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Relative Contact Pressure: Dependence on Surface
Roughness and Vickers Microhardness

S. Song* and M. M. Yovanovichf
University of Waterloo, Waterloo, Ontario, Canada

An explicit expression for the contact hardness and the relative contact pressure is developed. This expression is
simple and clearly shows the dependence of the contact hardness and the relative contact pressure upon the Vickers
microhardness correlation coefficients and the surface roughness parameters. Parametric studies of the contact
conductance are performed, and it is shown that theoretical predictions and experimental data are in good agreement.
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Nomenclature
= mean contact radius, m
= apparent contact area, m2

= constant for Vickers microhardness correlation
= dimensionless conductance, C == ——

mks
— Vickers indentation diagonal, m
= conductance, W/m2-K
= bulk hardness, MPa
= contact microhardness, MPa
= Vickers microhardness, MPa
= thermal conductivity, W/m-K
= harmonic mean thermal conductivity, W/m-K
= mean absolute asperity slope
= constants in Eqs. (20) and (21)

i - -i 2 — a2\ 2y= gas parameter, M = ' ' *
Pr

P — apparent contact pressure, MPa
Pr = Prandtl number
Q = heat flow rate, W
s — constant in Eq. (18)
t = local gap thickness, m
T = temperature, K
Y = mean plane separation, m
a = thermal accommodation coefficient
y — ratio of specific heats
A = molecular mean free path, m
<j = rms surface roughness, m
Subscripts
1,2 = two solids in contact
c = contact
g =gaP
j = joint

Introduction

H EAT transfer through the interfaces formed by the
mechanical contact of two solids occurs in three forms:

conduction through the contacting spots, conduction through
the gas-filled voids, and radiation. Under normal conditions,
radiation effects are small compared to the other two and
therefore can be ignored. An important geometric parameter,
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which controls the rate of heat transfer through the contacting
spots, is the ratio of actual to apparent areas of contact. This
area ratio is determined by the relative contact pressure,
defined as the ratio of the applied pressure to the contact mi-
crohardness. The relative contact pressure also influences the
effective thickness of the layers of gas entrapped in the interface
voids and thus directly affects the rate of gas conduction. A
firm understanding of the nature of the relative contact pres-
sure, therefore, is a prerequisite for studying the phenomenon
of contact heat transfer.

For contacts of nominally flat but microscopically rough
surfaces, Yovanovich et al.1 developed an implicit geometric/
mechanical model that relates relative contact pressure with
surface roughness characteristics and Vickers microhardness
test results. This model allows one to estimate, through itera-
tions, the contact microhardness and the relative contact pres-
sure and thus to predict the rate of heat transfer across the
interface. An explicit expression for relative contact pressure is
now available, and it is the purpose of this paper to present its
development. The explicit expression not only simplifies the
calculation for contact heat-transfer prediction but readily re-
veals the quantitative relationships between the dependent and
independent parameters. The latter part of this paper contains
the analysis and verification, through experimental data, of the
effects of various parameters on contact heat transfer.

Review of Contact Conductances and
Relative Contact Pressure

Contact, Gap, and Joint Conductance
Heat transfer through the interface of two nominally flat

surfaces when radiation effects are neglected takes the follow-
ing form:

Qj = Qc + Qg (1)
where Qc, Qg, Qj are the rate of heat transfer through the total
real contact area, the rate of heat transfer through the inter-
stitial gas layer, and the total heat transfer, respectively. The
conductance coefficients are introduced in the same manner as
the film coefficient in convection heat transfer:

h=- Ar

(2)

where hc, hg, hj are the coefficients of contact, gap, and joint
conductance, respectively, AT is the effective temperature
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difference across the interface, and Aa is the apparent contact
area. One can use Aa for Ag in the definition of gap conduc-
tance because the gap area is approximately equal to the appar-
ent contact area. Dimensionless conductances are, then,
defined as

S~i __

c =

r -
"

(3)

where CC9 Cg, Cj are the dimensionless contact, gap, and joint
conductances, respectively. The parameters cr, m, &5 are, respec-
tively, the effective rms surface roughness, the mean absolute
asperity slope, and the harmonic mean thermal conductivity of
the two contacting solids. In terms of dimensionless conduc-
tances, Eq. (1) reduces to

= Ce (4)

Yovanovich2 developed a simple, accurate correlation for
the contact conductance model:

