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The thermal contact conductance of coated, contacting aluminum 6061-T651 surfaces was studied experi-
mentally. Four different coating materials, copper, silver, a phase mixture of copper-carbon, and a phase
mixture of silver-carbon were evaluated using four different surface roughnesses for each coating material. All
of the samples were tested at contact pressures of 125, 250, 375, and 500 kPa. The test results of thermal contact
conductance are presented in terms of coating thickness, surface texture, and properties of the coating materials.
Using the experimental data, dimensionless expressions were developed that relate the contact conductance of
the phase mixture and pure coatings to the coating thickness, the surface roughness, the contact pressure, and
the properties of the aluminum substrate. The effects of the surface roughness and of the phase mixture of the
coatings on the thermal contact conductance were investigated. In addition, the load cycling effect on the thermal
contact conductance was examined for bare aluminum 6061-T651 specimens.

Nomenclature
c, = Vickers microhardness coefficient
c2 = Vickers microhardness coefficient
e = surface asperity slope
H = microhardness of uncoated specimens, Pa
H' = microhardness of coated specimens, Pa
Hm = hardness of the surface of a layer, Pa
h = thermal contact conductance without a coating

layer, W/m2K
h' = thermal contact conductance with a coating layer,

W/m2K
h(. = overall contact conductance, W/m2K
k = thermal conductivity, W/mK
k' = harmonic mean thermal conductivity, W/mK
P — contact pressure, Pa
Ra = arithmetic average roughness, fjum
T = temperature, K
t = coating layer thickness, /mm
/3 = coefficient of linear expression
a = surface roughness, ^m

Introduction

I N recent years there have been significant advances in
theoretical and experimental correlation models used to

predict the thermal contact conductance across bare junc-
tions. Models and correlations suitable for selected conditions
and geometries have been developed. The current theories
can predict, with moderate accuracy, the temperature drop
across a metal interface or the thermal contact conductance
of flat, rough contacting uncoated metallic surfaces, provided
that basic thermophysical properties are known.1

When two surfaces are brought into contact, a relatively
high thermal resistance occurs because an imperfect junction
exists. Several interstitial techniques can enhance the heat
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transfer across the bare joint, such as the application of a
thermal grease to the contacting surfaces, insertion of a soft
metal foil in the interface, or coating one or both of the
contacting surfaces. Clearly, these enhancement techniques
will be relative, in part, to bare contacts. Numerous investi-
gations have focused on the enhancement of thermal contact
conductance using interstitial techniques.2 Thermal grease ap-
plication may be the most desirable of these three techniques
for general applications. However, there is the possibility of
contaminating other sensitive components nearby. Metal foils
should be very soft and very thin. Conceptually, soft metallic
coatings have several desirable characteristics, such as ease
of handling. Hence, the use of metallic coatings appears to
be suitable as a candidate for applications such as electronic
and spacecraft system thermal control because of the limi-
tations of contamination by greases and handling difficulties
of the thin foils.

In the past decade, as the size of electronic components
has decreased, greater importance has been placed on the
application of advanced thermal control techniques. The im-
provements in microelectronics and ultra large scale integra-
tion (ULSI) techniques caused the number of devices at the
chip level to increase from 10 to 100,000 devices/chip. The
circuit power has also grown to accommodate faster circuit
speeds.3 Hence, the heat flux levels within these devices have
increased by several orders of magnitude. The heat generation
within the high density devices such as multichip modules,
multilayer printed-circuit boards, and integrated circuit chips,
will cause thermal failure4 if some appropriate techniques to
solve these problems are not found. Therefore, design con-
sideration to reduce the interface resistance is highly desirable
since this resistance results in increased operation tempera-
tures. In an effort to find the thermal contact resistance of
the bonding materials in the bonded joint for silicon chips,
Peterson and Fletcher5 conducted an experiment that evalu-
ated seven conducting epoxies with thermal conductivities
ranging from 0.27 to 1.93 W/mC, in contact with ground alu-
minum 6060-T6 surfaces. An expression for predicting the
overall joint resistance was developed. Eid and Antonetti6

designed a small-scale experiment to measure the thermal
contact resistance of aluminum in contact with silicon. A 2-
x 2-mm aluminum test section was made and the contact
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pressure was varied from 27 to 500 kPa. The results showed
agreement with correlations developed by Yovanovich.7

