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Review of Elastic and Plastic Contact Conductance Models:
Comparison with Experiment

M. R. Sridhar* and M. M. Yovanovich¥
University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

More than 450 thermal contact conductance data points obtained from isotropic conforming rough surfaces
for five different materials; nickel, stainless steel, two zirconium alloys, and aluminum have been compared
with the existing elastic and plastic models. For the first time data have been reduced to a dimensionless form
assuming both elastic as well as plastic deformation. Normally, data were compared with either the elastic model
or the plastic model assaming a type of deformation a priori. The relative merits of different models and the
surface factors influencing the mode of deformation are still not clear. Hence, the aim of the present work was
to compare most of the models available in the literature with themselves as well as with isotropic data.
Comparison showed that generally smoother surfaces deform elastically, and rougher ones plastically. However,
there are some data sets that compare well with both the elastic as well as the plastic models.

Nomenclature

A, A, = apparent, real contact area, m”

a = mean circular contact radius, m

C = dimensionless asperity
curvature = [%/(Bo)

C,, Cy = Vickers correlation coefficients,
¢, MPa

D = fractal dimension of the surface profile

D = total number of summits/unit apparent
area, m~?

d, = Vickers indentation diagonal, um

E, FE' = elastic modulus, equivalent elastic
modulus, MPa

f(A) = function used in the Bush, Gibson,
and Thomas model

g(D, AJA) = some function of D and A,/A,

H, H, = bulk hardness, contact microhardness,
MPa

h, = contact conductance, W/m?-K

I7', I3, f~'(A) = inverse functions used in the text

L(A) = integral used in the Greenwood and
Williamson model

L .(A) = double integral used in the Whitehouse
and Archard model

k, = harmonic mean thermal conductivity,
W/m-K

/ = sampling interval, m

m = effective mean absolute surface slope,
rad

my = variance of surface heights, wm?

m, = variance of surface slopes, rad?

m, = variance of the second derivative of
surface heights, um—2

n = number/unit apparent area, m~?

P = force/unit apparent area, MPa

Q = heat transfer rate, W

S, = material yield or flow stress, MPa

s = dimensionless variable, = y/o
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T. = mean interface temperature, °C

Y = surface mean plane separation, m

a = bandwidth parameter, = (myn,/m3)

B = radius of curvature of summits, m

AT, = effective temperature drop across the
interface, °C

n = load-exponent for contact area-load
relation

A = dimensionless surface mean plane
separation, = Y/o

v = Poissons ratio

o = rms surface roughness heights for
given surface pair, m

a* = dimensionless roughness parameter

Subscripts

A, B = surfaces A and B

a = apparent area

[4 = contact

r = real area

0 = slope

Introduction

VER the past 25 yr a number of contact conductance
models have been proposed for two conforming rough
surfaces in contact under load. The contact conductance model
is a combination of three models: 1) the thermal model, 2)
the surface geometry model, and 3) the deformation model.
The thermal model that predicts the contact conductance needs
the surface geometry model and the deformation model to
estimate the contact spot density and the size of each contact.
Most of the surface geometry models for isotropic rough
surfaces assume circular contact spots and use probability
theory to predict contact spot parameters such as the contact
spot density, ratio of real area to the apparent area, and the
applied load. The differences observed between various con-
tact conductance models are essentially in their surface ge-
ometry model. The surface geometry model in turn needs a
deformation model. There are two deformation models avail-
able for frictionless circular contact, viz., 1) the Hertz! elastic
model and 2) the geometric plastic model. Depending upon
the type of deformation model used, the contact conductance
model becomes either an elastic model or a plastic model.
The aim of this article is to review most of the elastic and
plastic models available in the literature and to compare these
contact conductance models with experimental data obtained
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for isotropic similar materials by Antonetti,> Hegazy,* and
McWaid.*

