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Abstract—The thermal contact conductance has been measured as a function of contact pressure across
ten pairs of surfaces in a vacuum environment. A modified version of the Greenwood and Williamson
elastic contact model has been used to predict the contact conductance as a function of contact pressure
for each pair of specimens. The measured and predicted values have been presented and compared. The
predicted values are generally within about 25% of the measured values for isotropically rough surfaces,
and within about 50% of strongly anisotropic surfaces. Thus, the theory presented herein constitutes a
viable tool for the heat transfer analyst. The theory is relatively easy to implement and the results are
reasonably accurate.

INTRODUCTION

THERMAL contact resistance (TCR) results because the
actual contact area between two contacting solids is
only a small fraction of the nominal contact area. The
actual contact area is, in general, comprised of many
microcontacts distributed across the nominal contact
area.

In the absence of heat transfer via the interstitial
medium and heat transfer by radiation, all of the heat
flow across a pressed contact must occur across the
distributed microcontacts. The resuiting con-
centration of flux lines is manifested in the observed
temperature drop across the pressed contact.

Many researchers have investigated thermal con-
tact resistance. Fletcher et al. [1,2] have summarized
most of the recent work.

Yovanovich et al. [3,4] have made a large con-
tribution to the field. They assume that contacting
asperities undergo purely plastic deformation; the
Vicker’s micro-hardness is used to relate the actual
contact area to the applied pressure. The relations
developed by Yovanovich and his co-workers have
been used to predict the contact conductance across
a pressed contact fairly accurately.

In reality the deformation mode is neither purely
plastic nor purely elastic. One might expect that a
large degree of plastic deformation would be associ-
ated with the first load cycle seen by the contacts;
however, the deformation must tend toward fully elas-
tic if the loading is cycled. The goal of this research
was to test an elastic contact model for the deter-
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mination of the parameters required for the prediction
of the contact resistance.

In order to predict the TCR across a given pressed
contact one must be able to predict the number and
average size of the many microcontacts that comprise
the actual contact area. Contact models have been
developed for this purpose. Greenwood and
Williamson proposed one of the first contact models
to incorporate the statistical nature of real (rough)
surfaces [5].

McCool has recently modified the GW model [6].
The modified GW model has been utilized to obtain
the contact parameters necessary for the prediction of
the thermal contact resistance across pressed metal
contacts in a vacuum environment. The predicted
TCR values have been compared to measured TCR
values for ten pairs of pressed contacts.

This paper summarizes both the theoretical and
experimental aspects of this work. Contact resistance
is summarized first. A very brief thermal analysis is
presented next; from this analysis we will determine
which contact parameters are required in order to
predict the thermal contact resistance across a pressed
metal contact in a vacuum environment. The modified
GW contact model is then summarized. The exper-
imental apparatus and procedure is discussed in the
following section. Some of the predicted and
measured values of TCR are then presented and com-
pared. Finally, a brief discussion of the uncertainty
associated with the experimental values of TCR is
presented.

The predicted values are generally within about
25% of the measured values for isotropically rough
surfaces, and within about 50% for strongly aniso-
tropic surfaces. Thus, the modified GW contact model
can be used to obtain the contact parameters required
for the relatively accurate prediction of the
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NOMENCLATURE

a contact radius r mean summit radius

A, actual area of contact R thermal contact resistance based on heat
A, nominal contact area flow

b flux tube radius R’ thermal contact resistance based on heat
¢ constriction ratio flux

C  contact conductance R. constriction resistance for single contact

d  mean plane separation

L density of summits

E* equivalent Young’s modulus
g(c) constriction alleviation factor
k  thermal conductivity

m; moments of power spectral density
N number of contact spots

P contact pressure

q heat flux

Q  heat flow

temperature difference across interface
W  applied compression force

z,  difference between summit height and
mean surface height.

Greek symbols

2 bandwidth parameter

K, mean summit curvature
standard deviation of summit height
distribution.

g

N

TCR across a pressed metal contact in a vacuum
environment.

THERMAL ANALYSIS

Heat transfer through two contacting bodies is
characterized by a temperature drop across the inter-
face. Thermal contact resistance is defined as the ratio
of the temperature drop across the interface to the
heat flow across the interface

AT

R=—[KW™. (1

Q
In the past the contact resistance has sometimes been
defined as the ratio of the heat flux to the temperature
drop across an interface [1,7,8)]. Resistance values
based on the heat flux allow the comparison of data
obtained using different geometric configurations,
and for the estimation of the resistance across a given
mechanical joint. The superscript *~ will be used
throughout this paper to denote a resistance (or con-
ductance) based on the heat flux. This same con-
vention has been used by Snaith ez al. [9].

