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The thermal contact resistance (TCR) in a vacuum is studied. The TCR problem is divided
into three different parts: geometrical, mechanical, and thermal. Each problem includes
a macro- and microscale subproblem; existing theories and models for each part are
reviewed. Empirical correlations for microhardness, and the equivalent (sum) rough sur-
face approximation, are discussed. Suggested correlations for estimating the mean abso-
lute surface slope are summarized and compared with experimental data. The most com-
mon assumptions of existing thermal analyses are summarized. As basic elements of
thermal analyses, spreading resistance of a circular heat source on a half-space and flux
tube are reviewed; also existing flux tube correlations are compared. More than 400 TCR
data points collected by different researchers during the last 40 years are grouped into
two limiting cases: conforming rough and elastoconstriction. Existing TCR models are
reviewed and compared with the experimental data at these two limits. It is shown that
the existing theoretical models do not cover both of the above-mentioned limiting cases.
This review article cites 58 references. [DOI: 10.1115/1.2110231]

Introduction

Heat transfer through interfaces formed by the mechanical con-
tact of two nonconforming rough solids occurs in a wide range of
applications: microelectronics cooling, spacecraft structures, sat-
ellite bolted joints, nuclear engineering, ball bearings, and heat
exchangers. Analytical, experimental, and numerical models have
been developed to predict thermal contact resistance since the
1930s. Several hundred papers on thermal contact resistance have
been published which illustrates the importance of this topic, and
also indicates that the development of a general predictive model
is difficult. Real interaction between two surfaces occurs only
over microscopic contacts. The real area of contact, the total area
of all microcontacts, is typically a small fraction of the nominal
contact area [1,2]. As illustrated in Fig. 1, the macroscopic contact
region arises due to surface curvature or out-of-flatness of bodies;
the microcontacts form at the interface between contacting asperi-
ties of rough surfaces. In these situations heat flow experiences
two stages of resistance in series, macroscopic and microscopic
constriction resistance [3,4]. This phenomenon leads to a rela-
tively high temperature drop across the interface.

Thermal energy can be transferred between contacting bodies
by three different modes, (i) conduction at the microcontacts, (ii)
conduction through the interstitial fluid in the gap between the
contacting solids, and (iii) thermal radiation across the gap. The
radiation heat transfer remains small and can be neglected for
surface temperatures up to 700 K [5,6]. In this study the intersti-
tial fluid is assumed to be absent (vacuum), thus the only remain-
ing heat transfer mode is conduction at the microcontacts. The
TCR in the presence of an interstitial gas is studied in Refs. [7,8].

Thermal contact resistance (TCR) problems consist of three dif-
ferent problems: geometrical, mechanical, and thermal. Figure 2
illustrates the thermal contact resistance analysis and its compo-
nents. The heart of a TCR analysis is the mechanical part. Any
solution for the mechanical problem requires that the geometry of
the contacting surfaces (macro and micro) be quantitatively de-
scribed. The mechanical problem also includes two parts: macro-
or large-scale contact and micro- or small-scale contact. The me-
chanical analysis determines the macrocontact radius, a;, and the
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pressure distribution for the large-scale problem. For the micro-
contact problem, separation between the mean contacting planes,
microcontact size, density of microcontacts, and the relative mi-
crocontact radius are calculated. The macro- and the microme-
chanical problems are coupled. The thermal analysis, based on the
results of the mechanical analysis, is then used to calculate the
microscopic and macroscopic thermal resistances.

The geometrical and mechanical analyses of the TCR can be
affected as a result of heat transfer and temperature changes in the
vicinity of the contact area. For instance, thermal stresses and
thermal expansions can lead to changes in surface characteristics
and the stress field which in turn can affect the geometrical and
mechanical analyses, respectively. However, in this study, these
influences are assumed to have secondary order effects and are
thus neglected. As a result of this simplification, the three compo-
nents of the thermal contact resistance problem can be decoupled
as shown in Fig. 2.

Geometrical Analysis

It is necessary to consider the effect of both surface roughness
and surface curvature/out-of-flatness on the contact of noncon-
forming rough surfaces. Therefore, the geometrical analysis is di-
vided into micro and macro parts.

Microgeometrical Analysis. All solid surfaces are rough, and
this roughness or surface texture can be thought of as the surface
deviation from the nominal topography. Surface textures can be
created using many different processes. Most artificial engineered
surfaces, such as those produced by grinding or machining, have a
pronounced “lay.” Generally, the term “Gaussian surface” is used
to refer to a surface with isotropic asperities, randomly distributed
over the surface. It is not easy to produce a wholly isotropic
roughness. The usual procedure for experimental purposes is to
air-blast a metal surface with a cloud of fine particles, in the
manner of shot peening, which gives rise to a random rough sur-
face. According to Liu et al. [9] five types of instruments are
currently available for measuring the surface topography: stylus-
type surface profilometer, optical (white-light interference) mea-
surements, scanning electron microscope (SEM), atomic force mi-
croscope (AFM), and scanning tunneling microscope (STM).
Among these, the first two instruments are usually used for
macro-to-macro asperity measurements, whereas the others may
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be used for micro- or nanometric measurements. Surface texture is
most commonly measured by a profilometer, which draws a stylus
over a sample length of the surface. A datum or centerline is
established by finding the straight line, or circular arc in the case
of round components, from which the mean square deviation is a
minimum. The arithmetic average of the absolute values of the
measured profile height deviations is R,, taken within a sampling
length from the graphical centerline [10]. The value of R, is