Review of Elastic and Plastic Contact
Conductance Models

Most of the contact conductance models reviewed here dif-
fer only in the surface geometry part of their model. The
models presented in this section are for isotropic rough sur-
faces, i.e., the models assume no variations in surface profile
slopes with direction. Also, the contact stresses depend only
upon the relative profile of their two surfaces. Therefore, the
system of two rough surfaces in contact can be replaced by a
single flat rigid surface in contact with a body having an ef-
fective modulus E' = [(1 — v3)E. + (1 — v})/Eg]™", equiv-
alent roughness ¢ = Vo2 + ¢3, and mean absolute siope
m = N ¥ my

The surface models do not differentiate between profile
and surface statistics, whereas in the modified surface model
presented by McWaid and Marschall,® the surface statistics
and profile statistics are considered different. In the modified
model the mean summit plane and surface plane do not co-
incide and the summit plane is above the surface mean plane.
The surface parameters for both the unmodified and modified
surface models are given by

il

density of the summits
Dy = (Vst)(m/m,) (1)
variance of surface heights
o = RB-m, @)
radius of curvature of summits
B = (¢/Vm,) 3)

where m, = m,, + m,zand m, = m,, + m,are the variance
of the surface slopes and the variance of the second derivative
of the surface heights, respectively, for a surface pair. The
constants o, %, € are 39.48 or 32.65; 1 or (1 — 0.8968/«);
0.798 or 0.665 for the surface model or the modified surface
model, respectively, where « = mym,/m3 is called the band-
width parameter.

The thermal model that predicts the contact conductance
used in most of the models was first presented by Cooper,
Mikic, and Yovanovich® (CMY). The contact conductance h,
for a surface pair is given by

h. = [2knal(1 — VAJA)) (G))]

where the contact spot density n, contact spot radius a, and
the ratio real area to apparent area A,/A, are obtained from
the surface and deformation models.

The results of analyses of various elastic and plastic models,
viz., the ratio of real area to apparent area, contact spot
density, mean contact spot size, and contact conductance will
be presented in this section.

Greenwood and Williamson” (GW) Model

In the GW model the asperity peaks are assumed to possess
a Gaussian distribution about some mean reference plane and
are hemispherically dome-shaped near their tips. Results of
the GW elastic and plastic models are summarized in Table
1. The integral used in the GW model is given by

I.(A) = \/-%Tf: (s — A exp(—s¥2) ds (5)

CMY and Mikic® Models

The contact conductance model for conforming rough sur-
faces undergoing plastic deformation developed by CMY® was

Table 1 GW elastic and plastic model

Deformation Results

Elastic or plastic % = kD 0B\
n = 1D, erfc(AV?2)
2xta Bl (A)
a= [——="
erfc()x/\/i)
L V2 kD oV erfe(AN2)a B, (A)
‘ [t = Vi'm Do BL D]

Elastic A = I;1[3P/(4D . E'aVoB)]
Plastic A = [ (PA5.520D 0 S,08)]

i = 1 for elastic, k = 2 for plastic.

Table 2 Mikic/CMY elastic and plastic model

Deformation Results
Elasti lasti A a
astic or plashe T - K? erfo(AV2)
1 (m\ exp(—2A2)
n=— (2} 271 )
16 \a/ erfc(AMV?2)
2Vk?
a = v r—:—exp(/\z/Z)erfc()\/\/i)
Vi'k, m exp(—A%2)

h, =
W7 o1 - (e )erfc(A2)]' S
Elastic A = V2 erfe [42PI(E'm))

Plastic A = \V2erfc '(2P/H,)

2k = 1 for elastic, k = 2 for plastic.

Table 3 BGT asymptotic elastic model

Deformation Results
Elastic A, 1 exp(—A¥2)
A, 2\2n A
1 N
n = e exp(—A%/2)
(4

472 m
\/[(277)”2/)‘] -(my/ms)

23/47;.7/4 \/m -exp(—A 2/2)/\/X

T - NNV lexpl ATy
A= PN Zw/(E'V )]

I

a

"

based on isotropic surfaces having no variations in surface
profile heights and slopes with direction. The model assumes
that distributions of surface profile and slopes are Gaussian.
Mikic,® on the basis of previous work by CMY® and by as-
suming that the elastic contact area is exactly half the plastic
contact area, derived the elastic contact conductance model.
Table 2 shows the Mikic and CMY models.