It is sometimes more convenient to consider the
contact conductance rather than the contact resist-
ance across a pressed contact. In general, the con-
ductance equals the inverse of the resistance.

As was alluded to in the Introduction, there are, in
general, three modes of heat transfer across a pressed
contact. Energy can be transferred by radiation, by
conduction through the interstitial medium and by
conduction through the microcontacts.

By restricting our discussion to include only pressed
contacts at relatively low temperatures (<500 K)
located within a vacuum environment (< 10~° Torr),
we can force essentially all the heat transfer across the
pressed contacts to occur via conduction through the

actual contact area [10-13]. Henceforth these restric-
tions will be imposed.

Roess [14] and Mikic and Rohsenow [15] indepen-
dently determined the total constriction resistance for
a singular isothermal contact spot at the center of
the apparent contact area. Both derived approximate
relations for the constriction resistance by replacing
the isothermal contact boundary condition at the con-
tacts with a heat flux boundary condition. The
assumed distribution of heat flux ensured that the
contacts were nearly isothermal; moreover, the
revised boundary conditions allowed an exact solu-
tion of the governing partial differential equation.

The results obtained by Roess and Mikic, although
expressed in different forms, agree well. The general
form of the solution is:

PG
2ak
where ¢ is the constriction ratio, defined as the ratio
of the contact radius to the flux tube radius (=a/b),
and g(c) is the constriction alleviation factor. Note
that equation (2) includes the constriction resistance
on both sides of the contact; moreover, the contact
plane has been assumed to be a plane of symmetry.
The leap from a consideration of individual con-
tacts to that of contacting surfaces is made by
assuming that the contact areas are ‘appropriately
distributed’ [16] across the nominal contact area. An
appropriate distribution is one in which neighboring
flux tubes do not interact. Each contact feeds a par-
ticular flux tube, independent of the neighboring
contacts.
In this case [16],

g = (1-0)", (3

where ¢ is the average value of the constriction ratio.
The total contact resistance is then given by

2



Thermal contact resistance across pressed metal contacts in a vacuum

g(¢)
R=ank @

The use of equation (4) requires a knowledge of N,
the total number of contact spots, 4, the mean radius
of the contact spots, and A4,, the actual contact area
which are produced under a particular applied load.
Values of these variables can be estimated from topo-
graphical data for the contacting surfaces and the
mean plane separation, d, which depends upon the
applied load and the physical properties of the
materials in contact.

THE MODIFIED GREENWOOD AND
WILLIAMSON CONTACT MODEL

In order to predict the thermal contact resistance
across a pressed contact one must be able to estimate
both the average size and the number of contacts as
a function of load. Contact models have been created
for this purpose. The Greenwood and Williamson
(GW) elastic contact model [5], which is both moder-
ately easy to implement and relatively accurate, will
now be summarized.

The original GW model applies to the contact of
two flat elastic planes, one of which is rough and
the other of which is smooth ; however, the model is
readily adapted to the more general case of two rough
surfaces [17, 18]. In this case, the equivalent, or sum
surface, spectral moments equal the sums of the
respective moments of the contacting surfaces.

In the GW model the rough surface is assumed
to be covered with spherical asperities. It is further
assumed that all of the asperities have the same radius
r. The summit heights are considered to vary
randomly. Summits are presumed to be uniformly
distributed over the rough surface with a known
density D, per unit nominal contact area.

The mean summit height lies above the mean sur-
face height by an amount Z,. The summit heights,
z,, measured relative to the mean summit height are
assumed to follow a Gaussian distribution with a stan-
dard deviation a,.

McCool has used the random process model of
rough surfaces to modify the GW contact model [6].
The random process model of rough surfaces can be
used to relate D, and ¢, to m,, m, and m,, respec-
tively the zero, second and fourth moments of the
power spectral density of a surface profile:

1
Dy = i )
6r./3 M2
0.8968
ol = (1 s )mﬂ. (6)

The mean summit curvature averaged over all sum-
mit heights was determined by Bush ez al. [19] to be

& /m,

: )
W

Km
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It will be assumed that all asperities are spherical with
a radius given by

r=L—3ﬁ ®)

Km  8./m,

These relationships can be utilized in conjunction
with the Greenwood and Williamson elastic contact
model to develop the equations required for the pre-
diction of the thermal contact conductance across a
given pressed contact in a vacuum environment. The
derivation of the requisite equations is presented in
refs. [6,20]. The equations will be presented without
derivation in what follows.

