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A Multiscale Model of Thermal
Contact Resistance Between
Rough Surfaces
A new multiscale model of thermal contact resistance (TCR) between real rough surfaces
is presented, which builds on Archard’s multiscale description of surface roughness. The
objective of this work is to construct the new model and use it to evaluate the effects of
scale dependent surface features and properties on TCR. The model includes many de-
tails affecting TCR and is also fairly easy to implement. Multiscale fractal based models
often oversimplify the contact mechanics by assuming that the surfaces are self-affine, the
contact area is simply a geometrical truncation of the surfaces, and the pressure is a
constant value independent of geometry and material properties. Concern has grown
over the effectiveness of frequently used statistical rough surface contact models due to
the inadequacies in capturing the true multiscale nature of surfaces (i.e., surfaces have
multiple scales of surface features). The model developed in this paper incorporates
several variables, including scale dependent yield strength and scale dependent spread-
ing resistance to develop a new model that can be used to evaluate TCR. The results
suggest that scale dependent mechanical properties are more influential than scale de-
pendent thermal properties. When compared to an existing TCR model, this very inclusive
model shows the same qualitative trend. Results also show the significance of capturing
multiscale roughness when addressing the thermal contact resistance problem.
�DOI: 10.1115/1.2927403�
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ntroduction
Economically improving heat conduction from microelectro
echanical systems �MEMS� and microelectronics is a growing

ssue in the industry since the size of electronic devices continues
o decrease. The decrease in the size of electronic devices reduces
he available surface area for heat dissipation, leading to large
ncreases in heat flux. This can yield increases in operating tem-
eratures that exceed design criteria. Thus, the thermal contact
esistance �TCR� between these devices and a heat sink is very
mportant, as it limits the rate at which heat can be dissipated. It is
ell known that the roughness between contacting surfaces can

educe the real area of contact and thus bottleneck the heat flow,
hich is seen as an increase in the TCR �see Fig. 1�.
Although there has been a large amount of work investigating

CR �1–4�, there are some severe problems with the current meth-
ds used to predict it. Lambert and Fletcher �1� summarized the
urrently used theoretical and empirical thermal contact resistance
odels as “these do not agree with most results for an arbitrarily

onflat, rough surface, those usually obtained from common
anufacturing processes. Empirical and semiempirical correla-

ions, although many are developed for nonflat, rough surfaces,
lso suffer from limited applicability.”

In addition, these dated theoretical models make use of contact
echanics techniques which have since been proven to have sig-

ificant pitfalls. For instance, the very popular Greenwood and
illiamson �GW� �5� statistical model has been shown to produce

esults which are dependent on the resolution of the surface pro-
ling device �6–8�. Mikic also developed this methodology fur-

her by including the effects of repeated contact and surface de-
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formation �9� �it should be noted that the effect of repeated contact
is not included in the current model�. Later, Greenwood and Wu
�10� stated that the GW model assumption “that ‘peaks’ on a sur-
face profile—points higher than their immediate neighbors at the
sampling interval used correspond to asperities is quite wrong,
and gives a false idea of both the number and the radius of cur-
vature of the asperities. Instead we need to return to the earlier
Archard concept that roughness consists of ‘protuberances on pro-
tuberances on protuberances’ �11�.” In addition, most other mod-
els which attempt to correct this issue by using fractal mathemat-
ics �12–19� assume that a surface can be characterized as self-
affine, or follow a given structure for each scale of roughness,
when in reality no real surface is truly self-affine. Sometimes the
contact mechanics are also oversimplified so that fractal math-
ematics can be applied in a practical manner �20�. However, Wang
et al. �21� have refined the fractal model to correct some of these
concerns. Many of these previous models also use a fundamen-
tally unsound assumption that when the surfaces deform plasti-
cally, the pressure is defined by a constant material “hardness.”
Several researchers have shown that this hardness varies with
scale, with the deformed geometry, and with other material prop-
erties �8,22–28�, and is thus incorrectly employed in the previous
models. For these reasons, several researchers have recently de-
veloped new multiscale contact models �29–33� to alleviate these
problems, although they are still being refined. The work by Li et
al. �8� even examined the dependence of the statistical parameters
necessary for the GW model to predict TCR and also the scale
dependence of the microhardness. The objective of this work is to
construct a new inclusive multiscale model and use it to evaluate
the effect of scale dependent surface features and properties on
TCR.