Bush, Gibson, and Thomas® (BGT) Asymptotic Elastic Model

The BGT asymptotic elastic model was presented in a con-
venient form by Sayles and Thomas.'® This is applicable to
isotropically rough surfaces with Gaussian height distribu-
tions. It is an asymptotic model and valid only when the
dimensionless separation A = 2. The BGT is presented in
Table 3. The tunction used in the BGT elastic model f(A) =
exp(—AY2)/\.

Whitehouse and Archard' (WA) Elastic Model

WA proposed a model for isotropic rough surfaces in con-
tact. The WA model differs from the GW model in the fol-
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Table 4 WA elastic model

Deformation Results
Elastic A 7
A_” = g I 1(/\)
_ duo(A)
n - b
51

a = 1\/[11;1()‘)/10.0()‘)]

ho— 2_/& Vi oM ((A)
S = NVEDLL W]
A = 133,.[15IP/(4E'd)]

lowing way: 1) the distribution of peaks is not quite Gaussian,
but follows a distribution derived from assumed Gaussian
distribution of heights; and 2) the peak curvatures have a
distribution that is dependent upon the heights. Onions and
Archard!? have presented the WA model in a convenient form
and have evaluated all the integrals used in the model. Results
of the WA elastic is summarized in Table 4. The double
integral used in the WA model is

RO W Dacas  ®)
where
&*(s, C) = %2—) exp[— (s — CI2Yerf(CI2)  (7)
w
1
0

Majumdar and Tien'* (MT) Model

MT have proposed a fractal network model for contact
conductance. This modelis very different from the other models
presented in this section. The contact conductance is given
by the expression

- 1 e - p)Aa, 1" )
“ kgD, (A,/JA)V4 - 2D D

where D = fractal dimension of the surface profile, and g(D,
A,/A,) = some function of D, A,/A, (see Ref. 14). Contact
mechanics of fractal surfaces by Majumdar and Bhushan'# has
shown that

(AJA,) ~ (PIH)" )
where
1 = area-load exponent (=1-1.33), when
D =1, n = 1.0, deformation is plastic
D =1.5, n = 1.33, deformation is elastic
D =2.0, n = 1.0, deformation is plastic

Comparison of the Elastic and Plastic Conductance
Models with Data

Dimensionless Elastic and Plastic Contact Pressure

The first task was that of comparing different models
undergoing a particular type deformation on a single plot.
Hence, there was need for common dimensionless y and x
axes parameters, i.e., the dimensionless contact conductance
and the dimensionless contact pressure. It is known from the
CMY* work that the ratio of applied pressure P to the contact
hardness H of the softer material in contact is the most suitable
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dimensionless contact pressure parameter for two surfaces
undergoing plastic deformation. [t was later shown by Yov-
anovich and Hegazy'® that an appropriate microhardness value
had to be used instead of the bulk hardness suggested by
CMY .4 This is because real materials strain harden and have
hard layers close to the surface. Therefore, for two rough
surfaces undergoing plastic deformation

(A/A,) = (P/H) (10)

where H, = appropriate microhardness'*'? value of the softer
surface in contact.

Mikic and Roca'® derived an exact expression for the ratio
of real area to the apparent area for two isotropic rough
surfaces undergoing elastic deformation:

(AJA,) = (V2P)(E'm) (11)

Hence, P/H. and (\/2P)/(E'm) are suitable candidates for
the values of dimensionless contact pressures. It can be seen
from CMY,® Antonetti,” and Hegazy?® that the most suitable
dimensionless contact conductance parameter is

C, = (ag/m)-(h./k,) (12)
where k, = harmonic mean thermal conductivity.

Dimensionless Forms of Contact Conductance Models

The next task was to plot the available models as C, vs
P/H, or (V2P)/(E'm), depending on whether the deformation
is plastic or elastic, respectively.