One of the effective techniques to improve the thermal
performance and reliability of microelectronic systems is to
enhance the heat transfer at interfaces between the substrate
and mold compound materials. Several techniques of thermal
enhancement for electronic systems are suitable for increasing
the thermal contact conductance of microelectronic compo-
nents. Fletchers divided these techniques into four major cat-
egories: 1) grease and oils, 2) metallic foils and screens, 3)
composite materials, and 4) surface treatments (coatings).
These techniques have distinct physical and chemical com-
position.

For a coated joint, a model using an effective hardness and
effective thermal conductivity was proposed by Antonetti and
Yovanovich.9 The model for the thermal contact conductance
of the joint with two coated surfaces was given as

h' = h(H/H')"M[(ki + k2}l(k2C, + k{C2)] (1)

The results from this model were shown to compare quite
well with their experimental data. Two-surface coatings were
compared to one-surface coatings by Chung et al. I ( ) for alu-
minum, lead, and indium coating materials. The thermal con-
tact conductance was found to vary from 0 to 500% of the
uncoated value, depending on the contact surface character-
istics. Fletcher et al.11 developed a dimensionless correlation
for the thermal contact conductance of multilayered metallic
sheets. The experimental data were obtained using aluminum
samples whose thicknesses ranged from 0.035 to 0.3074 cm
for contact pressures of 0.689-10.34 MPa. The resulting
expressions were presented as a function of dimensionless
parameters for the layer material, apparent contact pressure,
and mean junction temperature. The correlation is

(hct/k) = 40,000(/3r)(P//4,)1 1S (2)

for thick gauge samples (2.896-3.056 mm thickness) and

(h,tlk) = 2,500(/3r)(P///,;,)()t)7 (3)

for thin gauge samples (0.305-0.457 mm thickness).
Kang et al.12 conducted an experiment to investigate the

coating effect on the thermal contact conductance for turned
surfaces. Three different materials, lead, tin, and indium,
were evaluated using four different coating thicknesses, and
the results verified that an optimum coating thickness existed.
However, the effect of surface roughness on the enhancement
of the thermal contact conductance was not examined.

Thermal Contact Conductance Evaluation
In order to determine the thermal contact conductance of

the phase mixture copper-carbon/silver-carbon and pure cop-
per/silver coatings, an experimental investigation was con-
ducted. Specimens were tested with four different surface
roughnesses, polished, turned, blasted-smooth, and blasted-
rough, with 0.19 to 0.45 fjum coating thickness. Profilometer
measurements of the contacting surfaces indicated the average
surface roughness ranged from 0.18 to 7.92 fmm using a Per-
thometer model C5D made by Feinprueft Corporation. Per-
tinent test specimen characteristics are shown in Table 1.

Experimental Facility
A series of static tests have been made to determine the

effects of surface characteristics and contact pressures on var-
ious coating materials. A schematic of the test setup is shown
in Fig. 1. Two samples, with their coated surfaces facing to-
gether, are placed in vertical alignment with the two heat flow
meters. Each heat flow meter, which is made of 304 stainless
steel, is approximately 10.16 cm long and 2.54 cm in diam.
Four 1.27-cm-deep and 1.59-mm-diam holes were drilled per-
pendicular to the axes of each heat flow meter to accom-

Table 1 Surface characteristics of test specimens
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Fig. 1 Schematic diagram of measurement and control system.

modate thermocouples. Upon installation of these thermo-
couples, a thermal grease was used to fill these holes. Figure
2 shows the exact flow meter dimensions and the locations of
the thermocouple holes, as well as the heat flow meter po-
sitions relative to the test samples. The combination of the
heat flow meters and the samples may be referred to as the
"test stack."