The first step is the determination of the non-dimen-
sional separation, d/o,, of the two contacting surfaces.
Using Hertzian theory for the contact of a sphere and
a flat one obtains

d -
P AnE*[a—0.8968]3/4m;/2> ©)

s

( 30.03W

where W is the applied compressive force, 4, is the
nominal contact area, d is the separation of the sum-
mit mean planes, E* is the equivalent Young’s modu-
lus and a (=mym,/m3) is the bandwidth parameter.
Through this text, F,(d/o,) is defined as

F, = f " e do ) d(x) dx

dfo

(10)

where ¢(x) is the standard normal distribution
function.

The next step is the determination of the actual
contact area. Using Hertzian theory one can deter-
mine the actual area of contact to be given by

A, = 0.06396(x—0.8968) 24, F,(d/s,). (11)

Once the actual contact area is determined the aver-
age value of the ratio of microcontact radius to flux
tube radius, ¢, can be determined from

(12)

The number of contacts can be evaluated from the
assumed summit height distribution :
my
N= 0.03063va,,F0(d/as). (13)
2

Finally, the average contact radius, 4, can be evalu-
ated using

(3 (e 0.8968)‘”5 Fa(dfoy)
a=\8) \m, o Fotdjo,)
(14)

The values F,(d/s,) can be evaluated using numeri-
cal integration. The contact parameters required for
the calculation of the TCR across a pair of pressed
surfaces can be determined using the above relations.

Strongly anisotropic surfaces, or equivalently, sur-
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faces possessing elliptical anisotropy, are surfaces
characterized by a pronounced grain or lay [21,22].
Ground surfaces are examples of strongly anisotropic
surfaces.

Sayles and Thomas [21] concluded that equivalent
values of m, and m, can be defined as follows:

(15a)
(15b)

ms, = ()’nnzmzo)“z
Mo = (MoaNiyg)' 5

It then follows that an equivalent bandwidth par-
ameter can be defined as

MMy
O = ~5—— =

m,

(16)

oMty

These equivalent surface parameters can be used in
conjunction with the GW model. Thus, the GW model
is readily expanded for the analysis of strongly aniso-
tropic surfaces.

The Greenwood and Williamson model, as modi-
fied by the random process model of rough surfaces,
is reported to be a reasonably accurate method of
analyzing the elastic contact of rough surfaces.
Although the model breaks down if a significant
amount of plastic flow occurs, many tribological
phenomena involve a large number of repeated con-
tacts. In this case the assumption of elastic defor-
mation should not be a problem.

The GW model can be used to determine the par-
ameters required for predicting the thermal contact
resistance across a pressed contact in a vacuum
environment. The assumption of elastic contact rep-
resents a problem if one is considering the thermal
contact resistance of a pressed contact undergoing its
first load cycle. In this case one might expect the small
surface asperities to undergo relatively large amounts
of plastic deformation. Despite its limitations, the
modified GW model may prove useful in the pre-
diction of the thermal contact resistance across
pressed contacts. The model will be employed in
conjunction with the experimental portion of this
research.

EXPERIMENTAL PROCEDURE

Thermal contact resistance data were obtained for
ten pairs of pressed metal contacts. All measurements
were made while the contacts were within a vacuum
chamber. Figure 1 shows a schematic of the test
chamber.

Contact resistance values were obtained as a func-
tion of contact pressure, surface texture and material
properties. The test apparatus has been discussed in
depth by McWaid [20]. Only the most important
aspects of the experiment will be discussed below.

The heat flow through the column was maintained
at about 7 W for the experiments on aluminum speci-
mens and at about 3 W for the experiments on stain-
less steel specimens. A constant temperature bath was
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utilized to remove the energy from the bottom of the
test column.

Intrinsic to the measurements of the thermal con-
tact resistance values was the assumption that the heat
transfer was one-dimensional through the specimens.
A radiation shield was utilized to minimize the trans-
verse radiative heat loss.

The radiation shield could be threaded onto the
OFHC copper base, thus ensuring that its temperature
remained close to that of the specimens. Thermo-
couples attached to the radiation shield allowed
one to monitor the shield’s temperature.

The insulator (see Fig. 1) was used to minimize the
amount of heat transferred up through the bellows
and hydraulic cylinder. The insulator was fabricated
out of Vespel, a material possessing an extremely low
thermal conductivity value. The thermal path down-
ward through the specimens represented a much
smaller thermal resistance than did the thermal path
upward through the ball cage, ball, and bellows.

A heat meter was fabricated and used in order to
measure the actual heat flow rate through the column.
The heat meter was fabricated from NIST Standard
Reference Material (SRM) 1462. SRM 1462 is an
austenitic stainless steel with known thermal con-
ductivity from 2 to 1200 K.