It was shown by Sridhar'” for the GW elastic model

~ (a¥424.95)\/1,(V)erfc(AV?2)
1= VURV2ZE RV al, (D)
(18.72 \/§P>

(.

(13)
A =Ty

03/4 E’m

Modified GW Elastic Model

Similarly, the modified GW elastic contact model that in-
corporates the modified surface parameters used in Eqgs. (1-
3) is given by

(e = 0.8968)4/22.61V/,(Nerfe(AV/2)
T = VVA(16V3) Ve — 0.89681,(A)]'F

g [ 16.94 VEP]
- 3/2

¢

(14)

(@ — 0.8968)* E'm

GW Plastic Model
The GW plastic contact model is given by

~ (@¥¥17.65)\V/I,(M)erfc(A/\/2)
1 - VUNZEal, ()] (15)
A= 17" [(7.88/Ve)-(PIH)]

¢

It should be noted that another relationship relating rms
surface slope \Vm, and m for Gaussian surfaces is required
to reduce the GW model (both modified and unmodified)
from the form presented in the previous section to the form
in Egs. (13-15) given by m = Vm,/\/7/2. It is clearly seen
from Eqs. (13-15) that the GW elastic and plastic models are
not only a function of dimensionless contact pressure, but also
a function of a.

The Mikic elastic model, the CMY plastic model, and the
BGT elastic models are independent of any surface param-
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eters, and C_ is a function of only the dimensionless contact
pressure:

Mikic elastic model

C - 1 exp(—A%2)
AT - Vierfc WV
(16)
4N\/2P
A= V2erfc! <—\{7—)
E'm
CMY plastic model
1 exp(—A%2)
C=— —
V271 — \Yerfe(WV2)]H
a7
2pP
A= -1 42
V2 erfc ( H()
BGT elastic model
c = I exp(—A%2)
C 2R XL — V1IN 2m)[exp(— A2)AJS
(18)

2P
vmr (v )

The WA elastic model is not only a function of the dimen-
sionless contact pressure, but also a function of the parameter
o* = ol(m-1).

WA Elastic Model
The WA elastic in its dimensionless form is as follows

c =2 I oM (A
. 5[ = V(@B ()]

N S R4
- 3/2.1/2 4\/20_* E/m

(19)

Quantitative Comparison of Previous Models

The third and final task was to estimate qualitatively the
values of a and o* used in the GW and WA elastic model
for the experimental data sets used in this investigation. Data
obtained for isotropic surface pairs by Antonetti,> Hegazy,?
and McWaid* covered a wide range of pressures varying from
0.15 to 8.9 MPa. Five materials were tested from soft alu-
minum 6061 (Al6061) to hard stainless steel 304 (SS304), with
elastic modulli varying from 67 to 207 GPa. The data also
covered a wide range of surface roughness with o/m varying
from 6 to 60 um, T, varying from 50 to 180°C, and k, varying
from 16 to 206 W/(m-K).

Table 5 shows a list of isotropic surfaces for which exper-
imental test data were obtained by Hegazy,* Antonetti,? and
McWaid.* Column 2 in Table 5 lists the values of o/m for all
the materials used in this work. The parameter o/m is an
important property of a surface that combines the surface
roughness and the surface slope. The higher the value of
o/m, the rougher is the surface. Column 3 and 4 list values
of ¢* and a. Values of ¢* for Antonetti’s® data were not
available. The bandwidth parameter a was not available for
most of the surface pairs except for McWaid.* Examining
columns 3 and 4 one can fix the ranges for o* (4-60) and «
(5-15). With these ranges all the models can be plotted. The
special functions and the integrals in all the models presented
in this article were computed using Mathematica.'®

Figure 1a shows a plot of all the elastic models except for
the MT model. Most of the models lie close to each other