The current work will consider other important factors that
have been neglected in the past, including the scale effects on
mechanical �25,28,34–38� and thermal material properties
�39–45�. It should be noted that this work does neglect the effect

of gas conduction that can occur between the surfaces. There is a
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eed to resolve these issues and to derive a fundamentally sound
odel of thermal contact resistance between multiscale rough sur-

aces. This work develops the new multiscale theory for the ther-
al contact resistance between rough surfaces and compares it to

he existing model by Yovanovich et al. �4�.

Existing Models. Following Song and Yovanovich �4,46�, a
implified dimensional correlation of the analytical solution for
he contact conductance is usually represented as

hc =
1

R
= 1.25k

m

�
� P

Hm
�0.95

�1�

here

k =
2k1k2

k1 + k2
�2�

s the harmonic mean thermal conductivity of the contacting sur-
aces, m= �m1

2+m2
2�1/2 is the effective absolute surface slope, �

��1
2+�2

2�1/2 is the effective rms surface roughness in microns, k
s the effective thermal conductivity, R is the thermal contact re-
istance, P is the contact pressure in N /m2, and Hm is the micro-
ardness of the softer material in N /m2. It should be noted that it
an be difficult to find a universally accepted method to calculate
. Equation �1� is also based on the “truncation” model which

ssumes that the contact area will equal the load, P, divided by the
icrohardness, Hm. Hm is also dependent on the deformed geom-

try and the scale of the contact, as discussed previously. The
ffective microhardness was correlated to the bulk hardness for
everal metals �28,47�. It was difficult for the authors to find a
aterial that was adequately characterized for both the microhard-

ess theory and for the strain gradient scale dependent properties
heory. From Ref. �46�, the resulting correlation is

P

Hm
= � P

H�1.62�/dbm�co
�1/1+0.071co

�3�

here db is an empirically measured material constant and co is
0.26. These equations will be compared to the new model which
onsiders multiscale effects. Although the model by Song and
ovanovich does not directly consider the effects of multiscale
urface features or scale dependent material properties, the use of
he empirical microhardness theory appears to have been effective
t including these scale effects. This work explores these issues
nd seeks to illuminate the effect that they have on thermal con-
act resistance.

Multiscale Rough Surface Contact. The multiscale model
48� uses the same direction of thought as Archard �11�, but pro-
ides a method that can be easily applied to real surfaces. The
odel assumptions are given in Ref. �48� which result in the

ollowing:

Ar = �	
i=1

imax

Āi�i�An �4�

F = F̄i�iAi−1 �5�

here Ar is the real area of contact, � is the areal asperity density,
is the contact load, An is the nominal contact area, and the

ig. 1 Schematic of typical rough surface contact „the height
f the asperities is exaggerated…
ubscript i denotes a frequency level, with imax denoting the high-
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est frequency level considered. Parameters Āi and F̄i are the single
asperity contact area and single asperity contact force at a given
frequency level, respectively. The total �nominal� area of contact
at a given frequency level is denoted by Ai, while �i is the corre-
sponding areal asperity density.

After selecting the scan length �L�, the input surface data are
acquired and a fast Fourier transform �FFT� is performed on it.
The scan length, L, is limited by the employed surface profile
apparatus. However, results from Ref. �48� found that relatively
large scales are very important in predicting rough surface contact
and therefore a relatively large value of L should be used �ideally
a value that is the same order of magnitude as the length of the
nominal contact area being considered�. From the resulting Fou-
rier series, the asperity areal density, �, and radius of curvature, �,
are computed for each frequency level according to

�i = 2f i
2 �6�

�i =
1

4�2�i f i
2 �7�

where f i denotes the frequency �i.e., the reciprocal of wavelength�
and �i is the amplitude corresponding to the given frequency.
Equations �6� and �7� are used in the multiscale model framework
�Eqs. �4� and �5�� and also in the single asperity models. The
nominal contact area �An� is then set to be equal to L2 and is
identified with i=0.