(5)

where P is the apparent contact pressure and Hc is the contact
microhardness of the softer surface. This expression for contact
conductance is valid for 10"6 < P/HC < 2.3 • 10"2, and its
agreement with experimental data was verified by Hegazy.3

Yovanovich et al.5 also developed a gap conductance model
that takes into consideration the statistical nature of the rough-
ness of the contacting surfaces and the behavior of gases in
very small gaps:

/2n !'Jo

expi -[--*-

~W
a

(6)

where kg, 7, and t are the gas conductivity, the mean plane
separation, and the local gap thickness, respectively. The gas
parameter M is defined as

M = 2y
y + 1 Pr (7)

where at and a2 are the thermal accommodation coefficients of
the two surfaces and y, Pr, and A are the ratio of specific heats,
the Prandtl number, and the molecular mean free path, respec-
tively. The mean plane separation Y is related to the relative
contact pressure P/HC by2

(8)

Relative Contact Pressure and Contact Microhardness
Relative contact pressure is defined as P/HC, the ratio of

apparent applied pressure to contact microhardness. Its influ-
ence on contact heat transfer is clearly exhibited by Eqs. (5),
(6), and (8). Physically, the ratio P/HC controls three geometric
elements important in contact heat transfer: contact spot den-
sity, mean contact spot radius, and separation distance of the
mean planes of the two contacting surfaces.

Contact microhardness Hc by itself depends on several
parameters: mean surface roughness, mean absolute slope of

asperities, type of material, method of surface preparation, and
applied pressure. Sufficient information regarding the type of
material and the surface hardness characteristics can be intro-
duced into the calculation of relative contact pressure in the
form of Vickers microhardness correlations corresponding to a
range of contact pressures. Vickers microhardness tests are
performed for a range of indentation diagonals. Typical results
of such tests for several different materials are shown in Fig. 1.
The results of Vickers hardness tests can be correlated in a
power form:3'4

(9)

where Hv is Vickers microhardness, Hb bulk hardness, dv mean
indentation diagonal, and c0, db the correlation coefficients.
The correlation coefficient db has the unit of length and may be
interpreted as representing a characteristic length in the form
of Vickers indentation diagonal, above which the microhard-
ness is essentially the bulk hardness Hb. Thus, db depends upon
both the bulk hardness and the microhardness characteristics
of the material and also upon the choice of the functional form
for the correlation.

In the computation of contact microhardness, an assump-
tion is made that the contact microhardness of the surface
being penetrated by the asperities of the harder surface is the
same as the Vickers microhardness corresponding to the equiv-
alent Vickers indentation diagonal:1>3>4

and

H,

dv =

(10)

(11)

where ac is the mean contact spot radius in m. The mean con-
tact spot radius, in turn, is related to the relative mean plane
separation, Y/a:6

ac = / - — e x p j
v nm

ferfc (12)

As mentioned previously, the relative mean plane separation
depends upon the relative contact pressure, as shown in Eq.
(8). Finally, Eqs. (8) and (10-12) form a set of four nonlinear
equations that define a unique value of Hc. Once the values for
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Fig. 1 Vickers microhardness variation of different materials with in-
dentation diagonal.3 ,
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P9 Hb, c0, db, and 0/m are given, this set of equations can be
solved by iteration for Hc or P/HC.

It is evident from this brief review that the implicit formula-
tion does not permit one to ascertain directly the effect of the
contact pressure, surface roughness parameters, and Vickers
microhardness correlations upon the contact and gap conduc-
tances. Any parametric study of the joint conductance requires
the computation of the contact and gap conductances, which
requires iteration upon the relative contact pressure. It is there-
fore necessary to develop an explicit relationship that will per-
mit direct computation of the relative contact pressure and the
joint conductance. The explicit expression will give additional
physical insights into the effect of the pressure, surface rough-
ness parameters, and Vickers microhardness distribution upon
the relative contact pressure. It will also allow one to compute
efficiently the relative contact pressure whenever it is required.