Table 5 Test pairs surface characteristics

Material (o/m), um o* = (og/m-1)

a
Ni200 08.20° 08.20 —_—
08.81° — —_—
17.86° — —_—
18.01° —_— I
18.05* 18.05 —_—
22.55* 22.55 —_—
24.62° — —_—
41.80° 41.80 —
59.83* 59.83 —_—
S§8304 06.64* 06.64 e
11.35¢ 04.54 5.70
16.89¢ 06.76 9.34
20.96¢ 08.38 14.30
23.36* 23.36 —
40.27¢ 40.27 —
57.63* 57.63 —
Zr-Nb 11110 11.11 _—
15.43¢ 15.43
32.55* 32.55 —
44.05¢ 44.05 -_—
Zr-4 12.43» 12.43 —
18.58¢ 18.58 —_—
24.34+ 24.34 —
38.26" 38.26 —
Al-6061 14.32¢ 05.73 7.27
21.08¢ 08.42 9.69
28.31¢ 11.32 12.28

*Hegazy.> ‘Antonetti.? ‘McWaid.?
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Fig. 1 Comparison of contact conductance model: a) elastic and b)
plastic.
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Table 6 Elastic and plastic properties of test pairs

Elastic properties Vickers microhardness

Material E, GPa v H, = ¢,d#, GPa
Ni200 207 0.3 H, = 6.304d ;0264
$S304 207 0.3 H, = 6.271d,%*®2
H,, = 7.361d,%-2%"
Zr-Nb 96 0.3 , = 5.884d,0267=
Zr-4 96 0.3 H, = 5.677d ;"%
Al-6061 67 0.3 H, = 1.110d ;;0-%04870
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Fig. 4 Comparison of a) Mikic elastic model and b) CMY plastic
model with SS304 data.

DIMENSIONLESS CONTACT CONDUCTANCE

o

except for the BGT elastic model which lies well below. It
can be seen that for a wide variation of ¢*, i.e., from 4 to
60, the effect on the WA model is minimal. The effect of
variation of a from 5 to 15 on the GW model also seems to
be very small. The GW and Mikic elastic models almost co-
incide when « = 5 was chosen.

Similar trends can be seen in Fig. 1b where all the plastic
models are plotted. The discrepancy between the CMY plastic
model and the GW plastic model at « = 5 could be due to
a numerical error in the computation. It should be noted that
all the models presented in Fig. 1 have not been modified.

It is clear that the GW and WA models require a value of
a and o*, respectively, to be able to predict experimental
data, and the BGT model seems to underpredict in compar-
ison to other models. Therefore, in the present work in order
to be able to compare different data from various workers on
a single plot, the Mikic elastic model and CMY plastic model
were considered to be most suitable.

Data Reduction
Experimental A, is determined as follows:

h, = (Q/A,)/AT. (20)

where O = heat flow rate, A, apparent contact area, and AT,
interface temperature drop.

This is nondimensionlized by multiplying it with (o/m)/k,.
k, was determined as follows:

k. — _2kaks

= 21
Ttk @y

where k, and k, are thermal conductivities of the upper and
lower specimens. The thermal conductivities k,, and &, for a
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Fig. 5 Comparison of a) Mikic elastic model and b) CMY plastic
model with Zr-Nb data.

test pair were determined at T,. Experimental uncertainty in
measurements for the dimensionless contact conductance C,
was =6.5% and *=12.4% for the Antonetti> and Hegazy®
data, respectively. McWaid* did not provide values for un-
certainty in his measurements.

Table 6 lists the elastic and plastic properties of all the
materials used in this investigation. The dimensionless elastic
contact pressure was determined using Eq. (11). The dimen-
sionless plastic contact pressure was calculated using an ex-
plicit expression developed by Song and Yovanovich' for
isotropic surfaces undergoing plastic deformation given by

(PIH,) = (P/le,(1.62a/m)=])l v +007en) (22)

Dimensionless plastic contact pressure depends on the sur-
face parameter o/m, where o/m isin um, and ¢, and ¢,, which
were obtained from careful microhardness measurements.
Vickers correlation coefficients for all materials used here are
reported in column 4 of Table 6. Since McWaid* did not
perform microhardness tests on SS304 and Al6061, ¢, and ¢,
obtained by Nho™ was used to reduce his data.