For a given frequency level, the number of asperities is calcu-
lated. The total load is then divided evenly among all of the as-
perities of the given level. Next, the single asperity area of contact
is determined from the given asperity load, the given asperity
dimensions, and the material properties, according to the chosen
asperity deformation model �e.g., Hertz �49��. Then multiplying
by the number of asperities at that level, a provisional total contact
area for that frequency level is computed. The result is checked
against the contact area predicted by the frequency level below it,
and the smaller value is selected as the contact area for the given
frequency level. The concept behind this rule is that each fre-
quency level is used to predict the apparent contact area of the
next higher frequency level. The iterative procedure continues un-
til all the desired frequencies are considered, resulting in a predic-
tion of the real area of contact at the prescribed load. Additional
details of the model can be found in Jackson and Streator �48�.

Asperity Deformation. A variety of individual asperity models
are available for use within the multiscale framework described
above to relate the contact area to the contact force. For a simu-
lation of purely elastic rough surface contact, the Hertzian model
�49� may be applied. Alternatively, several models are available
that account for elastoplastic deformation of spherically shaped
asperities �26,50–52�. A detailed description of several elastoplas-
tic models is given in Kogut and Etsion �52�, and Jackson and
Green �26�. Brief descriptions of the single asperity models used
in the current analysis are provided in the following section.

As the load pressing two rough surfaces together increases, the
stresses within the individual asperities also increase. These
stresses eventually cause the material within the asperity �modeled
as a hemisphere� to yield. The interference at the material yield
point is known as the critical interference, �c. Jackson and Green
�JG� �26� and Chang et al. �50� derived this critical interference
analytically using the von Mises yield criterion. The resulting
equation from Ref. �26� is

�c = �� · C · Sy

2E�
�2

� �8�

where Sy is the yield strength of the material that yields first, E� is
the effective modulus of elasticity, � is the radius of the spherical
asperity, and C is given by
C = 1.295 exp�0.736�� �9�
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nd � is the Poisson ratio of the material that yields first.

The critical force, F̄c, is then calculated at the critical interfer-
nce, �c, to be

F̄c =
4

3
� �

E�
�2�C

2
� · Sy�3

�10�

Similarly, the critical contact area is

Āc = �3�CSy�

2E�
�2

�11�

In the present study, when the contact is below these critical
alues the multiscale model uses the Hertzian elastic contact to
odel individual asperity contact, whereas to model elastoplastic

ontact, the JG asperity deformation model is used.
The JG model was developed by fitting curves to the results of
finite element model of elastoplastic spherical contact. It pre-

icts the contact force and area between an elastic, perfectly plas-
ic hemisphere and a rigid flat as functions of the ratio of interfer-
nce ��� to critical interference ��c�. �The converse case of a rigid
phere indenting an elastic perfectly plastic half-space is not con-
idered here.� When 0�� /�c�1.9, the JG single asperity model
irtually coincides with the Hertzian solution. At interference ra-
ios �� /�c� larger than 1.9, the formulation below is used in the
G model for single-asperity elastoplastic contact:

For �	1.9·�c,

ĀJG = ���� �

1.9�c
�B

�12�

F̄ = F̄c
�exp�−
1

4
� �

�c
�5/12��� �

�c
�3/2

+
4HG

CSy
�1 − exp�−

1

25
� �

�c
�5/9�� �

�c
� �13�

here

B = 0.14 exp�23 · ey� �14�

ey =
Sy

E
�15�

For a /�
0.41,

HG

Sy
= 2.84�1 − exp�− 0.82� a

�
�−0.7�� �16�

For 0.41
a /�
1,

HG

Sy
= 7.32 · � a

�
�3

− 14.12 · � a

�
�2

+ 6.28 · � a

�
� + 1.52 �17�

For a /��1,

HG

Sy
= 1 �18�

The parameter HG, referred to as the “hardness geometric
imit,” represents an asymptote for mean compressive stress, de-
ending on the radius of contact. As the interference ��� increases
ast the critical interference ��c�, Eqs. �12�–�18� depart from the
ertz elastic solution and predict the influence of an enlarging

mount of plastic deformation. This causes the contact force to
ecrease and the contact area to increase in relation to the Hertz
ontact solution. The predictions of the above equations also com-
are well with several experimental results �22,53�.