A heating and cooling system was employed to create a
one-dimensional, steady heat flow across the test interface in
this thermal test. The heat flow was supplied to the top of
the test stack, with an electrical resistance heater. Axial heat
loss out the top was controlled by inserting an insulating spacer
between the heater and the upper support plate. The tem-
perature at the interface was maintained constant using a
thermocouple controller. The cooling system was placed at
the bottom of the test stack. An open-loop cooling water
system was used. Contact pressures were applied with a push-
rod attached to a pneumatic pressure cylinder that activated
a bellows. The entire vertical system, which includes the heater,
heat flow meters, test samples, and heat sink was placed on
this bellows. The force present in the stack was measured with
a calibrated device consisting of a load cell, transducer, air
cylinder, and the base plate. This air cylinder was activated
gradually to avoid impact forces that might damage the coat-
ing layer. The heater, cooler, heat flow meters and samples
were checked for alignment. All tests were conducted in a
vacuum created by a vacuum pump and bell jar arrangement
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Fig. 2 Schematic of test column.

capable of reaching 0.2 T, which is well below the minimum
required vacuum of 1 mm Hg for eliminating convective heat
transfer.13

Experimental Procedure
The initial experimental tests were conducted to examine

the thermal contact conductance of test specimens with coat-
ings compared with those without coatings. The uncoated
samples were tested first to establish a baseline of thermal
contact conductance values for each coating pair. The exper-
imental procedure for all of the thermal tests was as follows:
using acetone and a lint free cloth. Clean each secondary
surface of the specimen and the primary surface of both heat
flow meters. Carefully place the specimen pair between the
heat flow meters and test alignment of the vertical stack.
Reseat the bell jar on the vacuum base. Approximately 6 h
were needed to outgas the specimens and to achieve a stable
vacuum level. Test runs were performed at an average inter-
face temperature of 60 ± 2°C. The heat flux through the
interface was considered to be the mean of the thermal fluxes
through the heat flow meters. The heat flux of upper heat
flux meter was typically estimated 18% higher than the lower
heat flux meter. The thermal contact conductance was then
computed from the average heat flux divided by the temper-
ature drop at the interface. To determine the temperature
drop at the interface, the upper and lower temperature gra-
dients were extrapolated to the upper and lower primary sur-
faces of the specimens, respectively. For each test specimen
pair, the contact loading pressure was increased from ap-
proximately 125 to 500 kPa, and back to 125 in 125 kPa
increments.

An experimental investigation is not complete without es-
timation of the uncertainties associated with the measured
values. Using the uncertainty resulting from the thermocouple
accuracy and extrapolation of the temperature gradients, the
overall experimental uncertainty was estimated to be ±8%.

Results and Discussion
The results of the experimental test program for uncoated

samples are presented graphically in Fig. 3, showing the ther-
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Fig. 3 Uncoated test results.

mal contact conductance as a function of the contact pressure.
Another important phenomenon of contact conductance dur-
ing the experimental process is the load cycling, which is also
demonstrated in Fig. 3. Load cycling can produce an "ed-
dying-in" effect, causing the real area of contact to increase
and, thereby, increasing the contact conductance. It is ap-
parent from Fig. 3 that, in a descending contact pressure
process, the thermal contact conductance is always larger than
that in an ascending contact pressure process. The initial load-
ing produced a plastic deformation of the surface contacts.
Thus, when the contact pressure is decreased, the thermal
contact conductance is higher than the previous value at the
same contact pressure. As expected, the results for the four
pairs are different due to the minor variations in the surface
characteristics of the contacting surfaces, listed in Table 1.
Smoother coating surfaces with lower average roughnesses
had higher thermal contact conductance. Therefore, the val-
ues of uncoated joint thermal contact conductance of polished
specimens are larger than turned specimens. Also, smooth-
blasted specimens have larger thermal contact conductance
than rough-blasted specimens.