Explicit Expression for Relative Contact Pressure
Explicit Expression Development

Equations (8) and (10-12) can be combined to result in the
following implicit equation for the relative contact pressure,
P/He:

Collecting terms and taking the natural logarithm of both
sides, the equation becomes

P\

(14)

The erfc~\2PlHc) term in Eq. (14) is approximated by the
following accurate expression:

/2p\ r
erfc-1! —1-0.9638 -t 5.589 — (15)

This approximation is accurate to the maximum relative error
of 2% for the range KT6 < P/HC < 2-10~2 (see Table 1).
Finally, substituting Eq. (15) for er fc~ l (2P/H c ) in Eq. (14) and
manipulating terms leads to the following explicit expression:

HHb

l/(l+0.071co)
(16)

which is valid for 10~6 < P/HC < 2-10~2 . Equation (16)
clearly reveals the quantitative dependence of the relative con-
tact pressure upon the geometric and mechanical parameters cr,
m, c0, db, Hb9

 and P- The relative contact pressure depends on
the apparent pressure as P/HC oc pi/(i+o.o7ico) jt js interesting
to note that the parameters <r, m, Hb, and db appear with c0 as
a group, Hb(l.62ff/mdb)c°. This term, in comparison with Eq.
(10), may be thought of as some characteristic microhardness
representing the specific surface condition of a work-hardened
material. The relative contact pressure is related to this charac-
teristic microhardness in conjunction with the apparent pres-
sure by the power coefficient 1/(1 -f 0.07c0). Equation (16) also
suggests that for materials with c0 = 0 (such as some annealed
aluminum alloys), the contact microhardness is the same as the
bulk hardness Hb.

Comparison of Explicit Approximation with Implicit
Iterative Expression

Differences in the calculation of relative contact pressure by
the two expressions arise solely from the approximation made

for the inverse complementary error function, erfc l(2P/Hc).
In this section, the two expressions will be compared for the
calculation of relative contact pressures P/HC9 contact conduc-
tance CC9 and relative mean plane separation Y/G. To simplify
the task of the comparison, some reduction in the number of
parameters can be made. Hegazy3 showed that the power co-
efficient c0 of the Vickers microhardness correlation for a num-
ber of materials he studied can be fixed to a value of — 0.26
without introducing a significant error. Table 2 shows typical
values of Hb, db, and c0 obtained for several different materi-
als.3-4 Also, Eq. (16) suggests that the remaining five parame-
ters may be grouped into two: P/Hb and a/mdb.

Table 1

P/HC

MO"6

5-10-6

MO"5

5-10-5

MO"4

5-10~ 4

MO-3

5-10-3

M0~2

2-10-2

Accuracy of erfc~l(2PIHc) approximation

erfc-1(2P///c)

3.362
3.123
3.016
2.751
2.630
2.327
2.185
1.822
1.645
1.452

Eq.(15)

3.352
3.121
3.017
2.757
2.638
2.337
2.195
1.823
1.637
1.427

% diff.

0.3
0.1
0.0

-0.2
-0.3
-0.5
-0.5
-0.1

0.5
1.8

Table 2 Vickers microhardness correlations, Hv/Hb = (dv/db)c°3'4

Material

Zr-4
Zr-2.5wt%Nb
Ni200
SS304

Hb,
MPa

1913
1727
1668
1427

db x 106,
m

53
102
157
387

Co

-0.26
-0.26
-0.26
-0.26

% diff.
max

3.9
9.7
5.2
5.9

rms

1.8
2.7
1.8
2.4

Table 3 Percent difference of P/HC (c0 = -0.26)

D I Ur 1 n b

io-6

io-5

io-4

io-3

io-2

io-3

-3.3
-1.3

0.3
1.3
1.0

io-2

-2.8
-0.8

0.7
1.3
0.6

ol(mdb}

io-1

-2.2
-0.4

0.9
1.3
0.1

10°

-1.7
0.0
1.1
1.2

-0.7

IO1

-1.2
0.4
1.3
1.0

-1.8

Table 3 shows the percent difference in the values of relative
contact pressure computed by the two expressions. The maxi-
mum difference is —3.3% and occurs when P/Hb = 10~6 and
ff/mdb = 10~3. In most practical cases, however, the difference
is less than 2%. The range of a/mdb chosen represents the
practical range of cr, 0.1-50 x 10~6m, and m, 0.05-0.2 for
conforming rough surfaces.

Table 4 shows the difference in predicted values of contact
conductance Cc using Eq. (5). Again, the maximum difference
occurs at P/Hb = 10~6 and ajmdb = 10~3, and in general, the
difference is less than 2%.