Scale Dependent Properties

Mechanical Properties. Scale dependent material properties
ave been observed for some time. For instance, in the early work

y Ling �54�, the effect of scale on hardness was included in a
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rough surface contact model. More recently, Nix and Gao �55�
formulated a model which describes the strain gradient effect on
the change in material hardness with scale. This model was de-
rived to account for these effects seen during micro- and nanoin-
dentation tests. The strain gradient dependent hardness for Berk-
ovich type indenters is given by Nix and Gao as

H = Ho�1 +
h*

hp

�19�

where Ho is the macroscopic hardness, H is the corrected scale
dependent hardness, h* is a length scale for the effect, and hp is
the depth of plastic deformation caused by the indentation.
Swadener et al. �56� correlate Nix and Gao’s results for different
shaped indenters, including a Brinell or spherical shape. Figure 2
shows qualitatively how scale dependent features can increase the
strain hardening of the material during spherical contact �Note
that the strain gradient theory effectively models the change in
material yield strength �and hardness� as a function of the magni-
tude of deformation.� The current work will consider these effects
in modeling the contact between multiple scales of rough surfaces
by simplifying the asperities as spherical peaks.

As mentioned earlier, it was difficult to find a material that has
been evaluated for both microhardness by Yovanovich and He-
gazy �28,47� and scale dependent yield strength, but the properties
for nickel are available. For nickel surfaces, Lou et al. �57� pro-
vided the material length scale required to use Eq. �19�. For
nickel, the value used is h*=0.343 �m. From Ref. �46�, the cor-
responding bulk yield strength, �Sy�o, is 0.556 GPa. A theoretical
yield strength of the material, �Sy�t=20.7 GPa �which is E divided
by a factor of 10�, is used as an upper limit to Eq. �19� �58�. See
Table 1 for a complete list of the material properties used in this
work.

Next, the value of hp during contact is required. Jackson et al.
modeled the residual stress and deformation of a spherical in-
denter loaded and unloaded �59�. In the current work, it is as-

Fig. 2 Schematic showing how scale dependent features can
affect material properties

Table 1 Material properties for nickel used in this work

Material
property Value

E 207 GPa
v 0.30

�Sy�o 0.556 GPa
H 1.668 GPa
h* 0.343 �m

�Sy�t 20.7 GPa
k 90.7 W /m k
 8.9 g /cm3

C 0.44 J /g°C
vs 4970 m /s
AUGUST 2008, Vol. 130 / 081301-3
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umed that the residual interference measured in Ref. �59�, �res,
ill be equal to the residual depth after unloading of a spherical

ontact, hp. From Jackson et al. �60�,

�res

�m
= 1.02�1 − � ��*�m + 5.9

6.9
�−0.54� �20�

his equation is used to approximate hp.
However, fundamentally the hardness is changing because the

train gradient effect changes the value of the yield strength, Sy. Sy
s a parameter in Eqs. �8�–�18� and strain gradient plasticity must
lso be accounted for in them. Similar to Eq. �19�, the strain
radient dependent yield strength can be represented by

Sy = �Sy�o�1 +
h*

hp

�21�

here �Sy�o is the yield strength without strain gradient effects. hp
s found from Eq. �20�, which depends on the critical interference,

c, among the other parameters. The yield strength predicted by
q. �21� is inversely proportional to scale. Song and Yovanovich

46� also provided an equation describing the scale dependent
ardness:

Hm

H
=

Sy

�Sy�o
= ��2�a

db
�co

�22�

or nickel db is given as 157 �m and from Lou et al. �57� h* for
ickel is given as 243.3 nm. Then, using Eq. �12� to calculate the
ontact radius a, the predictions for Eqs. �21� and �22� can be
ompared �see Fig. 3�. The results are shown for the contact of
hree different size spheres against a rigid flat surface. The scale of
he contact is represented by the nondimensional quantity a /�.
he comparison shows that Eqs. �21� and �22� predict the same
eneral trend �that the strength increases with decreasing scale�.
owever, quantitatively the predictions of the models are quite
ifferent. The slope of Eq. �21� appears to be much steeper than
he slope of Eq. �22� and so it predicts a more significant change
n the strength with scale. It does appear that for �=1 mm, the
odels make the closest predictions.
It is also important to consider that because �c is dependent on

y, Eqs. �20� and �21� are coupled. Physically this shows that the
ontact of rough surfaces is dependent on the scale of local asper-
ty surface deformations, which suggests that it cannot be easily
escribed by macroscale global properties. In the current work,
qs. �12�–�18�, �20�, and �21� are solved simultaneously using the
olden section method.

