated by
(41)
Several models [32], [35] were proposed to calculate the approgiven the effective interface roughness
priate value of
and the contact pressure. The most accurate model required an
iterative method, and two approximate methods were proposed.
In [63] an explicit relation was found for the relative contact
pressure

m

(42)

This relation shows how the relative contact pressure depends
on the contact pressure, the effective interface roughness, and
the Vickers microhardness correlation coefficients. Therefore
depends on
, the Vickers
the effective microhardness
correlation coefficients and the contact pressure.
The vacuum test results for the four metals are compared with
the extended CMY model in Fig. 15 where the values of the
are plotted
dimensionless contact conductance
where
against the relative contact pressure defined as
was called the “effective” contact microhardness.
. The exAll data fall in the range:
tended CMY model appears as the straight line corresponding to
which is based
the relation
on the theoretical values.
and
for the four metals are listed
The values of
in the legend. The bulk hardness ranged from 150.0 to
205 kg/mm , and the effective microhardness ranged from
232 to 362.3 kg/mm . The lowest value corresponds to the
joint formed by the zirconium alloys and the highest value
corresponds to the smoothest Ni 200 joint. The RMS percent
differences for the Ni 200 tests ranged from 5.03 to 6.05%, and
from 5.47 to 6.43%. The best agreement was observed with the
zirconium alloys where the RMS percent difference was 3.95%.
Model and Correlation Equations for Microgap Conductance. An approximate microgap conductance model
for a joint formed by conforming rough surfaces was proto the relative mean plane sepposed [31] that related
aration
and the dimensionless gas parameter

Fig. 15.
model.

Comparison of vacuum data for four metals with extended CMY

. The thermal accommodation parameter
where
, where
and
are
is
the thermal accommodation coefficients. The gas parameter
where
, the ratio of the specific
is the Prandtl number. The molecular mean
heats, and
and gas temperature ,
free path depends on gas pressure
. The value of the mean free path
corresponds to
and
.
A statistical microgap conductance model was derived
in [33]. The final relation for the dimensionless microgap
conductance was given in the form of an integral which was
transformed into the following form which is convenient for
calculations:

(43)
with
where is the thermal conductivity of the gas
. This microgap conductance model
and
is the first one that accounts for the effect of contact pressure
.
through the parameter
For quick calculations the following simple correlation equations for the gap integral was developed [62]:
(44)
In the range 2

4

for
for
The correlation equations have a maximum error of approxi2 and
4. The mimately 2% at the two extremes
crogap conductance model was validated by extensive tests with
different metals, gases, and gas pressures [73], [74].

194

IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGIES , VOL. 28, NO. 2, JUNE 2005

Fig. 16. Gap conductance model and data for conforming rough Ni 200
surfaces.

Fig. 18. Dimensionless gap conductance model and data for conforming rough
Ni 200 surfaces.

the joint conductance model and the data for the three gases is
excellent over the entire gas pressure range.
The dimensionless gap conductance model and data for three
gases: argon, helium, and nitrogen are compared in Fig. 18 for
and
. The dimensionless model
the case where
consists of the linear superposition of the continuum asymptote
and the rarefied gas asymptote
(45)
where
(46)

Fig. 17. Joint conductance model and data for conforming rough SS 304
surfaces.

The microgap conductance model predictions are shown as
curves and the data for gaseous helium and nitrogen are compared in Fig. 16 for a gap formed by a rough Ni 200 surface in
contact with a lapped Ni 200 surface. The apparent contact pressure was held at 0.52 MPa while the gas pressured was varied
from about 10 torr to about 700 torr. The helium gas shows
which are greater than the values for nitrogen, esvalues of
pecially at the higher gas pressures. The agreement is excellent
over the entire gas pressure range.
data for
Fig. 17 shows the joint conductance
three gases: argon, helium, and nitrogen for gas pressures in the
torr, and the corresponding predictions
range: 10
shown as three solid curves. The relative contact pressure was
1.6 10 . The microgap was formed by the contact
of a nominally flat rough SS 304 surface and a lapped SS 304
surface. The horizontal dotted line represents the vacuum value
because
. The agreement between
where