Figures 4a-4d show magnified photographs of the alumi-
num specimens before and after applied contact pressure: 4a
shows the polished surface magnified 800 x before applying
the contact load, 4b shows the polished surface magnified
800 x after applying the contact load, 4c is the blasted-rough
surface magnified 200 x before applying the contact load, and
4d is the blasted-rough surface magnified 200 x after applying
the contact load. These figures illustrated the surface char-
acteristics resulting from different surface treatments. Clearly,
the surface roughness in Fig. 4b is much less than in Fig. 4a,
due to the cycling contact pressure applied to the surface. In
Figs. 4c and 4d, a random distribution of concave spots was
observed and it is hard to distinguish the surface character-
istics before and after applied pressure by observations due
to the light contact pressures applied on a very rough surface.
Figures 4a and 4b are polished surfaces that have fewer con-
cave spots than blasted surfaces shown in Figs. 4c and 4d.
When two blasted surfaces are brought together, the area of
contact spots is much larger than that for polished surfaces.
Thus, the thermal contact conductance of blasted surfaces is
higher than that of polished surfaces by a factor 1.3-2.5,
depending upon the contact pressure and surface topography.

The aluminum 6061-T651 specimens coated with four dif-
ferent materials, pure copper, copper-carbon, pure silver, and
silver-carbon, were put in contact with uncoated specimens
and thermally tested in a vacuum. Figure 5 illustrated the
results of the experimental investigation for both pure copper
and copper-carbon coatings. As can be seen with all of the



CHUNG AND SHEFFIELD: CONDUCTANCE OF COATED JUNCTIONS

Fig. 4 Photographs of the aluminum surface before and after loading,
Ra = 0.18 /urn for a) and b) and 7.92 /*m for c) and d).
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curves, there is an increase in the contact conductance with
increase in the contact pressure. Excluding the polished sur-
face samples the pure copper coatings improved the contact
conductance over the copper-carbon phase mixture coatings
by 10-20%, depending upon the surface roughness and ap-
plied contact pressure. This can be attributed to the low ther-
mal conductivity and high microhardness of carbon. Although
the polished surface did not show the same trend as the other
specimens, the values of contact conductance of pure copper
and copper-carbon phase mixture coatings are very close. This
slight deviation is believed to be caused by some significant
scratches of the coated surface of the pure copper samples.
This data is also compared with data from Ochterbeck et al.,14

who reported enhancement using 51-^m-thickness copper foil.
The surface roughness of the tested pair of aluminum was
similar to the turned surface specimen used in this investi-
gation, with a value of near 0.4 ^cm. It is important to note

that the thickness of the copper foil is two orders of magnitude
larger than that of the pure copper coatings.

The most significant improvements in thermal contact con-
ductance occurred with turned surface coating specimens. It
is believed that the results of the surface roughness and the
coating thickness are of the same order of magnitude as for
the turned surface specimen. Smooth-blasted and rough-blasted
specimens produced similar results of increasing the contact
conductance. However, the rough-blasted coating surface
produced higher contact conductance than the smooth-blasted
coating surface by a maximum of 20 and 14% for the copper-
carbon and pure copper coatings, respectively. When the coat-
ing thickness was much larger than the surface roughness, the
thermal contact conductance always decreased with increasing
coating thickness, as in the case of polished surface specimens.
The experimental results indicated that it did not significantly
enhance the thermal contact conductance. An opposite effect
can be obtained when the surface roughness is much larger
than the coating thickness.

The pertinent test results of the pure silver and phase mix-
ture silver-carbon coatings are shown in Fig. 6. The experi-
mental data follow the same trend observed in the previous
test, that the contact conductance increases with increasing
contact pressure. Also, the thermal contact conductance of
pure silver coatings are varying from 1.1 to 2.6 times higher
than those of phase mixture silver-carbon coatings. Close ex-
amination of Fig. 6 reveals that the experimental data ap-
parently consisted of two different groups: 1) one consists of
polished and turned surface specimens and 2) the other con-
sists of blasted surface specimens. It is believed that different
surface characteristics are the major reason for causing two
different data groups. Thermal contact conductance of blasted
surface specimens is higher than that of the polished and
turned surface specimens in both pure silver and phase mix-
ture silver-carbon cases. Because the surface roughness and
coating thickness are not identical in all copper and silver test
specimens, the sequence of the contact conductance, from
high to low, of the copper specimens is not the same as for
the silver specimens with the same surface textures. In sum-
mary, the pure silver coatings obtained a contact conductance
higher than the pure copper coatings by an average of 49%,
and higher than the phase mixture copper-carbon coatings by
an average of 68%. Furthermore, the silver-carbon coatings
have an average contact conductance 1.8% less than pure
copper coatings, but they have an average contact conduc-
tance 7.5% higher for phase mixture copper-carbon coatings.
The high thermal conductivity value of silver might be the
most important parameter for enhancing the thermal contact
conductance. In Fig. 7, correlations based on an evaluation
of the experimental data, including phase mixture copper-
carbon and silver-carbon coating layer were proposed. Simple