L
R,;=7 | lld (1)
LJ:) z(x)|dx

where L is the sampling length in the x direction and z is the
measured value of the surface height along this length. When the
surface is Gaussian, the standard deviation o is identical to the
rms value, R
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Table 1 Correlations for m, Gaussian surfaces
Reference Correlation
Tanner and Fahoum [12] m=0.152 g4
Antonetti et al. [13] m=0.124 ¢*7, ¢<1.6 um
Lambert and Fletcher [14] m=0.076 g2
L
1 2
o=R,= |7 | zZ*)dx (2)
L 0

For a Gaussian surface, Ling [11] showed that the average and
rms heights are related as follows:

—_—~ 7T —_—
R,~ /5 R.~ 125R, 3)

Similarly, the absolute average and rms asperity slopes, m and m’,
respectively, can be determined across the sampling length from

the following:
L
1 dz(x)\?
dx, m' = f ( Z(x)> dx (4)
LJ,\ dx

LO

Mikic and Rohsenow [4] showed that for Gaussian surfaces the
relationship between the average and rms values of the asperity
slopes is m' = 1.25m. Tanner and Fahoum [12] and Antonetti et al.
[13], using published experimental surface data, suggested empiri-
cal correlations to relate rms asperity slope, m’, to average rough-
ness, R,. Lambert and Fletcher [14], also using the same method,
correlated the absolute average asperity slopes, m, as a function of
rms roughness in micrometers; correlations for m are summarized
in Table 1. Figure 3 shows the comparison between these corre-
lations and experimental data. As shown in Fig. 3, the uncertainty
of the above correlations is high, and use of these correlations is
justifiable only where the surface slope is not reported and/or a
rough estimation of m is needed.

dz(x)
dx

Equivalent (Sum) Rough Surface. According to the examina-
tion of the microgeometry with equivalent magnitude in the ver-
tical direction and in the traversing direction, asperities seem to
have curved shapes at their tops [15]. A common way to model
the surface roughness is to represent the surface asperities by
simple geometrical shapes with a probability distribution for the
different asperity parameters involved. One of the first presenta-
tions to use this asperity-based model is found in Coulomb’s work

| |[=— = = Tanner-Fahoum [12]
———————— Antonetti et al. [13]
— Lambert and Fletcher [14]
Antonetti [57]

Burde [41]

Hegazy [26] -
McMillan and Mikic [54]
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Fig. 3 Comparison between correlations for m and experimen-

tal data
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Fig. 4 Equivalent contact of conforming rough surfaces

in 1782. To explain the laws of friction, he assumed that the
asperities possessed a spherical shape, all of which had the same
radius and the same summit altitude. Greenwood and Williamson
[1] assumed that each asperity summit had a spherical shape
whose height above a reference plane had a normal (Gaussian)
probability density function. Williamson et al. [16] have shown
experimentally that many of the techniques used to produce engi-
neering surfaces give a Gaussian distribution of surface heights.

The solution of any contact mechanics problem requires that
the geometry of the intersection and overlap of the two unde-
formed surfaces be known as a function of their relative position.
A genuine treatment of two rough surfaces is complicated by the
difficulty of describing the unit event, the formation of a single
contact spot. For example, if both surfaces are covered by spheres,
it is necessary to study the contact of one sphere on the shoulder
of another, and then evaluate the probabilities of different degrees
of misalignment, in order to get the average unit event. A non-
genuine treatment is comparatively simple: both surfaces are
taken to be rough with normal distributions. The statistical treat-
ment now concerns the probability of the sum of two heights
(which is also normally distributed) exceeding the separation, and
this is exactly equivalent to a distribution of a single variable [17].
Following the nongenuine approach, the contact between Gauss-
ian rough surfaces can be considered as the contact between a
single Gaussian surface, having the effective (sum) surface char-
acteristics, placed in contact with a perfectly smooth flat surface.
Also, since the slope, m, of a profile is proportional to the differ-
ence between adjacent equispaced ordinates, m is Gaussian if the
profile is Gaussian [18]. This simplification was used by many
researchers such as Clausing and Chao [3], Cooper et al. [19],
Francis [20], and Johnson [21]. The equivalent roughness and
surface slope can be calculated from

—_— -
o=Vo*+0> and m=\m>+m> 5)

A contact model based on the sum (equivalent) surface circum-
vents the problem of misalignment of contacting peaks; in addi-
tion, the sum surface sees peak to valley and peak to saddle con-
tacts. The sum surface of two Gaussian surfaces is itself Gaussian
and if parent surfaces are not exactly Gaussian, the sum (equiva-
lent) surface will be closer to Gaussian than the parent surfaces.
Additionally, the sum surface will be in general less anisotropic
than the two contacting surfaces, thus the Gaussian sum surface is
a reasonable basis for a general contact model [20]. Figure 4
shows a normal section through the contact, in which the surfaces
are imagined to overlap without deforming, and the equivalent
rough or sum surface of the contact in the same normal section.
The overlap geometry as a function of the mean separation, Y, of
the undeformed surfaces is thus given directly and exactly by the
shape of the equivalent rough surface. The number of microcon-
tacts formed is simply the number of equivalent surface peaks that
have Z=Y.

Macrogeometrical Analysis. Many studies on thermal contact
resistance assume an ideal uniform distribution of microcontacts,
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Fig. 5 Flow diagram of geometrical modeling

i.e., conforming rough surface models. Such approaches are suc-
cessful where the macroscopic nonuniformity of the contact is
negligible. However, no real engineering surfaces are perfectly
flat, thus the influence of macroscopic nonuniformity can never be
ignored. Considering the waviness or out-of-flatness of contacting
surfaces in a comprehensive manner is very complex because of
the case-by-case nature of the waviness. Certain simplifications
must be introduced to describe the macroscopic topography of
surfaces by a few parameters. A sphere is the simplest example of
a macroscopically homogeneous surface. Specifically, its profile is
described only by its radius. Theoretical approaches by Clausing
and Chao [3], Mikic and Rohsenow [4], Yovanovich [22], Nishino
et al. [23], and Lambert and Fletcher [14] assume that a spherical
profile may approximate the shape of the macroscopic nonunifor-
mity. According to Lambert [24] this assumption is justifiable be-
cause nominally flat engineering surfaces are often spherical or
crowned (convex) with a monotonic curvature in at least one
direction.