To get a sense of the modified contact conductance model,
a typical data set (SS304) from McWaid,* which had a value
of o = 14.3, was plotted against both the GW elastic and the
modified GW elastic model.

Figure 2 shows plots of unmodified and modified GW elastic
models against a typical data set from McWaid.* The rms
differences between this typical data set and the two models
(i.e., unmodified and modified versions), were 41.3 and 37.1%,
respectively. It is very difficult to say whether the modified
GW model is better, because if the first data point is discarded
then the rms differences drop to 11.4% for the unmodified
and 12.5% for the modified. This is consistent with what
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Fig. 6 Comparison of a) Mikic elastic model and b) CMY plastic
model with Zr-4 data.

McWaid and Marschall® had observed. Hence, one can con-
clude that the effect of the modification is marginal. Because
a number of data sets used in the present investigation do not
have values of «, the modified contact conductance models
have not been considered in this article.

Comparison of Data with Mikic Elastic and CMY Plastic Models

Figure 3a shows a comparison of the Mikic elastic model
with nickel 200 (Ni200) data from Hegazy® and Antonetti®
reduced assuming elastic deformation. For a wide range of
surface roughnesses, i.e., o/m varying from 8.2 to 59.8 um,
the agreement with the elastic model is not satisfactory. The
rms differences range from 73 to 528%. Also, there is no
definite order or arrangement of data with respect to the
roughness parameter o/m.

However, the same Ni200 data reduced assuming plastic
deformation and compared with the CMY plastic model in
Fig. 3b show excellent agreement, and the rms differences
range from 5.4 to 13.5%. It can be seen that Antonetti’s® data
sets show very little low load deviation and have rms differ-
ences less than 7.3%.

Figure 4a shows the comparison of the SS304 data obtained
by Hegazy’ and McWaid* with the Mikic elastic model. The
data have been obtained for a wide range of surface roughness
values with o/m varying from 6.6 to 57.6 um. The first four
data sets having o/m values of 6.6, 11.4, 16.9 and 21.0 um
compare quite well with the Mikic elastic model, and the rms
differences are 11.3,29.9, 53.4, and 47.4%, respectively. The
larger rms differences seen in the McWaid* SS304 data is due
to the large deviation of the few low load data points. The
set that has an rms difference of 29.9% has only three data
points with percent differences greater than 30. Similarly, the
data sets with o/m of 16.9 and 21.0 wm have in total about
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Fig. 7 Comparison of a) Mikic elastic model and b) CMY plastic
model with Al6061 data.

three points that have percent differences greater than 20.
The data sets with o/m equal to 23.4 um and greater are well
above the Mikic elastic model, with rms differences ranging
from 107 to 372%. It can also be seen that the data sets are
arranged in a definite order with surfaces of higher o/m mov-
ing further away from the model. For the last three data sets
the type of deformation seems to be quite different from
elastic.

Figure 4b shows the same set of SS304 data reduced as-
suming plastic deformation. The comparison is very good,
especially for the data sets with values of o/m equal to or
greater than 23.4 um. The rms differences for the data sets
with the CMY plastic model as o/m is increased in ascending
order are 8.9, 35.2, 36.0, 38.4, 11.0, 21.0, and 20.2%. Ex-
cept for the first data set from Hegazy,* all the other data
sets show a considerable deviation from the model at light
loads.

Figure Sa shows a comparison of the zirconium alloy Zr-
Nb data with the Mikic elastic model. The smoothest pair
seems to agree well with the model and has an rms difference
of 18.7%. The remaining data sets are well above this and
the rms differences range from 76 to 170%. Figure 5b shows
the same data reduced assuming plastic deformation. Except
for the large low load deviation for the first few data points,
the agreement is quite good with rms differences in the range
of 16 to 23%.