The parameters are the mean plane separation which is related
, and the gas rarefaction parameter
to and
which depends on the type of gas
, the accommodation parameter , and the molecular mean free path
which depends on the gas temperature and pressure. The experimentally determined thermal accommodation coefficients for
three gases were reported in [74]. The microgap was formed by
the contact of a nominally flat, very rough, Ni 200 surface in
contact with a lapped Ni 200 surface. All data fall on the theoretical curve. The data show the transition from the continuum
to the rarefied gas asymptote where
asymptote where
.
Enhancement of Contact Conductance by Metallic Coatings. The effect of thin, soft, isotropic high thermal conductivity
coatings such as a silver layer on a Ni 200 substrate was studied
analytically and experimentally [38], [44]. A mechanical model
was developed for the prediction of effective microhardness of a
hard conforming rough surface placed in contact with a smooth
silver layer bonded to a Ni 200 substrate. A thermal contact conductance model was also developed which is based on the results
from the mechanical model.
The Vickers microhardness measurements of the effective miare shown in
crohardness versus the relative layer thickness
Fig. 19. The layer thickness is and the depth of indentation is .
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m and
rad. The Vickers microhardness
kg/mm
GPa.
of the silver layer is
The relative indentation depth is obtained from the following
approximate correlation equation [38], [44]:
(50)
from the three corTo implement the procedure for finding
relation equations requires an iterative method. To initiate the
iterative process, the first guess may be based on the arithmetic
average of the substrate and layer microhardness values

Fig. 19.

Vickers microhardness of silver layer on nickel substrate.

The measured values of microhardness were obtained using
several layer thicknesses and several loads. There are three re. For thin layers where
gions based on the values of
1, the effective microhardness is large but less than the
because some of the load is
microhardness of the substrate
supported by the layer as the indenter penetrates the substrate.
4.9,
The second region corresponds to the interval 1
where more of the load is supported by the layer and less by
4.9, the indenter
the substrate. For the third region where
penetrates the layer only and the presence of the substrate can be
neglected, and the effective microhardness is equal to the hard.
ness of the layer
The effective Vickers microhardness measurements are de. The three microhardness regions were correlated
noted as
as

For a given value of and , the first value of
can be computed. From the three correlation equations one can find a new
, say
. The new microhardness value,
, is
value for
which leads to another value
used to find another value for
. The process is continued until convergence according to
some criterion occurs. This usually happens within three to four
iterations.
Once the effective microhardness is known, then the microcontact spot radius , and the number of microcontacts
, can be calculated for the given values of the parameters:
. The overall thermal resistance of a joint formed
by a nominally flat rough surface of thermal conductivity
and a smooth, silver layer of thermal conductivity
and
uniform thickness which bonded to a smooth Ni 200 substrate
of thermal conductivity
is
(51)
where the total number of microcontact spots depends on the
apparent area , the apparent contact pressure , the effective
microhardness of the joint , and the mean contact spot radius
. From a force balance we have
(52)
The total constriction-spreading resistance of the
tact spot is

microcon-

(53)

for

(47)

for

(48)
for

(49)

where
and
are the substrate and layer microhardness respectively. The Ni 200 substrate microhardness is
GPa for the joint roughness parameter values:

where is the effective thermal of the joint. It consists of the
thermal conductivities
and , and the parameter which
accounts for spreading in the silver layer and the substrate. This
parameter is defined as
(54)
where
is the spreading resistance parameter in the silver
is the spreading resistance in the
layer and substrate, and
substrate when the layer is absent. Its given by the relation
(55)
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where
and
are Bessel functions of the first kind
are the positive roots of
.
of order 0 and 1, and
depends on relative contact
The layer-substrate parameter
spot size
, relative layer thickness
, and sub. Its given
strate-to-layer thermal conductivity ratio
by the relation
(56)
, the thermal conductivities of the layer and substrate
If
,
. If the layer thickness
are identical, and
, then
is much greater than the contact spot radius, i.e.,
, and the spreading resistance becomes
.
The total constriction-spreading resistance of the single circular microcontact spot has two limits which depend on the relative layer thickness
(57)
Because of geometric symmetry about the contact plane we have
for
. The relative
contact spot size is
.
The joint conductance and contact conductance are equal for
a vacuum when radiation heat transfer is negligible, i.e.,
. The contact conductance is given by

Fig. 20.