In static frictionless contact of solids, the contact stresses de-
pend only upon the relative profile of the two surfaces, i.e., upon
the shape of the interstitial gap between them before loading. The
actual system geometry may be replaced, without loss of general-
ity, by a flat surface and a profile, which results in the same
undeformed gap between the surfaces [21]. For convenience, all
elastic deformations can be considered to occur in one body,
which has an effective elastic modulus, and the other body is
assumed to be rigid. The effective elastic modulus can be found
from

= ©)

where E and v are the Young’s modulus and Poisson’s ratio, re-
spectively. For the contact of two spheres, the effective radius of
curvature is

1 1 1
S= e )
P P P2

For relatively large radii of curvature, where the contacting sur-
faces are nearly flat, an approximate geometrical relationship can
be found between radius of curvature and the maximum out-of-
flatness [3],
by
=— 8
P=3s (8)

where & is the maximum out-of-flatness of the surface.

Figure 5 details the procedure, which has been used widely for
the geometric modeling of the actual contact between two curved
rough bodies. As a result of the above, the complex geometry of
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Fig. 6 Measured hardness and microhardness [26]

nonconforming rough contacts can be simplified to the contact of
the equivalent truncated spherical surface with the equivalent
rough flat.

Microhardness. Hardness is defined as the resistance to perma-
nent deformation; hardness definitions and tests can be found in
various standard textbooks, e.g., those by Tabor [2] and Mott [25].
The most common hardness testing method is the static indenta-
tion. In a static indentation test, a steady load is applied to an
indenter which may be a ball, cone, or pyramid and the hardness
is calculated from the area or depth of indentation produced. He-
gazy [26] demonstrated through experiments with four alloys, SS
304, nickel 200, zirconium-2.5% niobium, and Zircaloy-4, that the
effective microhardness is significantly greater than the bulk hard-
ness. As shown in Fig. 6, microhardness decreases with increasing
depth of the indenter until bulk hardness is obtained. Hegazy con-
cluded that this increase in the plastic yield stress (microhardness)
of the metals near the free surface is a result of local extreme
work hardening or some surface strengthening mechanism. He
derived empirical correlations to account for the decrease in con-
tact microhardness of the softer surface with increasing depth of
penetration of asperities on the harder surface:

HV:cl(d;)cz (9)

where H, is the Vickers microhardness in GPa, d.,=d,/d, and
dy=1 um, d, is the Vickers indentation diagonal in um, and ¢
and ¢, are correlation coefficients determined from Vickers micro-
hardness measurements. Table 2 shows ¢, and ¢, for some mate-
rials. Relating the hardness of a microcontact to the mean size of
microcontacts, Hegazy [26] suggested a correlation for effective
microhardness,

(T, Co
H,.=c|095— (10)
m
where o'=0/0y, 0g=1 pm, and o is the surface roughness in

micrometers. Microhardness depends on several parameters: sur-
face roughness, slope of asperities, method of surface preparation,

Table 2 Vickers microhardness coefficients [26]

Material ¢, (GPa) ¢
Zr-4 5.677 —0.278
Zr-2.5 wt% Nb 5.884 -0.267
Ni 200 6.304 -0.264
SS 304 6.271 -0.229
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and applied pressure. Song and Yovanovich [27] related H,,,;. to
the surface parameters and nominal pressure

) 1/(140.071¢,)

P P
= <— (11)
H,i. \c(1.62¢"/m)*
Sridhar and Yovanovich [28] suggested empirical relations to es-
timate Vickers microhardness coefficients, using the bulk hardness
of the material. Two least-square-cubic fit expressions were re-
ported,

¢y =Hpou(4.0 =577k +4.06* - 0.61 %)

(12)
€,=-0.57+0.82k - 0.41 x> + 0.06x°

where k=Hp/Hpgy, Hp is the Brinell hardness of the bulk mate-
rial, and Hpgy=3.178 GPa. The above correlations are valid for
the range 1.3<Hp=<7.6 GPa, the rms percent difference between
data and calculated values were reported: 5.3% and 20.8% for ¢,
and c,, respectively. Milanez et al. [29] studied the effect of mi-
crohardness coefficients on TCR by comparing the TCR’s com-
puted from the measured versus the estimated, from Eq. (12),
microhardness coefficients. They concluded that despite the dif-
ference between the measured and estimated values of microhard-
ness coefficients, the TCR’s predicted by both methods are in
good agreement.

Mechanical Analysis

As previously mentioned, the focus of this paper is on spherical
rough contacts, and other nonconforming joints such as wavy
rough contacts are not reviewed. The open literature contains very
few analytical models for the spherical rough contacts. Spherical
rough contact analysis includes two problems at different scales,
(i) the bulk or macroscale compression and (ii) the asperities or
microscale deformation.

Different approaches can be taken to analyze the deformation of
asperities by assuming plastic [19], elastic [1], or elastoplastic
[30,31] regimes at microcontacts. The fundamental assumptions,
which are common in most of the models, can be summarized as
(i) contacting surfaces are rough, with a Gaussian asperity distri-
bution; (ii) behavior of a given microcontact is independent of its
neighbors; (iii) interfacial force on any microcontact spot acts
normally, no friction; and (iv) the deformation mechanics, i.e., the
stress and displacement fields, are uniquely determined by the
shape of the equivalent surface.