Figure 62 shows the other zirconium alloy (Zr-4) compared
with the elastic model. A large deviation is observed for all
data sets except for the smoothest pair, which recorded an
rms difference of 36.3%. In Fig. 6b the CMY plastic model
and the Zr-4 data obtained by Hegazy* can be seen. Agree-
ment is good, even though the rougher pairs exhibit consid-

erable low load deviation. The calculated rms differences as
roughness was increased in ascending order were 6.3, 13.1,
26.0, and 25.0%.

Figure 7a shows the McWaid* Al6061 data reduced assum-
ing elastic deformation. There is considerable scatter in the
experimental data, and the calculated rms differences as
roughness was increased in ascending order were 31.8, 56.3,
and 59.1%. When the same data were reduced assuming plas-
tic deformation, the comparison with the CMY plastic model
(Fig. 7b) is not satisfactory, indicating that the mode of de-
formation for A16061 could be different from plastic. The data
do not seem to come together like the other data. The rms
differences range from 50 to 70%. It should be noted that
Nho’s? hardness data were used to reduce McWaid’s* A16061
data.

Discussion and Comparisons

It is clear from the Ni200 data sets that for a wide variation
of surface roughness, i.e., o/m varying from 8 to 60 um, the
mode of deformation is plastic. Comparison of the nine sets
of data with the CMY plastic model yielded the largest value
of rms difference of 13.5%. Whereas comparing the same
data with the elastic model yielded rms differences ranging
from 73 to 530%. '

When the first four data sets of SS304 having o/m ranging
from 6.6 to 21.0 um were compared with the Mikic elastic
model, it yielded rms differences of 11.3, 29.9, 53.4, and
47.4%. The corresponding values when the same four data
sets were compared with the CMY plastic model were 8.9,
35.2, 36.0, and 38.4%. It is very difficult to conclude whether
these pairs underwent elastic or plastic deformation during
loading. It is quite possible that these four surface pairs under-
went elastoplastic deformation.

The type of deformation for the zirconium alloy Zr-Nb is
questionable only for the smoothest pair (o/m = 11.1 um),
where the rms differences for the elastic and plastic cases were
18.7 and 23.2%, respectively. Similar to the four smooth pairs
of SS304 the type of deformation for this surface pair could
be elastoplastic.

It is almost certain from the comparisons for the Zr-4 sur-
face pairs tested by Hegazy® that the deformation mode is
fully plastic.

Even though the smoothest Al6061 pair tested by McWaid*
appear to be deforming elastically, one cannot be very certain
about it. The data show a large scatter and are arranged in a
disorganized manner. The other two rougher pairs of Al6061
do not compare well with either the elastic or the plastic
models.

Concluding Remarks

Data from four different materials, viz., Ni200, SS304, Zr-
Nb, Zr-4 and Al6061, have been reduced to a dimensionless
form for the first time, assuming both elastic and plastic de-
formation and compared with the Mikic elastic and the CMY
plastic models. It is more or less clear that smoother pairs
deform elastically and rougher pairs plastically. The compar-
isons with the plastic model for most of the data sets are very
good and the data come together in the dimensionless plot.
This clearly shows the need to use the appropriate micro-
hardness value while reducing the data.

The value of o/m at which there is significant plastic de-
formation as compared to elastic deformation seems to be
different for the different materials considered in this inves-
tigation. The data sets that compare well with both elastic
and plastic models indicate that the type of deformation as-
sociated with them may be elastoplastic. Hence, there is need
for an elastoplastic contact conductance model. An elasto-
plastic contact conductance model would avoid the need to
assume a priori a type of deformation for the data sets.

Significant light load deviation of data sets are seen for the
data obtained by Hegazy® and McWaid.* Therefore, there is
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a need to examine this aspect both from an experimental as
well as analytical point of view.

It is very difficult to conclude with the present data sets
where the approximate change takes place from elastic to
plastic deformation for the Al6061 surfaces. There is a need
to obtain more experimental data.

Acknowledgment

The authors acknowledge the support of the Natural Sci-
ence and Engineering Research Council of Canada under
Grant A7445.

References

Johnson, K. L., Contact Mechanics, Cambridge Univ. Press, Cam-
bridge, England, UK, 1985.