Although these asperity contact models are mostly continuum
ased models, they might also be used to consider nanoscale con-

ig. 3 Comparison of models for scale dependent yield
trength
acts in the multiscale model. This depends on which asperity

81301-4 / Vol. 130, AUGUST 2008
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levels or scales ultimately dictate the area of contact. For very
small contacts, the continuum models appear to be effective; how-
ever, eventually the nanoscale or atomistic roughness will domi-
nate the problem �61,62�. It would be difficult to incorporate these
effects into the current model because the orientation of the lattice
and atoms for each asperity in contact would have to be known.
Molecular dynamics �MD� models are also very computationally
expensive. This is why the current work uses scale dependent
modifications to the asperity contact models rather than MD mod-
els directly. However, on average, the continuum models are ex-
pected to perform adequately. It has also been found that when
plastic deformation is included in the multiscale contact model,
the smaller asperities �smaller than 1–10 �m� tend to flatten out
and have little effect on the total prediction of contact area.

To help illustrate the predictions made by the multiscale model,
the progression of the real area of contact as successive frequency
levels are included is shown in Fig. 4. Each curve is for a constant
load. Each ledge or drop represents a frequency level which re-
duces the real area of contact. Note that not all of the frequency
levels do so. It can be seen that the single asperity contact model
employed also drastically affects the results. The perfectly elastic
model underpredicts the real area of contact. Including plastic
deformation causes many of the frequency levels to flatten out and
not affect the final prediction. This is because they cannot carry
much load once significant yielding has occurred. Using the scale
dependent yield strength effectively strengthens the asperities, re-
sulting in a prediction of contact area that lies between the elastic
and elastoplastic models.

Thermal Properties. A considerable amount of work has been
performed by Yovanovich and others in the area of TCR �4�. Gen-
erally, the heat conducted between two surfaces can travel either
through the asperity contacts or through the gaps, which may be
filled with gas or an intermediate material �see Fig. 1�. In this
work, the effect of heat conducted through the gas is neglected,
and so the contacting surfaces are modeled as being in a vacuum.
The contact conductance, h, is defined as the heat flux through the
contact divided by the change in temperature across the contact:

h = q/�Tc �23�

where the heat flux, q, is the total heat flow rate divided by the
nominal contact area, An. The thermal contact resistance, Rc, can

Fig. 4 Progression of the multiscale contact area calculations
through the iterative numerical scheme
then be defined as
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Rc = �hAn�−1 �24�

he value of R over the entire surface can then be found by
onsidering the contact resistance of all N asperities on the con-
acting surface:

Rtotal = �
i=1

N

�hAn�i
−1�−1

�25�

Around a single asperity contact a “flux tube” is theorized to
xist from the contact surface to a depth into the material. The
eat transfer between the two surfaces must then pass through the
ux tube and thus through the reduced cross-sectional area of the
ontact. The heat flux will constrict and then expand as it passes
hrough the contact. In past studies, the thermal resistance of the
ux tube between the two contacting spheres has been character-

zed by the Maxwell equation:

Rc =
1

2ka
�26�

Then, it has been found that when the scale of contact changes,
he governing equations for thermal resistance also change. The
ork by Prasher �44� provides a simplified form of the scale de-
endent thermal contact resistance given as

R =
�3� + 8K�

6� · ak
�27�

here K is the Knudsen number defined as � /a. � is the phonon
ree mean path of the material. � can be calculated from the mac-
oscopic relation:

� =
3k

vsC
�28�

here k is the thermal conductivity, vs is the solid speed of sound,
is the density, and C is the heat capacity. For typical properties

f nickel at room temperature �see Table 1�, the predicted value of
is 14 nm. To calculate the phonon free mean path can be diffi-

ult as there are several different methods that result in different
redictions, as shown by Prasher and Phelan �63�.