Three thermocouples were mounted into the heat
meter at known axial locations. The heat flux, and
thus the heat flow, through the meter was easily found
using the one-dimensional Fourier equation. The heat
flow through the meter, located below the lower speci-
men, was compared to the power input via the heater
and the load cell, both located above the upper speci-
men. In the case of zero transverse and upward heat
flow these numbers would be the same. In actuality,
a small amount of energy would be conducted out of
the top of the chamber. The heat flow through the
specimens was also calculated using the specimens
themselves as heat flow meters.
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Small thermocouples were used in order to mini-
mize conduction through the thermocouple leads, allow
accurate specification of thermocouple location, and
to minimize the disturbance of the heat flow. Thirty-
six AWG thermocouples (0.013 cm = 0.005 in.
diameter leads) were used throughout the study. The
thermocouples were all at least 76 cm (30 in.) long.
This relatively long length served to minimize con-
duction through the leads.

The thermocouples were mounted in holes drilled
perpendicular to the axis of symmetry of the speci-
mens and the heat meter. Each hole was approxi-
mately 0.508 cm (0.200 in.) deep, with a diameter just
large enough to accommodate the thermocouple
(approximately 0.051 cm = 0.020 in.). The thermo-
couples were mounted into the holes using a silver-
filled epoxy. The epoxy has a relatively high thermal
conductivity, thus ensuring that high temperature
gradients did not exist through the bond lines. The
thermocouples were wrapped partially around the
specimen (or heat meter), and secured using a small
piece of Kapton tape. Kapton tape possesses an
extremely small thermal conductivity. Thus use of the
tape for stress relief of the thermocouples did not
affect the temperature distribution through the speci-
mens (or heat meter).

The heat loss from the test column could be esti-
mated by performing an energy balance on the system.
The difference between the heater and load cell power
dissipations, and the heat flowing through the heat
meter, equalled the sum of the various heat losses
from the system. The largest measured total heat loss
was 2%.

Twenty specimens were studied. Each specimen was
3.81 cm (1.50 in.) long by 2.54 cm (1.00 in.) in
diameter. Ten of the specimens were fabricated out of
aluminum 6061-T6. The remaining ten specimens
were fabricated out of 304 stainless steel. These two
materials were chosen for several reasons. First, the
stainless steel is quite hard, while the aluminum is
relatively soft. Second, the thermal conductivity of the
steel is much less than that of the aluminum. Finally,
both materials are commonly used ; thus, their mech-
anical and thermal properties are well known and
readily available. The relevant material properties are
presented in Table 1.

Two different types of finishes were studied. Some
surfaces were bead-blasted such that a one-dimen-

Table 1. Material properties

Young’s Thermal
modulust  conductivity  Poisson’s
Material (GPa) Wm 'K ratio}
Al 6061-T6 67 (10.3 Mpsi) 200 0.33
CRES 304 270 (30 Mpsi) 16 0.30

tThe values of Young’s modulus and thermal con-
ductivity were obtained from ref. [9]. They correspond to a
temperature of about 35°C.

1 The values of Poisson’s ratio were obtained from ref. [2].
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sional isotropic surface possessing a Gaussian dis-
tribution of heights, slopes and curvatures would
result. Other surfaces were left as ground. These sur-
faces possessed a distinct lay; their surface textures
were strongly anisotropic.

For both of the materials studied three pairs of
specimen surfaces were prepared by bead blasting.
These surfaces were bead blasted using either rela-
tively small glass beads (0.0089-0.015 cm diameter),
medium-sized glass beads (0.0178-0.0249 cm
diameter) or relatively large beads (0.0406-0.0432 cm
diameter). In all instances, the contacting specimens
were of the same material and surface finish.

The ground surfaces were used as follows. One pair
of ground aluminum specimens were placed together
such that their lays were parallel. The second pair
of ground aluminum specimens were placed together
such that their lays were perpendicular. The same
procedure was followed with the ground steel
specimens.

The test procedure will now be discussed. All experi-
ments were performed using this same basic
procedure.

Contact resistance data were obtained for pressures
between 0.16 MPa (23 psi), corresponding to a zero
hydraulic gauge pressure, and about 6.9 MPa (1000
psi). Data were obtained both for first loading, that
is for monotonically increasing pressures from 0.16
MPa up to the maximum pressure, and for the unload-
ing cycles. Sequential measurements were made at
pressures about 0.69 MPa above or below the previous
test pressure.

Eight to ten hours of actual testing were required
to obtain the data for each pair of specimens. The test
column was allowed to equilibrate after each load
change. Equilibrium was assumed to have been
reached when none of the measured temperatures in
the test column deviated by more than 0.1°C over a 5
min period.