*Antonetti, V. W., “On the Use of Metallic Coatings to Enhance
Thermal Contact Conductance,” Ph.D. Dissertation, Univ. of Wa-
terloo, Waterloo, Ontario, Canada, 1983.

*Hegazy, A. A., “Thermal Joint Conductance of Conforming Rough
Surfaces,” Ph.D. Dissertation, Univ. of Waterloo, Waterloo, On-
tario, Canada, 1985.

*McWaid, T. H., “Thermal Contact Resistance Across Pressed
Metal Contact in a Vacuum Environment,” Ph.D. Dissertation, Univ.
of California, Santa Barbara, Santa Barbara, CA, 1990.

*McWaid, T. H., and Marschall, E., *“Application of the Modified
Greenwood and Williamson Contact Model for the Prediction of
Thermal Contact Resistance,” Wear, Vol. 152, No. 2, 1992, pp. 263—
277.

“Cooper, M. G., Mikic, B. B., and Yovanovich, M. M., “Thermal
Contact Conductance,” International Journal of Heat and Mass Trans-
fer, Vol. 12, No. 3, 1969, pp. 279-300.

"Greenwood, J. A., and Willlamson, J. B. P., “Contact of Nom-
inally Flat Surfaces,” Proceedings of the Royal Society of London,
A295, No. 1442, 1966, pp. 300-319,

*Mikic, B. B., “Thermal Contact Conductance; Theoretical Con-
siderations,” International Journal of Heat and Mass Transfer, Vol.

17, Feb. 1974, pp. 205-214.

“Bush, A. W., Gibson, R. D., and Thomas, T. R., “The Elastic
Contact of a Rough Surface,” Wear, Vol. 35, No. 2, 1975, pp. 87—
111.

"Sayles, R. S., and Thomas, T. R., ““Thermal Conductance of a
Rough Elastic Contact,” Applied Energy, Vol. 2, 1976, pp. 249-267.

"Whitehouse, D. J., and Archard, J. F., ““The Properties of Ran-
dom Surfaces of Significance in Their Contact,” Proceedings of the
Royal Society of London, A316, No. 1524, 1970, pp. 97-121.

2Onions, R. A., and Archard, J. F., “The Contact of Surfaces
Having a Random Structure,” Journal of Physics D: Applied Physics,
Vol. 6, No. 3, 1973, pp. 289-304.

“*Majumdar, A., and Tien, C. L., “Fractal Network Model for
Contact Conductance,” Journal of Heat Transfer, Vol. 113, Aug.
1991, pp. 516-525.

“Majumdar, A., and Bhushan, B., “Fractal Model of Elastic-
Plastic Contact Between Rough Surfaces,” Journal of Tribology, Vol.
113, Jan. 1991, pp. 1-11.

Yovanovich, M. M., and Hegazy, A., ““An Accurate Universal
Contact Conductance Correlation for Conforming Rough Surfaces
with Different Micro-Hardness Profiles,” AIAA Paper 83-1434, June
1983.

'*Mikic, B. B., and Roca, R. T., “On Elastic Deformation of
Rough Surfaces in Contact,” Dept. of Mechanical Engineering, Mas-
sachusetts Institute of Technology, Cambridge, MA.

Sridhar, M. R., personal communication to M. M. Yovanovich,
Univ. of Waterloo, Waterloo, Ontario, Canada, 1993.

“Mathematica, A System for Doing Mathematics by Computer,
Version 2 for DOS, Wolfram Research, Inc., Champaign, IL, 1988,
1991.

“Song, S., and Yovanovich, M. M., “Relative Contact Pressure:
Dependence on Surface Roughness and Vickers Microhardness,”
Journal of Thermophysics and Heat Transfer, Vol. 2, No. 1, 1988,
pp. 43-47.

2*Nho, K. M., “Experimental Investigation of Heat Flow Rate and
Directional Effect on Contact Conductance of Anisotropic Ground/
Lapped Interfaces,” Ph.D. Dissertation, Univ. of Waterloo, Water-
loo, Ontario, Canada, 1990.