Abott and Firestone [32] developed the most widely used
model for a fully plastic contact. Their model assumes that the
asperities are flattened or equivalently penetrate into the smooth
surface without any change in the shape of the noncontacting part
of surfaces. Since the real area of contact is much smaller than the
apparent contact area, the pressure at the asperities must be suffi-
ciently large that it is comparable with the strength of the materi-
als of the contacting bodies. Bowden and Tabor [33] and Holm
[34] suggested that these contact pressures are equal to the flow
pressure of the softer of the two contacting materials and the
normal load is then supported by the plastic flow of its asperities.
The real contact area is then proportional to the load, A,/A,
=P,,/H,,;. where P, is the mean apparent contact pressure. Coo-
per et al. [19] derived relationships for the real contact area, mean
microcontact size, and number of microcontacts based on the
level-crossing theory and using the sum surface approximation.

For applications in which the contacting surfaces meet many
times, Archard [35] pointed out that the asperities may flow plas-
tically at first, but they must reach a steady state in which the load
is supported elastically. It has been observed through experiments
that the real contact area is proportional to the load [2]. However,
if elastic deformation is assumed for asperities, using the Hertzian
theory, the real contact area will not be linearly proportional to the
load, instead one obtains A, F?3, Archard [35] solved this prob-
lem by proposing that the surface asperities have microasperities
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and microasperities have micro-microasperities, and so on. By
adding several levels of asperities, Archard showed that A, F.
Greenwood and Williamson (GW) [1] subsequently developed an
elastic contact model; they proposed that as the load increases
new microcontacts are nucleated while the mean size of micro-
contacts remains constant. The GW model also satisfied the ob-
served proportionality A, < F. As a result, an effective elastic mi-
crohardness can be defined for elastic models which shows that
the assumption of elastic and/or plastic deformation of asperities
leads to very similar results [1,36]. According to the GW model,
the summits or “peaks” on a surface profile are the points higher
than their immediate neighbors at the sampling interval used. Re-
cently Greenwood and Wu [37] reviewed the assumptions of the
GW model and concluded that “the GW definition of peaks is
wrong and gives a false idea of both number and the radius of
curvature of asperities.” Greenwood and Wu proposed to return to
the Archard idea that roughness consists of roughness on rough-
ness and that the contact may be plastic at light loads but it be-
comes elastic at heavier loads. Based on the fractal characteriza-
tion, Majumdar and Bhushan [38] developed a model for contact
between two isotropic rough surfaces. According to their model,
all contact spots of area less than a critical area are deformed
plastically. This is due to the fact that smaller asperities have
smaller radii of curvature and therefore are more likely to undergo
plastic deformation. By increasing the load, these small plastic
deformations join to form elastic contact spots.

The first in-depth analytical study to investigate the effect of
roughness on elastic spherical bodies was performed by Green-
wood and Tripp (GT) [36]. The microscale part of the GT model
was based on the same assumptions as the GW model for micro-
contacts. Moreover, the bulk deformation was assumed to be elas-
tic. Greenwood and Tripp [36] reported a complete set of relation-
ships and solved it numerically. The most important trends in the
GT model were that an increase in roughness resulted in a de-
crease in the pressure and an increase in the contact area. The GT
model was a significant achievement, however its limitations are
(i) the GT model was presented as a set of relationships; applying
the model is complex and requires numerically intensive solu-
tions. Also they did not propose a pressure distribution that ac-
counts for roughness, and (ii) two of its input parameters, i.e.,
summits radius B and density » cannot be measured directly and
must be estimated through statistical calculations. These param-
eters are sensitive to the surface measurements [21,27]. Mikic and
Roca [39] developed an alternative numerical model by assuming
plastic deformation of asperities and presented similar trends to
those of the GT model. Mikic and Roca did not report relations to
calculate the contact parameters. Greenwood et al. [40] introduced
a nondimensional parameter « called the roughness parameter that
governs primarily the rough spherical contact as

op 16pE/2 173
“\op

(13)

a=—
2
ay

Greenwood et al. [40] showed that the controlling nondimensional
parameters in both [36] and [39] models can be written in terms of
a. They concluded, for rough spherical contacts, that it is unim-
portant whether the asperities deform elastically or plastically; the
contact pressure is predominantly governed by «. Further, if the
value of « is less than 0.05, the effect of roughness is negligible
and the Hertzian theory can be used.

Thermal Analysis

The complex nature of the TCR problem dictates making sim-
plifying assumptions in order to develop thermophysical models.
These complexities include the macro- and microscale thermal
constriction/spreading resistances, the random distribution of size,
shape, and location of microcontacts. Also the boundary condition
of microcontacts, i.e., isothermal or isoflux, is not known. There-

Applied Mechanics Reviews

fore, in addition to the geometrical and mechanical assumptions,
most existing thermal contact resistance models are based on the
following common assumptions:

* contacting solids are isotropic, and thermal conductivity and
physical parameters are constant

e contacting solids are thick relative to the roughness or wavi-
ness

» surfaces are clean and contact is static

» radiation heat transfer is negligible

* microcontacts are circular

o steady-state heat transfers at microcontacts

e microcontacts are isothermal; Cooper et al. [19] showed that
all microcontacts must be at the same temperature, provided
the conductivity in each body is independent of direction,
position, and temperature

* microcontact spots are flat; it is justifiable by considering
the fact that surface asperities usually have a very small
slope [4].