While any measurable temperature change implies
that an equilibrium condition has not been reached,
Antonetti and Eid [23] have reported that the steady-
state value of the thermal contact resistance is reached
relatively quickly in comparison to the system as a
whole. This is due to the relatively small thermal
capacitance of the solid-solid interface. Indeed,
Antonetti and Eid report that the time required to
determine the actual contact resistance should be less
than 10 min for measurements being made after
changing only the mechanical load by an incremental
amount (as was done in this series of experiments).

The assumption of steady-state corresponding to a
maximum temperature change of not more than 0.1°C
over 5 min resulted in a ‘transient’ period of between
10 and 50 min for the experiments reported herein.
Thus, the fact that true steady-state was not reached
between load changes should not have introduced
significant errors into the measurements. This point
will be discussed in more depth in the Results section.

Temperatures were written to a floppy disk every 5
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min during each experiment. The gauge pressure as
well as the current and voltage drop across the heater
were input to the computer, and subsequently written
to disk, after steady-state had been reached.

The modified Greenwood and Williamson model,
as presented above, has been used to predict the ther-
mal contact conductance across the experimental
specimens. The predicted and measured values of the
contact conductance have been compared, thereby
allowing one to gauge the applicability of the contact
model.

The first step in the prediction of the TCR across a
given pressed contact is the evaluation of the texture
parameters of the contacting surfaces. In particular,
the zero, second and fourth spectral moments must
be evaluated. A surface profilometer was used to
characterize the surfaces used in this research.

Each of the contacting surfaces was characterized
using the same basic technique. A Dektak 3030 Auto
I1 Profile Measuring System was used to obtain the
surface data. A sampling interval of 2.5 ym was used.
Each profile trace was comprised of 2000 data points.
Thus the scan length of each trace was 5 mm. The
radius of the diamond stylus was 2.5 um. A force of
30 g was used to ensure contact between the stylus and
the surface being measured. All height measurements
were made in angstroms; the height readings were
written to computer data files for subsequent analysis.

Two traces were used to characterize each of the
bead-blasted surfaces. These traces were made in
different areas of the surface ; moreover, the two traces
were made at right angles to one another. Each profile
was analyzed independently; the spectral moments
were determined for cach profile. The resulting
moments were then averaged. The average values of
the two data sets were used to represent the surface.

The ground surfaces were characterized by four
traces of the profilometer. Two traces were taken par-
allel to the surface lay, and two traces werce taken
perpendicular to the surface lay. Again, the spectral
moments were evaluated from each profile. The aver-
age of the two sets of moments obtained from the
profiles taken parallel (perpendicular) to the lay were
used to represent the surface texture parallel (per-
pendicular) to the lay.

The first step in the evaluation of the surface par-
ameters was the determination of the mean profile
height. A least squares line was fit to each set of data
(each individual trace). This line constituted the mean
profile height. No long-wavelength filtering was used
since the long wavelength irregularitics can play a
critical role in determining the thermal contact resist-
ance across a pressed contact {11].

The minimum resolvable frequency of a sampling
process equals twice the sampling interval. Thus, each
profile was subject to a short-wavelength cut-off of
5 pum. There is no physical significance with regards
to thermal contact resistance corresponding to this
short-wavelength limit.

A short-wavelength cut-off relevant to the phenom-

T. McWam and E. MARSCHALL

enon of contact resistance may exist ; however, such
a limit has not yet been determined. The choice of
short-wavelength cut-off might have significant rami-
fications in the evaluation of the second and fourth
moments (and thus the bandwidth parameter) of the
profile power spectral density curve. Sayles and
Thomas [24] have reported that m, and m, can
increase without bounds as the sampling interval is
reduced to zero.

A parametric study has been performed on the sur-
faces studied herein in the hope of deducing the sen-
sitivity of the calculated thermal contact resistance
on the sampling interval. The profile moments and
bandwidth parameter have been evaluated using inter-
vals ranging from 2.5 ym up to 25 um. As previously
mentioned the surface data were obtained using a
sampling interval of 2.5 um. Thus, the sampling inter-
val could effectively be increased by considering every
other, every third, or every nth data point. This was
the technique used.

The following parameters were determined for the
steel surfaces bead-blasted with the smallest beads
(SF1 and SF2) and two of the ground aluminum
surfaces (AG3 and AG4): mg, m,, m,, and o. The
resulting values for the steel specimens are presented
in Table 2. The evaluation of the spectral moments
has been discussed in ref. {20].

Although the parameters do change with the sam-
pling interval, the changes are not too extreme. The
question now becomes how sensitive is the calculated
thermal contact resistance to small changes in the
surface parameters?