Comparison of Ni 200 vacuum data and extended CMY model.

(58)
It was shown [38], [44] that the dimensionless contact conductance is given by
(59)
replaces
where the effective joint thermal conductivity
and the effective microhardness
replaces the contact microin the extended CMY model for conforming rough
hardness
surfaces. For details of the application of the mechanical and
thermal models to some problems from the microelectronics industry, the reader should consult [38], [44].
The vacuum data for four different joints were compared with
the extended CMY model. The dimensionless contact conducversus the relative contact pressure
tance
are compared with the CMY model correlation equation
in Fig. 20. The nominal surface roughness levels were
1.28,
4.27, 8.32 m, and the nominal values of the corresponding
0.14, 0.24, 0.34 rad. The
mean absolute asperty slopes were
1.70 GPa, and
bulk hardness of the Ni 200 substrate was
the calculated microhardness, based on the average contact pres2 MPa were
3.60, 3.00, 2.80 GPa, respectively.
sure
The less rough surface had the highest contact microhardness,
while the roughest surface had the smallest contact microhardness. The agreement between the model prediction and all bare
surface data is very good.
m
Fig. 21 shows plots for two similar joints with
0.24 rad. The vacuum data of the contact conductance
and

Fig. 21. Contact conductance data and model predictions versus contact
pressure.

of the bare surface denoted as the lower bound corresponding to
no coating, and the data corresponding to different layer thicknesses. The layer thickness was varied from a very thin layer of
thickness 0.81 m to a very thick layer of thickness 39.5 m.
The data for the very thick layer were close to values
corresponding to the upper bound for
4.9, called the
“infinitely” thick coating. Its seen that a thin layer of silver
significantly increases the contact conductance. There is apm.
proximately a tenfold increase in the values of for
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TABLE VII
ASSUMED NOMINAL PROPERTY VALUES OF FOUR COATINGS

Fig. 22. Dimensionless contact conductance versus dimensionless contact
pressure: all data and CMY model.

For all tests the model predictions and the data exhibit similar
trends with contact pressure, they are in very good agreement for
all contact pressures and layer thicknesses. The RMS difference
for all bare surface data and the extended CMY model is 9.3%.
All of the bare surface data and the data with silver layers of
different thicknesses for the three joints are shown in Fig. 22.
The dimensionless contact conductance is denoted as
where the primes denote the enhanced values of
contact conductance and the effective thermal conductivity of
where
is the
the joint. The relative contact pressure is
effective contact microhardness which varies from
when
m to
when
m.
All data fall on or lie near the theoretical curve
which is the extended CMY model. The
RMS difference between all coated joints and the correlation
equation of the extended CMY model is 11.8%.
The extended CMY model was used to calculate the enhancement of contact conductance due to layer thickness for Lead,
Tin, silver and Copper for a rough Ni 200 surface in contact
with a lapped Ni 200 surface at a contact pressure of
2000 kPa, and surface roughness of
m and abso0.234 rad. The nominal values
lute mean asperity slope of
of the thermal conductivity and the microhardness of the coatings are listed in Table VII.
The calculated values are shown in Fig. 23. The curves for
each metal reveal three regions corresponding to the three regions of the Vickers microhardness measurements. As the layer
thickness increases there is a significant increase (enhancement)
in the contact conductance for all metals. The best metal is Lead,
followed by Tin because the enhancement is more than a factor
of 10. The metal that shows the smallest increase is Copper because its harder than the other metals.

Fig. 23.
copper.