Thermal contact models have been constructed based on the
premise that within the macrocontact area a number of heat chan-
nels in the form of cylinders exist. The joint resistance under
vacuum conditions can be calculated by superposition of micro-
scopic and macroscopic resistances [3,4,22,23,41,14]:

Rj = Rmic + Rmac (14)

The real shapes of microcontacts can be a wide variety of singly
connected areas depending on the local profile of the contacting
asperities. Yovanovich et al. [42] studied the steady-state thermal
constriction resistance of a singly connected planar contact of ar-
bitrary shape. By using an integral formulation and a semi-
numerical integration process applicable to any shape, they pro-
posed a definition for thermal constriction resistance based on the
square root of the contact area. The square root of the contact area
was found to be the characteristic dimension and a nondimen-
sional constriction resistance based on the square root of area was
proposed, which varied by less than 5% for all shapes considered.
Therefore, the real shape of the microcontacts would be a second
order effect and an equivalent circular contact, which has the same
area, can represent the microcontacts.

Thermal Constriction/Spreading Resistance. The thermal
spreading resistance is defined as the difference between the av-
erage temperature of the contact area and the average temperature
of the heat sink, which is located far from the contact area, di-
vided by the total heat flow rate Q [43,44]; R=AT/Q. Thermal
conductance is defined in the same manner as the film coefficient
in convective heat transfer; h=Q/(ATA,).

If it is assumed that the microcontacts are very small compared
with the distance separating them from each other, the heat source
on a half-space solution can be used [3]. Figure 7 illustrates the
geometry of a circular heat source on a half-space. Classical
steady-state solutions are available for the circular source areas of
radius a on the surface of a half-space of thermal conductivity &,
for two boundary conditions, isothermal and isoflux source. The
spreading resistance for isothermal and isoflux boundary condi-
tions are R jomerma=1/(4ka) and Ry ;,q,=8/(3mka), respec-
tively [5]. It can be seen that the difference between the spreading
resistance for isoflux and isothermal sources is only 8%,
Rs,isaﬂuxz 1'08Rs,isuthermal'

As the microcontacts increase in number and grow in size, a
constriction parameter, indicated by i(-), must be introduced to
account for the interference between neighboring microcontacts.
Roess [45] analytically determined the constriction parameter for
the heat flow through a flux tube. Figure 8 illustrates the geometry
of two flux tubes in a series. An equivalent long cylinder of radius,
b, is associated with each microcontact of radius a. The total area
of these flux tubes is equal to the interface apparent area. Consid-
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Fig. 7 Circular heat source on half-space

ering the geometrical symmetry, constriction and spreading resis-
tance are identical and in Series, i, eading= Yeonstriciion= > ROESS
[45] suggested an expression in the form of

We)  He) _ W)
+

Rtwo flux tubes = dkia  dkoa - 2%.a
1 2! s

(15)

where k,=2k k,/(ky+k,) is the harmonic mean of the thermal
conductivities and e=a/b. To overcome the mixed boundary
value problem, Roess replaced the temperature boundary condi-
tion by a heat flux distribution proportional to [1—(r/a)*]""/> over
the source 0=<r=<ua and adiabatic outside the source a<<r<b.
Roess presented his results in the form of a series. Mikic and
Rohsenow [4], using a superposition method, derived an expres-
sion for the thermal contact resistance for half of an elemental
heat channel (semi-infinite cylinder), with an isothermal boundary
condition. They found another solution for the mixed boundary
condition of the flux tube by using a procedure similar to Roess
[45]. They also studied thermal contact resistance of the flux tube
with a finite length. It was shown that the influence of the finite
length of the elemental heat channel on the contact resistance was
negligible for all values of /= b, where [ is the length of the flux
tube. Later this expression was simplified by Cooper et al. [19]
(see Table 3). Yovanovich [43] generalized the solution to include
the case of uniform heat flux and arbitrary heat flux over the

isothermal
or isoflux heat
contact area

e
adiabatic

e~

Fig. 8 Two flux tubes in series
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Table 3 Thermal spreading resistance factor correlations, iso-
thermal contact area

Reference Correlation

Roess [45] 1-1.4093£+0.295953+0.0525¢°
+0.021 0417+0.0111£°+0.0063¢"!
1-4e/m
(] —8) 1.5
1-1.4092&+0.3381&3+0.0679¢°
1-1.40985+0.3441&3+0.0431¢°

+0.0227¢’

Mikic-Rohsenow [4]
Cooper et al. [19]
Gibson [46]
Negus-Yovanovich [47]

microcontact. A number of correlations for isothermal spreading
resistance for the flux tube are listed in Table 3. Figure 9 shows
the comparison between these correlations. It is observed that at
the limit when € —0, the flux tube spreading resistance factor
approaches one, which is the case of a heat source on a half-space.
Also the results from all these various correlations for spreading
resistance factor show very good agreement for the range 0<e
=0.3, which is typically the range of interest in thermal contact
resistance applications.

TCR Models for Conforming Rough Surfaces. During the
last four decades, many experiments have been done and several
correlations were proposed for nominally flat rough surfaces.
Madhusudana and Fletcher [48] and Sridhar and Yovanovich [49]
reviewed existing conforming rough models. Here only a few
models will be reviewed, in particular those that are going to be
compared with experimental data.

Cooper et al. [19] developed an analytical model, with the same
assumptions that were discussed at the beginning of this section,
for contact of flat rough surfaces in a vacuum:

1 1.5
- (E) [1 - \laerfc()\)]

T A N2k, exp(-\?)