The Greenwood and Williamson clastic contact
model was used to determine the thermal contact con-
ductance as a function of the sampling interval. The
surface parameters were substituted into the appro-
priate equations to yield the contact conductance as
a function of sampling interval. The results for SF1
and SF2 are shown in Fig. 2. The conductance values
calculated using the intermediate values of sampling
interval fall between the limiting cases shown in Fig. 2.

The calculated contact conductance varied by less
than 15% as the sampling interval was varied between
2.5 and 25 pm. These results help to alleviate the
problems associated with the short-wavelength fil-
tering of the surface data. As long as a rcasonable
sampling interval is used the errors introduced in the
evaluation of the surface spectral moments will prob-
ably be less than the errors inherent to the mechanical

Table 2. Sum surface spectral moments as a function of
sampling interval for surfaces SFI and SF2

Sampling
interval
(um) 2.5 5.0 10 15 25
my, (um?) 0.77 0.78 0.73 0.67 0.62
m, 0.0093 0.0084 0.0082 0.0082 0.0078
ms (um~3)  0.00065 0.00057 0.00057 0.00060 0.00056
1 5.79 6.30 6.19 5.98 5.71




Thermal contact resistance across pressed metal contacts in a vacuum

30
25+
£ 20
X
Z 151~
© = Sampling interval
A 25pm
0.5 o 25 um
| 1 |
o] 2 4 6 8 10
P (MPa)

Fi1G. 2. Contact conductance C vs contact pressure P as a
function of sampling interval for steel surfaces SF1 and SF2.

model of the contacting surfaces. This conclusion
should be caveated by pointing out that the evaluation
of the parameters of some types of surface finishes
may be much more sensitive to the choice of sampling
interval than the surfaces considered herein (see ref.
[24], for example).

All of the surface parameters used in the theoretical
prediction of the thermal contact resistances across
the experimental specimens were evaluated using a
sampling interval of 2.5 pm. The resulting spectral
moments are presented in Table 3.

RESULTS

The thermal contact conductance across a given
contact was readily determined from the experimental
data. The defining equations for the thermal contact
resistance and conductance have already been pre-
sented. The heat flux through the specimens was the
most difficult parameter to measure.

The heat flow across the interface could be mea-
sured using three distinct methods. The power dis-
sipation by the heater and load cell were measured ;
the sum of these power dissipations equals the power
input into the test column. Also, as discussed above,
a heat meter was constructed so as to allow the deter-
mination of the heat flow out of the test column. The
final method of determining the heat flow through the
test column was to use the specimens themselves as
heat meters.

In practice two different methods were employed to
evaluate the heat flow used in the calculation of the
contact resistance. The aluminum specimens possess
a high value of thermal diffusivity. Consequently the
test column reached equilibrium relatively quickly
during experiments involving aluminum specimens.
During tests of aluminum specimens the value of the
heat flow calculated from the power dissipations of

Table 3. Sum surface texture parameters

Surface pair  m, (um?) m, my (pm~?) 2
AF1/AF2 6.81 0.0522 0.00291 7.27
SF1/SF2 0.765 0.00933 0.000654 5.70
SG1/SG2 1.014 0.00740 0.00103 19.1
SG3/8G4 0.702 0.00248 0.000224 25.6
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the heater and the load cell agreed to within about
2% with the value of heat flow calculated using the
heat meter. This being the case, the value of heat
flow determined using the heat meter was used in the
calculations of the TCR across the aluminum
specimens.

The thermal diffusivity of stainless steel is relatively
low. Thus, the test column required a relatively long
period of time to equilibrate after each load change
during experiments on the steel specimens. As pre-
viously mentioned, Antonetti and Eid [23] have
reported that since the thermal capacitance of a
pressed contact is small, the value of the thermal
contact resistance reaches equilibrium much more
rapidly than does a typical test column designed to
measure the resistance. Turyk and Yovanovich [25]
also support this conclusion.

This being the case, experiments on the steel speci-
mens were terminated before the whole test column
had equilibrated. Antonetti and FEid have dem-
onstrated that when such a procedure is followed the
contacting specimens should be used to monitor the
heat flow across the contact. This is what was done in
this study. The value of the heat flow used in the
determination of the thermal contact resistance of the
contacting steel specimens was found by averaging
the heat flows through the two specimens.

Only the results for four of the ten specimen pairs
will be presented. Results will be presented for the
steel surfaces bead-blasted with the smallest beads
(SF1 and SF2), the aluminum surfaces bead-blasted
with the smallest beads (AF1 and AF2) and the
ground steel specimens (SG1/SG2 and SG3/SG4).
SG1/SG2 were oriented with their lays parallel;
SG3/SG4 were oriented with their lays perpendicular.