Contact conductance versus layer thickness for lead, tin, silver, and

VII. THERMAL CONTACT RESISTANCE RESEARCH 1990–2004
During the period 1990–2004 the research on TCR dealt with
constriction-spreading resistances of single and multiple heat
sources; transient spreading resistance; micro and macrogap
resistances and conductances; elastic, plastic and elastoplastic
contact models for conforming rough surfaces of several metals;
experiments to determine the effects of surface conditions on
thermal accommodation coefficients for helium, nitrogen, and
argon; mechanical contact and constriction resistance models
and experiments for smooth hemisphere-smooth layer bonded
to substrate joints; models and experiments for bolted joints
for microelectronics and satellite applications; and related
miscellaneous studies such as the effect of surface asperity
truncation at light loads, and the role of spreading resistance on
the effective thermal conductivity of laminated substrates [94],
and related topics [93], [95].
Constriction-Spreading Resistances. The results of the analytical and numerical work on thermal constriction-spreading
resistance in different systems appeared in several papers [80],
[89], [91], [97], [106]. Most of the important results are summarized in Chapter 4 [105]. The effect of multiple layers [86]
and transient effects [87] on constriction-spreading have been
examined. The thermal interaction of multiple sources on rectangular systems are presented in [107].
Micro and Macrogap Resistance and Conductance. Additional research was done to complement and extend the earlier
models for thermal resistances and conductances for microgaps
[74], [75], [111] and macrogaps [112]. The microgap model was
compared with extensive tests conducted with different surface
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roughness levels, Ni 200 and SS 304 surfaces, and the test gases
were helium and nitrogen [74], [75]. Compact gap resistance
models for microgaps [111] and macrogaps [112] were developed. The agreement between the data and the models was very
good.
Bolted Joints. The results of the analytical and experimental
research on bolted joints for applications to microelectronics
[76] and to satellites [79], [85], [88], [90] was done in this period. Some of the results for satellites applications appear in
[104]. Since bolted joints are complex geometric systems, the
mechanical models are unique to the particular system. The associated thermal models are also unique. Its beyond the scope
of this review article to present the important results.
Effect of Single Layer on Sphere-Flat Contact. The
earlier analytical and experimental research on the effect of
a single layer bonded to a substrate on the joint resistance
of the sphere-flat contact was re-examined and extended to
include softer, low conductivity, polymeric layers [92], [96].
The important results are summarized in [105].
Elastoplastic Contact Model for Sphere-Flat Joint. The
elastoplastic contact model for the smooth sphere-smooth flat
joint was presented in [81]. Under vacuum conditions and negligible radiative heat transfer across the macrogap, the total joint
resistance is given by
(60)
where is the contact radius, is the radius of the flat and the
rod with the hemispherical end whose radius of curvature is .
The effective thermal conductivity of the hemisphere and flat is
.
The relative elastoplastic contact radius is given by [81]
(61)
The subscripts , and denote pure elastic, pure plastic, and
elastoplastic deformation. The value of the “fitting” parameter
can be found from a comparison of the model with experi. The elastic conmental data. It was found to be close to
tact occurs when the contact force is smaller than the critical
, and the plastic contact occurs when
force , say,
. The critical force is obtained by equating the elastic
contact radius and the plastic contact radius . Therefore
(62)
The critical force is a complex parameter that depends on the
elastic and plastic properties, and the radius of curvature. The
presence of the flow stress makes the relation complex.
For pure elastic contact the relative contact radius is [81]
(63)
where the equivalent elastic modulus is
(64)