(16)
m

where R,, N=erfc™'(2P,,/H,,;.), and k, are thermal contact resis-
tance, dimensionless separation, and harmonic mean of thermal
conductivities, respectively. Yovanovich [50] suggested a correla-
tion based on the Cooper et al. [19] model, which is quite accurate
for optically flat surfaces:

(o/m)
- om 17
¢ 1.25Ak,(PIH )% (17
1
[ Gibson [46]
. Y Negus-Yovanovich [47]
0.8k \ --------- Cooper et al. [19]
L —— —— Mikic - Rohsenow [4]
: \\ S - Roess [45]
_—06F ikic -
= " Gibson N Mikic - Rohsenow
ot Negus-Y ich
: egus-Yovanovic //Cooper etal
0.2F . S
i Roess \*":L:;\
ok L1 1 R
0 0.25 085 0.75 1

Fig. 9 Comparison between thermal spreading resistance cor-
relations (Table 3) and isothermal contact area
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Fig. 10 Clausing and Chao [3] geometrical model

TCR Models for Nonconforming Rough Surfaces. Clausing
and Chao [3] were the first to experimentally study the contact of
rough nonflat surfaces. They also developed an analytical model,
with the same assumptions that were discussed at the beginning of
this section, for determining the thermal joint (macroscopic and
microscopic) resistance for rough, spherical surfaces in contact
under vacuum conditions. Their geometrical contact model is
shown in Fig. 10; the effective radius of curvature of the contact-
ing surfaces was found from Eq. (8). Using Roess [45] correlation
(see Table 3), Clausing and Chao found the total microthermal
resistance of identical, circular, isothermal microcontacts in the
macrocontact area:

ey
Ry 2ksagn, (18)
The microscopic portion of the Clausing and Chao [6] model was
based on the plastic deformation of asperities; a measured dia-
mond pyramid hardness was used to consider the asperity hard-
ness of the contacting surfaces. However, material microhardness
was multiplied by &, an empirical correction factor introduced by
Holm [34], to account for the effects of elastic deformation of
asperities. The real contact area, A,, then was calculated

F
A,= —— =nmd’ (19)

fH mic

Additionally the following simplifications were made to enable an
estimation of the microscopic constriction resistance:

e the microscopic contact spots were assumed to be identical
and uniformly distributed, in a triangular array, over the
macrocontact area (see Fig. 10)

» the average size of the microcontacts a, was independent of
load and it was of the same order of magnitude as the sur-
face roughness, i.e., a,= 0.

They did not report the exact relationship between the micro-
contact radius and the roughness. In this study, it is assumed a;
=0. They assumed an average value of £€=0.3 to take into account
both plastic and elastic deformation of microcontacts. Also, a
value of ¢(e,)=1 was assumed, which means microcontacts were
considered as isothermal circular heat sources on a half-space [6];
additionally they assumed {m=1. With the above assumptions the
microscopic thermal resistance became

Applied Mechanics Reviews

oH, mic
Ry= (20)
2k,F

Neglecting the effect of roughness on the macrocontact area,
Clausing and Chao determined the radius of the macrocontact area
from the Hertzian theory, i.e., a; =ay. They reported a; for elastic
contact of spheres in the following form (assuming Poisson’s ratio

11=15=0.1):
o=t (2)()]”
by E,/\ &

where E,,=2EE,/(E|+E,) and 6=38,+ &,. Therefore, the thermal
joint resistance, based on the Clausing and Chao [6] model, be-
came

(21)

oH ;. e

fz%?+ﬁ£ 22
5 sYL

where ¢(-) is the Roess [45] spreading factor (see Table 3). Claus-

ing and Chao verified their model against experimental data and

showed good agreement. Their model was suitable for situations

in which the macroscopic constriction resistance was much

greater than the microscopic resistance.

Kitscha [51] and Fisher [52] developed models similar to
Clausing and Chao’s [3] model and experimentally verified their
models for relatively small radii of curvature and different levels
of roughness. Burde [41] derived expressions for size distribution
and number of microcontacts, which described the increase in the
macroscopic contact radius for increasing roughness. His model
showed good agreement with experimental data for spherical
specimens with relatively small radii of curvature with different
levels of roughness. Burde did not verify his model or perform
experiments for surfaces approaching nominally flat. Also, results
of his model were reported in the form of many plots, which are
not convenient to use.

Mikic and Rohsenow [4] studied thermal contact resistance for
various types of surface waviness and conditions, in particular;
nominally flat rough surfaces in a vacuum, nominally flat rough
surfaces in a fluid environment, smooth wavy surfaces in a
vacuum environment (with one of the following three types of
waviness involved: spherical, cylindrical in one direction, and cy-
lindrical in two perpendicular directions), and rough spherical
wavy surfaces in a vacuum. Thermal contact resistance for two
spherical wavy rough surfaces was considered as the summation
of a micro- and a macrothermal constriction resistance given by

_ w(aL,cff/bL) + l/f(ss)

R. = 23
! 2ksaL,eff stasns ( )

where ¢(-) is the Mikic and Rohsenow [4] spreading factor (see
Table 3). Similar to Clausing and Chao [3], the effective radius of
curvature of the contacting surfaces was found from Eq. (8). The
macrocontact area (for smooth surfaces) was determined by the
Hertzian theory. Mikic and Rohsenow [4], assuming fully plastic
deformation of asperities and equivalent surface approximation,
derived expressions for the mean size and number of microcon-
tacts that were used later by Cooper et al. [19]. Their model was
based on the uniform distribution of identical microcontacts inside
the macrocontact area. In the case of rough surface contacts,
knowing that the macrocontact area would be larger than the one
predicted by the Hertzian theory, they defined an effective macro-
contact area. This area contained all the microcontact spots as if
they had been uniformly distributed. Using this definition and the
assumption that the mean surface would deform elastically, they
suggested an iterative procedure for calculating the macrocontact
radius. Mikic and Rohsenow verified their model against three
experiments. Their computed ratios of macrocontact radius to
Hertzian macrocontact radius were 1.6, 1.6, and 1.77 for each
experiment and were considered constant throughout the tests, as
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Fig. 11 Comparison with data at elasto-constriction limit

the external load increased. Mikic and Rohsenow did not derive
the actual continuously varying pressure distribution for the con-
tact of spherical rough surfaces. Additionally their expressions for
effective macrocontact radius were very complex, and the iterative
solution was quite tedious.