Figures 3-6 present plots of the measured and pre-
dicted values of TCC as a function of the nominal
contact pressure for the four specimen pairs specified
above. The first loading data correspond to the first
load cycle seen by the contacting surfaces. Some
degree of plastic deformation of the contacting
asperities is expected to occur during the first load
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cycle. Conversely, one would expect the contacting
asperities to recover elastically during unloading.
The expected hysteresis is apparent in the figures.
The contact conductance at a given pressure is greater
during unloading than during the first load cycle. The
highest, sharpest asperities are plastically deformed
during the first load cycle. Consequently the contact
area, and the contact conductance, at a given pressure
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are greater during unloading. The hysteresis observed
in the figures is not too great; however, one would
expect that the divergence of the first loading and
the unloading curves would increase as the maximum
applied pressure is increased.

This hysteresis can be used to practical advantage.
One can maximize the thermal contact conductance
across a given joint by preloading the faying surfaces
of the joint as much as possible before the final joint
is made.

The third data set presented in each figure cor-
responds to the predicted contact conductance for the
applicable pair of specimens. A least squares line has
been fit to the predicted values. The figures illustrate
that the predicted conductance increases nearly
linearly with contact pressure.

Insight into the applicability of the modified
Greenwood and Williamson elastic contact model
with regards to the contact of strongly anisotropic
surfaces can be gained by comparing the data for the
ground steel specimens.

Although the theory was much less accurate at pre-
dicting the conductance across the ground steel sur-
faces than across the bead-blasted steel surfaces, it
was surprisingly successful. The measured con-
ductance values are greater than the predicted values
for all pressures for both specimen pairs: however,
the differences are relatively small.

One would expect that the theory would be more
successful at predicting the contact conductance
across the bead-blasted surfaces since the contact of
the ground surfaces (strongly anisotropic) was
modeled as the contact of an equivalent isotropic sur-
face against a plane. The GW model does not differ-
cntiate between two contacting ground surfaces whose
lays are parallel and two contaciing ground surfaces
whose lays are perpendicular.

As mentioned in the Introduction, many
researchers have studied contact resistance. This being
the case, a large amount of TCR data has been pre-
sented in the literature. Unfortunately, many different
methods have been employed in an effort to quanufy
the surface texture of the contacting surfaces. The
authors were not able to find published TCR/surfacc
texture data that allow the direct use of the equations
presented above. Snaith et @/ have reviewed several
correlations [9]. They have used these correlations to
estimate the contact conductance across both alumi-
num 6061-T6 and stainless sieel 304 specimens. The
contact conductance values reported herein fall
between the conductance values obtained using the
reported correlations.

UNCERTAINTY ANALYSIS

The accuracy of the measured contact resistance
values will now be estimated. The thermocouples were
all the same type ; moreover, all of the thermocouples
were obtained from the same vendor, This being the
case, although the absolute temperature values may
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not be extremely accurate, the temperature differ-
ences, which are what were utilized in this research,
should be accurate to within about 0.05 K. The pre-
dominant sources of error involve the thermocouple
locations and the magnitude of the heat flow through
the test column.

The thermocouple holes were located axially to
within 0.005 c¢m (0.002 in.) of the nominal hole
location. The holes were approximately 0.013 cm
(0.005 in.) larger in diameter than the thermocouples.
Thus, the maximum off-set from the nominal position
was about 0.011 cm (0.0045 in.).

The second major error source involves the quanti-
fication of the heat flow through the column. As
already discussed, the heat flow was known to within
2% during tests involving the aluminum specimens.

The specimens were used to quantify the heat flow
during experiments on the stainless steel specimens.
Since the value of the specimen conductivity was
obtained from the literature, the heat flows are prob-
ably known to within only about 5% of the calculated
values.

Based on the above reasoning, the largest uncer-
tainty would be associated with either the aluminum
or steel specimen pairs that were bead-blasted with
the smallest beads. The maximum uncertainty cor-
responds to the highest load across the smoothest
specimens, since these conditions result in the smallest
temperature drop across the interface.

The largest uncertainty associated with the
measurements on the smoothest aluminum specimens
varies from +2.8% at ¢.157 MPa to +18% at 7.61
MPa. The largest uncertainty associated with the
measured resistance values across the smoothest steel
surfaces varies from +5.8% at 0.157 MPa to +32%
at 7.98 MPa. All pressures are believed to be accurate
to within 2% of the stated values.