The elastic properties of the contacting hemisphere and flat are,
respectively, , , , .
For pure plastic contact the relative contact radius is [81]
(65)
where
2.76 is the plastic constraint parameter,
. The ratio
and the normal indentation hardness is
of hardness
to the flow stress
under fully plastic deformation is a constant for real strain hardening materials provided
is used. There are currently no methe appropriate value of
chanical models to predict the flow stress; therefore, it must be
obtained from experiments for each metal. If, however, the deformation is fully plastic, then
(66)
where
is the Brinell hardness (bulk hardness). An iterative procedure was presented in [81] for calculating the value
for a particular contact based on the measured contact
of
resistance.
The validity and accuracy of the elastoplastic contact model
were established by comparisons of the predictions and vacuum
test results [81]. Fig. 24 shows the very good agreement of the
plotted against
dimensionless contact resistance
. The vacuum data are from two rethe relative contact radius
search programs, and they clearly exhibit pure elastic deformation and elastoplastic deformation of the flat because the hemispheres are harder.
Empirical Methods for Prediction of Vickers Microhardness. The experimental research on thermal contact conductance was continued to include tool steels which have hardened
surfaces due to heat treatments [82]. The Vickers, Brinell and
Rockwell microhardness and hardness measurements were
made on tool steels at room temperature and at elevated temperatures (200 C). The untreated Brinell hardness was about
2 GPa, and the heat treated Brinell hardness ranged from 2.2
to 7.6 GPa. The Vickers microhardness correlation coefficients
and first reported, correlated, and used in [32], [35], [63]
were extended to a much wider range of Brinell hardness:
1.3–7.6 GPa. The least-squares cubic fits gave the following
correlation equations [83]:
(67)
and
(68)
where the dimensionless Brinell hardness is defined as
3178, and the units of
are MPa. An alternative correand
lation was presented for in terms of
(69)
The extended correlation equations for
and
give acceptable accuracy when compared with the correlation equations
developed specifically for Ni 200, SS 304, and the zirconium
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Fig. 24. Elastoplastic contact resistance model and vacuum data of
hemisphere-flat joints.

alloys. The correlation equations can be used to predict the conof conforming rough surfaces given the
tact microhardness
, and the apparent contact pressure .
parameters:
Elastoplastic Contact Conductance Model for Conforming Rough Surfaces. The elastic contact models [Greenwood and Williamson (GW), Bush, Gibson and Thomas (BGT),
Whitehouse and Archard (WA), Mikic, and Majumdar and Tien
(MT)] for conforming rough surfaces were reviewed and compared [78]. The elastic contact models are complex because
they are based on surface roughness parameters that cannot be
measured by conventional surface profilometers. The elastic
contact model of Mikic [78] is the “simplest” model because
it requires only and
which are easily measured, and they
have been reported for several metals which have undergone
extensive thermal contact conductance tests.
It was shown that GW, and the WA elastic contact conductance models are comparable when they were compared with the
elastic contact conductance model of Mikic. The Mikic model
predictions lie close to the lowest values predicted by the GW
and WA models. The predictions of the BGT model fall well
below the predictions of the Mikic model.
The elastic contact model of Majumdar and Tien is based on
a fractal network. This model is very different from the other
elastic contact models, and, therefore, could not be compared.
In the review of the several elastic contact models for conforming rough surfaces [78] and comparisons with vacuum data
for Ni 200, SS 304, and the zirconium alloys (Zr-4, Zr-Nb), it
was observed that there are major differences between the respective models, and that there is poor agreement with the data.
In Fig. 25, the Ni 200 vacuum data for several joints are compared with the elastic contact model of Mikic and extended
plastic contact model [78]. In the elastic and plastic contact
models the dimensionless contact conductance
are identical; however, the dimensionless contact pressures are
different. For the elastic model of Mikic [78] the relative contact
pressure is
and for the plastic model its
.

Fig. 25.

Ni 200 data versus elastic and plastic contact conductance models.

All Ni 200 data lie well above the elastic curve and they are
“scattered.” All Ni 200 data are “clustered” together and lie on
the plastic curve. In Fig. 26, the SS 304 vacuum data for several
joints are compared with the elastic and plastic models. The
trends observed with the Ni 200 data are similar except for three
joints which show very good agreement with the elastic model.
There is good to very good agreement between all SS 304 data
and the plastic model. There is, however, slightly more “scatter”
than observed with the Ni 200 data. Its interesting to note that
the data of three joints are equally well predicted by the elastic
and plastic contact models. The SS 304 data of McWaid showed
considerable scatter when compared with the elastic and plastic
contact conductance models.
An elastoplastic contact model for conforming rough surfaces
was developed [84] based on the concepts developed for the
sphere-flat contact [81]. Since the full development is beyond
the scope of this review article, only the results and relations of
the elastoplastic contact model will be presented and compared
with the Ni 200 and SS 304 vacuum data. The elastoplastic contact model is based on the elastic model and the plastic model
as described in [78], [81]. To have a common basis the elastowas introduced.
plastic microhardness
The results are summarized below in terms of the geometric
, the real to apparent area ratio, ii) , the
parameters: i)
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1.0. The smallest and largest values correspond
0.5
to zero and infinitely large contact strain respectively. The
elastoplastic parameter is related to the contact strain [84]