Later Mikic [53] derived expressions, based on the Mikic and
Rohsenow [4] plastic model, for macroscopic and microscopic
thermal resistances in a vacuum, which related thermal resistances
(micro and macro) to arbitrary pressure distribution and surface
properties. The derived relations were general in the sense that
they did not require the knowledge of the effective macrocontact
area and they could be applied for any symmetrical cylindrical or
Cartesian pressure distribution at an interface. McMillan and
Mikic [54] developed a numerical model and compared it with
experimental data.

Lambert [24] studied the thermal contact resistance of two
rough spheres in a vacuum. He started with the Greenwood and
Tripp [36] elastic model for mechanical analysis, and the Mikic
[53] thermal model as the basis for his thermal analysis. Lambert
[24] was not able to solve the set of the mechanical relationships
numerically and mentioned that “the Greenwood and Tripp model
is under-constrained, and convergence may be achieved for the
physically impossible cases.” To obtain numerical convergence,
Lambert implemented results for the dimensionless axial mini-
mum mean plane, reported by Tsukada and Anno [55], in the
mechanical part of his model. The procedure for applying the
Lambert [24] model (presented in appendix A of his thesis) was
used to calculate thermal contact resistance in this study. He sug-
gested two seventh-order polynomial expressions for pressure dis-
tribution and radius of macrocontact area as a function of dimen-
sionless load. Lambert also introduced three dimensionless
correction functions in the form of logarithmic polynomials in his
thermal model, without specifying the origin and reasons for their
presence. His approximate procedure was quite long and required
computer-programming skills to apply. Also, logarithmic expres-
sions for dimensionless macrocontact radius, a;/ay, showed a
discontinuity, which caused a strange behavior in predicted ther-
mal joint resistance (see Figs. 11 and 12). Lambert collected and
summarized experimental data reported by many researchers and
compared his model with experimental data. He showed a good
agreement with experimental data.

Nishino et al. [23] studied the contact resistance of spherical
rough surfaces in a vacuum under low applied load. Macroscopic
and microscopic thermal contact resistance was calculated based
on the Mikic [53] thermal model. Nishino et al. [23] used a pres-
sure measuring colored film that provided information, by means
of digital image processing, about the contact pressure distribu-
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Fig. 122 Comparison with data at conforming rough limit

tion. They also verified their method experimentally with alumi-
num alloy specimens; the experimental data showed good agree-
ment with their technique. They concluded that the macroscopic
constriction resistance was predominant under the condition of
low applied load. However, the Nishino et al. model required
measurements with pressure sensitive film and they did not sug-
gest a general relationship between contact pressure and surface
profile and characteristics.

Comparison Between TCR Models and Data

The developed theoretical models by Clausing and Chao [3]
[Eq. (22)], Yovanovich [50] [Eq. (17)], and Lambert [24] are com-
pared with experimental data. References, material and physical
properties, and surface characteristics of the experimental data are
summarized in Table 4. As indicated in Table 4, the experimental
data cover a relatively wide range of the experimental parameters.

The comparison is done at two extremes, conforming rough
surfaces where the macro resistance is negligible and elastocon-
striction limit where contacting surfaces have relatively small ra-
dii of curvature and the microresistance is almost negligible.

Thermal contact resistance for the above models was calculated
for a base typical rough surface; the physical properties and sur-
face characteristics are shown in Tables 5-7. Surface curvatures
p=14.3 mm and p=100 m were chosen for elastoconstriction and
conforming rough limits, respectively. Experimental data col-
lected by Kitscha [51], Fisher [52], and Burde [41] were com-
pared with the theoretical models in Fig. 11. The elastoconstric-
tion approximation introduced by Yovanovich [56], which

Table 4 Parameter ranges for experimental data

Parameters

573<E’'<114.0 GPa
16.6<k;<75.8 W/mK
0.12<0<13.94 um
0.04=m=<0.34
0.013<p<120 m

Table 5 Physical properties and surface characteristics of
comparison base surface

o=13 um m=0.073 H,,,=3.92 GPa

b,=7.15 mm E'=114 GPa k,=40.7 W/mK
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Table 6 Summary of physical properties and surface charac-
teristics, conforming rough limit

Reference E' o m ¢ ¢ ks by

A,P3435 1121 848 034 63 _o26 67.1 143
AP2627 112.1 123 014 63 _p26 645 143
AP1011 112.1 427 024 63 _p26 677 143
A,P0809 1121 429 024 63 _p26 672 143
H,NI12 112.1 343 011 63 _p26 753 125
H,NI34 112.1 424 019 63 _p26 760 125
H,NI56 1121 953 019 63 _p26 759 125
H,NI78 112.1 139 023 63 _p20 757 125
H,NI910 112.1 048 023 63 _026 758 125
H,SS12 1121 271 007 63 _p23 192 125
H,SS34 1121 588 0.12 63 _p23 191 125
H,SS56 112.1 109 015 63 _p23 189 125
H,SS78 1121 061 019 63 _p23 189 125
H,z412 57.3 275 005 33 _p15 166 125
H,7434 573 314 015 33 _g15 175 125
H,Z456 57.3 792 013 33 _p15 186 125
H,Z478 57.3 092 021 33 _p15 186 125
H,ZN12 57.3 250  0.08 59 _p27 213 125
H,ZN34 57.3 599 016 59 _p27 212 125
H,ZN56 57.3 599 018 59 _p27 212 125
H,ZN78 57.3 8.81 0.20 59 -0.27 21.2 12.5
M,SS1 113.8 072 004 63 _p23 188 125

accounts only for macroresistance predicted by the Hertzian
theory and neglects the microthermal resistance completely, was
also included in the comparison. The elastoconstriction approxi-
mation was included to clearly demonstrate that the macroresis-
tance is the dominating part of thermal joint resistance in the
elastoconstriction limit, and the microthermal resistance is negli-
gible. As can be seen in Fig. 11, the elastoconstriction approxima-
tion and the Clausing and Chao [3] model are very close and show
good agreement with the data. The Lambert [24] model, as the
result of its expression for macrocontact radius a;, showed a
strange behavior. As expected, the Yovanovich [56] model, which
was developed for conforming rough surfaces, does not agree with
the data.