The difference in the predicted values of relative mean plane
separation Yja is even smaller, as shown in Table 5. In all cases
examined, the difference is less than 1%.
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Table 4 Percent difference of Cc (c0 = -0.26)

al(mdb)

10- 10- 10- 10° 101

10~6

io-5

io-4

io-3

io-2

-3.2
-1.2

0.3
1.2
1.0

-2.6
-0.8

0.6
1.3
0.6

-2.1
-0.4

0.9
1.3
0.1

-1.6
0.0
1.1
1.2

-0.7

-1.1
0.4
1.2
0.9

-1.7

Table 5 Percent difference of Y/tr (c0 = -0.26)

ff/(mdb)

PIHb 10- 10- 10- 10° IO1

io-6

io-5

io-4

io-3

io-2

0.1
0.1
0.0

-0.1
-0.1

0.1
0.0
0.0

-0.1
-0.1

0.1
0.0

-0.1
-0.1

0.0

0.1
0.0

-0.1
-0.1

0.1

0.1
0.0

-0.1
-0.1

0.4

Dependence of Contact Conductance upon Surface
and Microhardness Parameters

Theoretical Prediction
The explicit expression for relative contact pressure, Eq.

(16), makes it possible to readily examine the effect of its
parameters on contact conductance. Substituting Eq. (16) for
P/HC in Eq. (5) yields a contact conductance expression in
terms of measurable surface and mechanical parameters:

~|0.95/( 1+0.071 c0)
(17)

Defining for convenience, s = 0.95/(1 +0.071 c0), we obtain

V - c o » / p V /V\-<co*+0
(18)

As mentioned previously, for a number of materials c0, one of
the two Vickers microhardness correlation coefficients can be
set to a value of -0.26,3 and thus, s = 0.97 and c^s = -0.25.
Then, Eq. (18) reduces to the semigeneral expression

seen from the table that the values of nl obtained for the four
different materials (Nickel 200, Stainless Steel 304, Zircaloy-4,
Zr-2.5wt%Nb) for the range of 0/mdb9 0.01-1 and P/Hb,
2 x 10~4-5 x 10~3 agree quite well with the predicted value of
0.97. Estimates of nl from the contact conductance data re-
ported by other authors are also in agreement with the pre-
dicted value; these are shown in Table 7.

Verification of Surface Roughness Dependence by Experimental Data
For a given material and under a specific contact pressure,

the dependence of contact conductance on surface roughness
parameters can be approximately expressed as

(21)

Theory predicts, according to Eq. (18), that n2 = —(c0s + 1),
and thus, for materials with c0 = -0.26, the power coefficient
«2 is —0.75. The values of n2 obtained from the experimental
data of Hegazy3 are shown in Table 8. Again, the agreement
between the predicted and experimental values is found to be
very good.

Table 6 Experimental values of power
constant nt

3

Contact materials Power constant

Ni200 pair
SS304 pair
Zr-4 pair
Zr-2.5wt%Nb pair

0.95
0.97
0.94
0.95

Table 7 Power constant nl obtained from various authors

Contact materials

UO2— Zr-2
Aluminum pair
Al— Fe
Steel pair
Duralumin pair
Copper pair

Power constant «,

0.93
0.95
0.99
0.97
0.94
1.05

Authors

Ross and Stoute7

Boeschoten and
Van Der Held8

Shykov and Ganin9

(19)

The contract conductance, as one would expect, increases with
the applied contact pressure. Equation (19) predicts that for
the materials with c0 = —0.26, the power index for the propor-
tionality of hc with respect to P is 0.97. The contact conduc-
tance also increases with the mean asperity slope but decreases
with the rms roughness at the power index of 0.75.

Verification of Pressure Dependence by Experimental Data
For a given material and surface characteristics (Hb, db, <7,

w), the contact conductance would be directly proportional to
the applied contact pressure, and the degree of dependence
may be approximately expressed as

(20)

Equation (19) predicts the power constant nl to be equal to
s = 0.97 for materials with CQ = -0.26. Table 6 shows the val-
ues of H! obtained from the experimental data by Hegazy.3 It is

Table 8 Experimental values of power constant /i2
3

Contact materials Power constant n2

Nickel 200 pair
Stainless Steel 304 pair
Zircaloy-4 pair
Zr-2.5wt%Nb pair

-0.76
-0.77
-0.76
-0.75

Conclusions
An explicit expression for relative contact pressure that con-

siderably simplifies the prediction of contact heat transfer has
been developed. The difference in the computed values of rela-
tive contact pressure between the implicit and the explicit ex-
pressions is negligible. Furthermore, the explicit expression
allows parametric studies of contact heat transfer. The para-
metric study performed on contact conductance shows that
theoretical predictions and experimental data are in good
agreement.
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