SUMMARY

Thermal contact resistance has been the topic of
many research efforts. Most of the contemporary
models are based on the assumption that contacting
asperities undergo plastic deformations. While defor-
mation during the first few load cycles may be pre-
dominantly plastic, a state of elastic deformation
should be reached after a number of load cycles.

A modified version of the Greenwood and
Williamson elastic contact model has been developed
for use in the prediction of the TCR across pressed
metal contacts in a vacuum environment. The requi-
site surface parameters can be calculated from the
output of a standard stylus profilometer ; moreover,
only commonly known material properties such as
the Young’s modulus, Poisson’s ratio and thermal
conductivity are required to use the model.

The thermal contact conductance across ten pairs
of surfaces in a vacuum environment has been
measured as a function of contact pressure. The the-
ory presented in this paper has been used to predict the

2919

thermal contact conductance as a function of contact
pressure for each pair of specimens. The measured and
predicted values have been presented and compared.

The predictions agree relatively well with the
measurements. The worst-case error was about 75%
of the measured value. In general, however, the error
was less than 25% of the measured value.

Thus, the theory presented herein constitutes a
viable tool for the heat transfer analyst. The theory
is relatively easy to implement and the results are
reasonably accurate.
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RESISTANCE THERMIQUE DE CONTACT ENTRE METAUX COMPRIMES DANS UN
VIDE AMBIENT

Résumé—La conductance thermique de contact est mesurée en fonction de la pression de contact pour dix

paires de surfaces sur un vide environnant. Une version modifiée du modéle de contact élastique selon

Greenwood et Williamson a été utilisée pour prédire la conductance de contact. Les valeurs mesurées

et prédites sont présentées et comparées. L’écart est généralement inférieur a 25% pour les surfaces

isotropiquement rugueuses et inférieur a 50% pour les surfaces fortement anisotropes. Ainsi la théorie

présentée constitue un outil viable pour une analyse du transfert thermique. La théorie est relativement
facile 4 exploiter et les résultats sont raisonnablement précis.

THERMISCHER KONTAKTWIDERSTAND UBER VERPRESSTE METALLISCHE
KONTAKTE IN EINER EVAKUIERTEN UMGEBUNG

Zusammenfassung—Die thermische Kontaktleitfihigkeit wird in Abhdngigkeit vom Kontaktdruck {ir 10
Oberflichenpaarungen in einer evakuierten Umgebung gemessen. Zur Vorausberechnung der Kon-
taktleitfahigkeit in Abhdngigkeit vom Kontaktdruck fiir jede einzelne Paarung wird eine modifizierte
Version des elastischen Kontaktmodells nach Greenwood und Williamson benutzt. Gemessene und bere-
chnete Werte werden vorgestellt und verglichen. Die Rechenwerte weichen im allgmeinen fiir isotropisch
rauhe Oberflidchen um weniger als 25% von den MeBwerten ab, bei stark anisotropen Oberflichen sind
dies 50%. Die vorgestellte Theorie erweist sich auf diese Weise als ein sinnvolles Werkzeug fiir die
Analyse des Wirmeiibergangs. Sie ist relative einfach anzuwenden, und die Ergebnisse zeigen brauchbare
Genauigkeit.

TEINJIOBOE KOHTAKTHOE COIMTPOTUBJIEHHUE B METAJUTMYECKHUX KOHTAKTAX
o] JABJIEHHEM B YCJIOBUAX BAKYYMA

Amnotammus—M3mepanace KOHTaKTHAA TETJIONPOBOAHOCTD Kak (YHKUMS AaBlCHMS Ui ACCATH Hap
HOBEPXHOCTEH B ycloBMAX Bakyyma. [lnd ompelieicHH# KOHTAKTHOM TENJIONPOBORHOCTH KaX/oif mapel
0bpa3nop npumerIca MoaubHUHMPOBAHbIH BApHAHT MOJENM ynpyroro kodTakra ['puHByaa ¥ BuibaMm-
coda. IlpmBonsTcs M CpaBHHBAKOTCA JKCIEPHMEHTANbHbLIE M pAacyeTHHIE pPe3yabTaThl PacxoxmeHue
MEXY HHMH COCTABJISET NPHOJIH3HTENRHO 25% B Clly¥ae H3OTPONHBIX LIEPOXOBATHIX MOBEPXHOCTEH U
50% mns culbHO aHM3OTPONHBIX nosepxHocTell. Manoxkeruas teopus npencrasaset coboit sddexTun-
ueif cnocof aHanmsa TervonepeHoca. OHa OTHOCHTENBLHO NPOCTA B HCHONB30OBAHHUE, H TMOJIYYCHHBIE HA
€€ OCHOBE Pe3yJIbTATH ABJIAIOTCA AOCTATOMHO TOYHBIMHE.
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