Experimental data collected by Antonetti [57], Hegazy [26],
and Milanez et al. [58] were compared with the theoretical models
in Fig. 12. As shown, the Yovanovich [50] model showed good
agreement with the data. Lambert [24] was very close to Yovanov-
ich [50] in most of the comparison range, however the strange
behavior in the predicted macrocontact area showed up as can be
seen in the plot. The Clausing and Chao [3] model underpredicted
thermal resistance in the conforming rough region.

Kitscha [55] and Fisher [56] did not report the surface slope, m;
the Lambert [13] correlation was used to estimate these values
(see Table 1). The exact values of radii of curvature for conform-
ing rough surfaces were not reported. Since these surfaces were

Table 7 Summary of the physical properties and surface char-
acteristics, elastoconstriction limit

Reference E’ o m p ¢ ¢ ks by

B, A-1 1140 0.63 0.04 0.0143 39 0 407 7.2
B, A-2 1140 131 0.07 00143 39 0 407 72
B, A-3 1140 244 022 00143 39 0 407 72
B, A-4 1140 256 0.08 00191 44 0 407 72
B, A-5 1140 259 0.10 0.0254 44 0 407 7.2
B, A-6 1140 258 0.10 00381 44 0 407 72
F, 11A 131 012 -+ 00191 40 0 579 125
F, 11B 113.1  0.12 0.0381 40 0 579 125
F, 13A 113.1  0.06 0.0381 40 0 581 125
K, Tl 113.8  0.76 0.0135 40 0 514 127
K, T2 113.8  0.13 0.0135 40 0 514 127

Applied Mechanics Reviews

Table 8 Reseacher and specimen materials

Reference Researcher Specimen material(s)
A Antonetti [57] Ni 200
B Burde [41] SPS 245, Carbon Steel
F Fisher [52] Ni 200, Carbon Steel
H Hegazy [26] .

Ni 200

SS 304

Zircaloy4

Zr-2.5 % wt Nb
K Kitscha [51] Steel 1020, Carbon Steel
M Milanez et al. [58] SS 304

prepared to be optically flat, radii of curvature in the order of p
~100(m) are considered for these surfaces. Table 8 indicates the
researchers and the specimen materials used in the experiments.

Summary and Conclusion

Thermal contact resistance modeling and its components were
studied. The modeling process was divided into three analyses:
geometrical, mechanical, and thermal where each one included a
macro- and microscale part.

Suggested empirical correlations to relate surface slopes, m, to
surface roughness, o, were summarized and compared with ex-
perimental data. The comparison showed that the uncertainty of
the correlations was high; use of these correlations is not recom-
mended unless only an estimation of m is required.

The common assumptions of the existing thermal analyses were
summarized. Suggested correlations by different researchers for
the flux tube spreading resistance were compared. It was observed
that, at the limit, the correlations approached the heat source on a
half-space solution. Also all the spreading resistance correlations
showed good agreement for the applicable range.

Experimental data points obtained for five materials, namely SS
304, carbon steel, nickel 200, zirconium-2.5% niobium, and
Zircaloy-4, were summarized and grouped into two limiting cases:
conforming rough and elastoconstriction. These data were nondi-
mensionalized and compared with TCR models at the two limiting
cases. It was shown that none of the existing theoretical models
covers both of the above-mentioned limiting cases.

This clearly shows the need to develop theoretical model(s)
which can predict TCR over all cases including the above-
mentioned limiting cases and the transition range where both
roughness and out-of-flatness are present and their effects on con-
tact resistance are of the same order.

Nomenclature
A = area, m
a = radius of contact, m
b = flux tube radius, m
¢y = microhardness coefficients, Pa
¢, = microhardness coefficients
d = mean plane separation, GW model units
d, = Vickers indentation diagonal, pm
E = Young’s modulus, Pa
E’ = equivalent elastic modulus, Pa
F = external force, N
H,Hp = bulk hardness, Pa
H,;. = microhardness, Pa
Hpgy = geometric mean Brinell hardness, Pa
h = thermal contact conductance, W/m? K
= thermal conductivity, W/mK
sampling length, m
= effective mean absolute surface slope

2
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effective rms surface slope
number of microcontacts

= pressure, Pa

= heat flow rate, W

= heat flux, W/m?

= thermal contact resistance, K/'W
arithmetic average surface roughness, m
rms surface roughness, m

radius, m

temperature, K

= mean surface plane separation, m
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= =
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Greek

= nondimensional parameter, =op/ ai,
surface maximum out-of-flatness, m
flux tube relative radius

Hy/Hpgy

Poisson’s ratio

dimensionless spreading resistance
radius of curvature, m

rms surface roughness, pm

normal deformation, m

= empirical correction factor

MmE TR X O R
Il

Subscripts

value at origin

surface 1, 2

apparent

= bulk

= conduction, contact

effective

= gap

= Hertz

= joint

= large (macro scale)
= mean

mac = macro

mic = micro

real

small

v = Vickers

1,

e
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