In addition, if the contact radius of an individual conducting
sperity, a, becomes large in relation to the radius of the asperity,
, this will affect the thermal contact resistance through the indi-
idual conducting asperity. This effect is accounted for by using
he contact alleviation factor, �. There are different equations,
hich can be used to calculate this factor �64�. Cooper et al. �65�
rovided a simplified equation, which will be used in the current
ork:

� = �1 − a/��1.5 �29�

n alternative form of this function is usually used for the TCR
etween rough surfaces that is given as

� = �1 − �Ar/An�1.5 �30�

hen the thermal contact resistance for a single asperity is given
s

Rasp = R · � �31�
Two different theories are now presented to predict TCR from

he multiscale model. First, at the highest frequency level, which
educes contact area �see Fig. 4�, the total thermal contact resis-
ance between the surfaces can be calculated from

1

Rc
= 

n=1

N � 1

Rasp
�

n

�32�

ince all the asperities at this frequency will be identical, Eq. �32�

educes to

ournal of Heat Transfer
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Rc =
Rasp

N
=

Rasp

�iAi−1
�33�

where N is the number of asperities at the highest frequency level,
which reduces contact area, i, and is calculated as �iAi−1 �see
section on multiscale model�.

Alternatively, the thermal conductance will be calculated by
summing the contact resistance from each scale, which reduces
the area of contact �see Fig. 5�. Recall that each frequency level
that reduces contact area is represented as a ledge in Fig. 4. In
equation form, this relation is

Rtotal = 
i=1

imax

iRi/� iAi−1 �34�

Both of the above theories �Eqs. �33� and �34��, now dubbed the
highest frequency TCR �HFTCR� and multiple frequency TCR
�MFTCR�, respectively, are considered in the current work. The
way in which the contact alleviation factor, �, is included in each
model is also slightly different. In the HFTCR model, � is calcu-
lated using the predicted real area of contact over the total nomi-
nal area of contact �see Eq. �30��. In contrast, the MFTCR model
includes � at each frequency level by calculating the ratio of the
contact area at the current frequency level to the one below it:

�i = �1 − �Ai/Ai−1�1.5 �35�
The results of the HFTCR theory are now considered first.

Results
As expected, the trends from the iterative predictions shown in

Fig. 4 translate to the final predictions for the real area of contact
as a function of load �see Fig. 6�. The elastic multiscale model
again predicts a contact area much smaller than when plastic de-
formation is included, and including a scale dependent yield

Fig. 5 Schematic illustrating how heat conduction may be in-
fluenced by multiple scales of roughness on the surface

Fig. 6 Multiscale model predicted contact area as a function

of load
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trength results in contact areas in between the other two curves.
he contact area also appears to increase nearly linearly on the

og-log plot with load. Similar trends are also seen for statistical
nd fractal models.

Using the HFTCR theory produces the TCR trends shown in
ig. 7 for the contact of rough surfaces. Note that the effect of the
ontact alleviation factor is also included �Eq. �30��. The real ar-
as of contact predicted by the models appear to not directly cor-
elate to the relative values of the TCR. The reason for this is not
bvious, but occurs because the HFTCR theory only uses the
ighest frequency level to decrease the area of contact in predict-
ng the TCR. Information in this highest frequency level for cur-
ature and the number of asperities may differ between the mod-
ls. Since TCR is dependent on this information and not on the
ummed contact area, the predicted relative values of TCR may
lso differ �see Eqs. �4� and �34�� from the predicted relative val-
es of the area of contact. Partially due to this effect, the MFTCR
heory arose.

The results for the multiscale model for rough surface contact
ncluding asperity level scale dependent spreading resistance are
lso shown in Fig. 7 in comparison to the results without consid-
ring this scale dependence. The results are almost indiscernible
rom the results not including this effect. Therefore, it appears that
his effect is somewhat negligible in modeling the thermal contact
esistance between rough surfaces. Also, Prasher and Phelan �63�
howed that there are different methods to calculate � and that by
sing Eq. �28�, the value may be underpredicted. To consider this
ossibility, the value of � was artificially increased by a factor of
0 and the simulation was rerun. The result showed that the effect
f the scale dependent spreading resistance did increase slightly
y about 16% at all points, but its effect was still significantly
maller than the effect of scale dependent strength.