(71)

The dimensionless contact strain is defined as [84]
(72)
where
is the material yield or flow stress, a complex physical
parameter, which must be obtained by contact experiments for
each metal.
can be determined by
The elastoplastic microhardness
means of an iterative procedure which requires the following
relationship [84]:
(73)

The proposed elastoplastic contact conductance model “moves”
smoothly between the elastic and plastic contact conductance
models. The dimensionless contact pressure for elastoplastic deformation of the contacting asperities is obtained from the following approximate explicit relation [84]
Fig. 26.

SS 304 data versus elastic and plastic contact conductance models.

contact spot density, iii) , the mean contact spot radius, and iv)
, the relative mean plane separation [84]

(74)
where the coefficients , are obtained from Vickers microhardness tests.
The complex elastoplastic contact model is approximated by
the following correlation equations for the dimensionless contact conductance [84]

(75)
(70)
The elastoplastic correlation coefficients
dimensionless contact strain [84]

depend on the

(76)
and
The elastoplastic parameter
is a function of the dimenwhich depends on the amount of
sionless contact strain
work hardening. This physical parameter lies in the range:

(77)
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Fig. 27. Elastoplastic contact conductance model versus relative contact
pressure.

Fig. 28.

Ni 200 data versus elastoplastic contact conductance model.

The elastoplastic contact conductance model is shown as diplotted
mensionless contact conductance
for four values of
versus the relative contact pressure
the dimensionless contact strain in Fig. 27. The elastic contact curve
and plastic contact curve
represent
upper and lower bounds on the dimensionless contact conductance. The elastic curve lies above and is essential parallel to
the plastic curve for the wide range of relative contact pressure:
.
The elastoplastic contact conductance model was validated
by comparisons with vacuum data for five metals. Figs. 28–30
show the dimensionless contact conductance
plotted against the relative contact pressure
.
Fig. 28 shows comparisons between the Ni 200 vacuum data
and the elastoplastic contact conductance model. The Ni 200
data generally lie on or near the plastic curve at the high contact pressures and they lie between the curves and tend to move
closer to the elastic curve at the lowest contact pressures. The
data are essentially together.
Fig. 29 shows comparisons between the SS 304 vacuum data
and the elastoplastic contact conductance model. The SS 304

Fig. 29.

SS 304 data versus elastoplastic contact conductance model.

Fig. 30.

All vacuum data versus elastoplastic contact conductance model.
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data show similar trends to the Ni 200 data, however, here more
of the data lie between the two curves. At the lowest contact
pressures some of the points lie on the elastic curve, and some
fall above the elastic curve.
Fig. 30 shows 657 vacuum data points for Ni 200, SS 304, the
zirconium alloys (Zr-4, Zr-Nb), Al 6061, and the heat treated
tool steel [82] compared with the elastoplastic model. Most of
the data fall between the two bounds. The hard heat treated
tool steel data lie closer to the elastic curve. Some data corresponding to the lowest contact pressures fall above the elastic
curve. This trend is thought to be due to the asperity truncation
effect [102], [103] which has been observed with very rough
surfaces at the lowest contact pressures.
Thermal Interface Materials (TIMs). The issues associated
with the effects of thermal interface materials (TIMs) on thermal
joint conductance or resistance were examined and reported in
four publications [98]–[101]. A comprehensive review [98] examined the various types of TIMs that can be used to “enhance”
joint conductance, and the available thermomechanical models.
From this review, its concluded that its not possible to develop
a single comprehensive model that can predict accurately the
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Fig. 31.
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Comparison of grease and phase change data with simple joint model.

joint conductance of the difference TIMs and joints. The definitions of thermal contact conductance and resistance, the effective thermophysical properties, and various published models
were examined in [100], and experiments and data were presented in [101].
A simple joint resistance and conductance model for grease
filled joints, and relations were presented in [99]. The model
was developed for conforming rough surfaces under light contact pressures. The surface roughness is assumed to be gaussian,
and the relations for plastic contact were used. The effective
thickness of the microgaps is characterized by the mean plane
separation . The microgaps are assumed to be occupied with
a substance (e.g., oil, grease, grease filled with solid particles)
that is isotropic and homogeneous, and that it perfectly wets the
bounding surfaces. The substance is opaque to radiation heat
is astransfer. The thermal conductivity of the substance
sumed to be constant.
The simple model for a substance in the microgaps is based
, and, therefore,
, and
on the assumption that
the specific joint resistance is
. The joint conductance
is modeled as

are given in the legend of the figure. The specific joint resisis plotted against the parameter
for
tance
0.1 MPa (see Fig. 31).
The trends of the data and the model are similar, and the
agreement between the data and model is good except for the
. This corresponds to the smallest
smallest values of 10
microgap thickness and the largest effective thermal conductivity. The discrepancies may be attributed to the fact that the
mean particle size is comparable or larger than the mean thickness of the microgap.
Compact Models for Conforming and Nonconforming
Rough Surfaces. Extensive research [108]–[114] was done to
develop compact models for thermal joint resistance that can
handle in a seamless manner the mechanical contact of conforming and nonconforming surfaces, and heat transfer across
the formed joints in a vacuum or with a gas occupying the
micro and macrogaps. The compact model is complex because
it accounts for the mechanical interaction of the micro (surface
roughness) and macro (curvature) geometry of a joint. Elastic,
plastic and elastoplastic contact models were developed, and
the predictions were compared with available data [108], [110],
[114], and good agreement was observed.
The scale analysis [109] for contacts in a vacuum yielded the
following relation for the dimensionless joint resistance:
(81)
where the first term on the right hand side represents the microresistance and the second term represents the macro-resistance.
and
The dimensionless geometric parameter is
the dimensionless contact pressure is
. The
dimensionless microhardness is related to the Vickers micro, and the effective surhardness correlation coefficients
where
m is the
face roughness:
reference roughness value. The macrocontact radius
(82)
is related to the Hertz contact radius for smooth surfaces

(78)

(83)

The relative mean plane separation is given by the
approximation

where is the total axial force on the joint, is the radius of
is the effective modulus of elasticity. The dicurvature, and
mensionless micro and macrogeometric parameters are related
to the Hertz contact radius

(79)

and

(84)

The microhardness is given by the following approximation:
(80)
where the units of
and
are GPa, and the units of
are
m. The simple model is compared with grease filled with solid
particles and phase change materials in Fig. 31. The bounding
surfaces of the joint are pure copper with a microhardness of
GPa. The surface roughness values and the effective
thermal conductivities of the grease and phase change materials

The dimensionless macro-to-micro resistance ratio parameter
was introduced
(85)
This important parameter includes the applied force , the
, as
micro and macro-geometrical parameters:
well as the physical properties of the contacting bodies
and
. This parameter shows that the compact model goes
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VIII. FUTURE RESEARCH DIRECTIONS

Fig. 32. Comparison of compact model with conforming rough surface
vacuum data.

Fig. 33. Comparison of compact model with all conforming and
nonconforming rough surface data.

to the elastoconstriction (EC) model when
, and it
approaches the conforming rough surface (CR) model when
which are the two asymptotes. The transition from
100.
the CR model to the EC model occurs when 0.10
The comparison of the compact model predictions and all
vacuum data for conforming rough surfaces are shown in
Fig. 32. All data fall well within the 15% bounds.
Fig. 33 shows the comparison of the compact model with all
vacuum data obtained for conforming and nonconforming rough
surfaces. In this plot the dimensionless experimental joint resistance values defined as
are plotted against the theoretical model given as
.
The comparison is made over five decades. With the exception
of the data denoted as “truncation effect”, all data fall within
the 15% bounds. The experimental data include several metals
and alloys, 75 data sets, more than 880 test points collected by
many researchers during the past 40 years that cover a wide
range of micro and macro surface parameters.
The comparisons demonstrate the validity and accuracy of the
compact model which show an RMS difference of about 13.8%
with all data.