Next, the contact area predicted by the current multiscale model
s compared to that predicted by Yovanovich �4�. See Fig. 8 for
his comparison. The current model predicts areas, which are
maller than the those predicted by the Song and Yovanovich’s
odel using the bulk hardness, H, and the truncation model using

he microhardness, Hm �28,47�. This agrees with Yovanovich �4�
hat the bulk hardness alone cannot be used to model contact
etween rough surfaces accurately. However, it also suggests that
t is difficult to predict an effective microhardness value without
sing empirical relationships. Even though the model predictions

ig. 7 Multiscale model predicted thermal contact resistance
s a function of load considering scale dependent yield
trength and resistance
re quantitatively different, their slope is almost identical and the
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predicted qualitative trends are the same. This is very encouraging
that two fundamentally very different models predict similar re-
sults.

Using HFTCR, the predicted TCR does locate in between Yo-
vanovich’s �4� models as the predicted real of contact did �see Fig.
9�, but also agrees almost exactly with Yovanovich’s model in-
cluding microhardness. Note that the results shown are for the
contact between rough surfaces and not a single asperity contact.
This suggests that Yovanovich’s microhardness empirical correc-
tion does effectively consider the multiscale nature of the sur-
faces. However, it should be noted that the slope of the TCR for
the multiscale model is steeper than that for Yovanovich’s models.
Perhaps this is because elasticity is also included in the current
multiscale model. Again, this is very encouraging that two funda-
mentally different models �one which includes the scale effect on
thermal conductivity� are able to produce very similar results.

Finally, the MFTCR theory is used to predict the TCR from the
multiscale model and is also compared to Yovanovich’s �4� mod-
els �see Fig. 10�. All the scale dependent effects on thermal
spreading resistance and yield strength are included in the results
shown. The predicted TCR using the MFTCR theory is larger than

Fig. 8 Comparison of current multiscale contact model to ex-
isting models used in TCR

Fig. 9 Comparison of current multiscale contact resistance
model „using the HFTCR theory… to existing models used in

TCR
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he other results. This is, of course, because it considers the resis-
ance accumulated from all the stacked frequencies levels. How-
ver, since the contact alleviation factor, �, is included at each
cale �Eq. �35��, it decreases the TCR significantly, and causes the
redicted values to still be fairly close to the values predicted by
he Yovanovich model. The predictions of the current multiscale

odel with and without the contact alleviation factor �CAF� are
lso shown in Fig. 10. The current multiscale theory also blurs the
oundary between the bulk thermal resistance and the TCR from
he surface. For instance, if the lowest frequency considered by
he multiscale model is close to the size of the sample surface, the
esistance resulting from this frequency may sometimes be con-
idered part of the bulk resistance and not the TCR.

onclusions
A new inclusive multiscale model has been developed, which

onsiders the multiple scales of roughness that exist on a surface
nd the scale dependence of the mechanical and thermal proper-
ies. Therefore, this model theoretically includes more effects and
etails than most previous models. Scale dependent spreading re-
istance was found to have virtually no effect on modeling TCR
etween rough surfaces, while scale dependent yield strength was
ound to have a more noticeable effect on the TCR results. The
redicted TCR results are significantly affected by which fre-
uency levels are considered to reduce TCR. Two theories are
resented to calculate TCR from the multiscale model: �1� all
requency levels are considered �MFTCR� and �2� only the high-
st frequency level that reduces the real area of contact is consid-
red �HFTCR�. These two theories produce very different results.
ince the MFTCR also considers asperity levels or surface fea-

ures below, which are in direct contact, it could be said that it
tarts to incorporate the bulk resistance into the model. This is in
ontrast to the HFTCR, which only considers the final layer of
sperities that are in direct contact. Therefore, these models blur
he boundary between the thermal contact resistance at the surface
nd in the bulk material below it, demonstrating the importance of
apturing multiscale effects when evaluating thermal contact re-
istance.
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