The geometric-mechanical-thermal models developed for
conforming rough gaussian surfaces (e.g., bead blasted) should
be extended to include nongaussian surface roughness which
is generated by machining processes such as grinding, milling,
turning, fly-cutting, etc. The effect of asperity height truncation
which was observed at low apparent contact pressures with
the very rough surfaces should be examined both analytically
and experimentally. As contact pressures decrease well below
atmospheric pressure levels, the truncation effects on contact
and microgap conductances will become more important for
the microelectronics industry.
For joints formed by very smooth surfaces at very light
contact pressures, it will be necessary to measure accurately the
surface roughness parameters and the microhardness measurements will require novel instruments such as nano-indenters.
The contact microhardness may be quite different from the
values which have been measured and correlated to date.
Thin polymeric materials are frequently employed as inserts
between rough metal surfaces. This will require an examination
and re-evaluation of the thermomechanical models which are
available for metal-metal joints. The thermophysical properties
of the polymeric materials should be measured and quantified.
The use of TIMs for microelectronic applications will require extensive experimental research to measure and quantify
their thermal properties as well as their rheological characteristics when placed between two rough metal surfaces which are
mechanically loaded. There are many types of TIMs. Some are
simple mixtures of a substance called the matrix which is filled
with many small sized solid particles having thermal conductivities much greater than the matrix. Increasing the volume fraction
of the filler increases the effective thermal conductivity as well
as the effective viscosity which prevents the movement of the
TIM in the microgaps. Some TIMs consist of a thin metallic carrier such as Aluminum foil which is coated on one or both sides
with a thin layer of low thermal conductivity paraffin which may
or may not be filled with micron sized solid particles to increase
the thermal conductivity of the paraffin. Extensive thermal tests
are required to characterized these TIMS before simple models
can be developed.
IX. CONCLUSION
The paper highlights some of the TCR research done since
1963. The research which began at MIT, Cambridge, MA from
1963 to 1967, and Poitiers, France from 1967 to 1969, has continued since 1970 at the University of Waterloo in Canada. The
theoretical and experimental research on thermal contact resistance of conforming rough surfaces has occupied many graduate
students since 1970.
The thermal and geometric parts of the TCR problem which
appeared in the original CMY model were developed for
gaussian surface roughness. They have remained unchanged;
however, the mechanical part has undergone several modifications and extensions over the past four decades. First, the
microhardness layer, determined by Vickers microhardness
measurements of several metals, was correlated and incorporated into the mechanical part of the TCR model. Subsequently
an explicit relation was developed that showed that contact
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microhardness was dependent on material properties, surface
roughness parameters, and apparent contact pressure. Later
the Vickers microhardness coefficients were correlated with
Brinell hardness. The modified CMY model was extended to
include the effect of soft, high thermal conductivity layers such
as silver.
A statistical microgap conductance model was developed that
incorporates the effects of contact pressure and gas pressure
through the gas rarefaction parameters. Several gases such as
argon, nitrogen, and helium were used in joints formed by different metals having a wide range of surface roughness to validate the gap and joint conductance models.
Thermomechanical models were developed for the elastoconstriction resistance and elastogap resistance of nonconforming
smooth surfaces such as sphere-flat contacts. The models were
validated by extensive experiments with various gases in the
macrogap at gas pressures ranging from atmospheric to near
vacuum.
Elastoplastic contact models were developed for the smooth
nonconforming solids such as a sphere-flat contact, and the conforming rough surface joint. These mechanical models were incorporated into the thermal joint resistance and thermal joint
contact conductance models. The elastoplastic contact models
were validated by experiments.
A thermomechanical model was developed to account for mechanical and thermal effects of thin layers (coatings) on the elastoconstriction of sphere-flat contacts.
A simple model was developed for TIMs such as oil, greases,
greases filled with solid particles, and phase change materials.
The model was compared with recently published data and
showed similar trends and values of joint resistance. The agreement between data and model predictions was best when the
surface roughness was large (large microgaps) and the grease
was filled with small sized particles and the volume fraction
was low.
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