+ Ra=0.29,t=0.23 ju,m for Ag and Ra=0.31 ,t=0.18 /xm for Ag-C
x Ra=0.45,1=0.23 jum for Ag and Ra=0.35,t=0.1 8 jum for Ag-C
* Ra=3.16,t=0.24 jum for Ag and Ra = 2.89,t=0.39 jum for Ag-C
• Ra=4.38,t=0.24 pm for Ag and Ra=4.43,1=0.39 jum for Ag-C

I 2.00^

pure silver
— ._. ._ _ — — silver—carbon

150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

Contact Pressure (kPa)

Fig. 6 Thermal test results for pure silver and silver-carbon speci-
mens.
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Fig. 7 Dimensionless contact conductance with the proposed corre-
lation for copper-carbon and silver-carbon specimens.

correlations have been deduced to predict the dependence of
dimensionless thermal contact conductance on the surface
roughness, surface asperity slope, microhardness, contact
pressure and the thermal conductivity of aluminum substrate.
In addition to the individual expression for the pressure-de-
pendent thermal contact conductance as a function of pres-
sure, a dimensionless correlation that relates dimensionless
contact conductance to the dimensionless contact pressure
was developed. All the experimental data obtained were first
converted to consistent SI units and then nondimensionalized.
All data points for copper-carbon and silver-carbon coating
layers are shown plotted on a log-log basis. As illustrated in
Fig. 7, a linear regression analysis of the data revealed the
following relationship between the variables for copper-car-
bon coatings:

(h't/ek')((T/t)»-™7 = 1.5 x 10 4(P///')<)()33 (4)

with a rms percent difference of 18.2%. The dimensionless
contact conductance results of phase mixture silver-carbon
coatings are also illustrated in Fig. 7, and the correlation can
be expressed as

(h't/ek')((r/t)»'™ = 4.8 x 10 (5)

with a rms difference of 15.4%.
As shown in Fig. 7 these dimensionless correlations predict

the thermal contact conductance for the four surface rough-
nesses over a dimensionless contact range with a reasonable
degree of accuracy.

To better understand the relative significance of the im-
provement in the thermal contact conductance, the thermal
contact conductance ratio of pure material coatings are com-
pared with phase mixture coatings. Figures 8 and 9 compare
all the test data for thermal contact conductance ratio, defined
as the thermal contact conductance of the coated interface
with that of the uncoated interface. As shown in Fig. 8, the
turned surface specimen had the highest thermal enhance-
ment over the pressure range tested in both pure copper and
phase mixture specimens. The pure copper coating obtained
higher enhancement than the copper-carbon phase mixture
coating in most cases, except for polished surface samples.
The reason could be that the pure copper coatings have flaws
such as scratches that might damage the coating surface and
increase the thermal contact resistance. The same phenom-
enon was observed in Fig. 8, the turned surface specimens
had the highest thermal enhancement for pure silver coating
specimens. However, the blasted-rough specimens produced
higher dimensionless contact conductance than turned surface
specimens for phase mixture silver-carbon coatings. As ex-

+ Ra=Q.29,t=0.19 yLtm for Cu and Ra=Q.23,t=0.25 jitm for Cu-C
* Ra=0.43,t=0.19 ju,m for Cu and Ra=0.39.t=0.45 jam for Cu-C
* Ra=4.25,t=0.24 ^m for Cu and Ra=2.53,t=0.45 /zm for Cu-C
* Ra=5.03,t=0.24 yum for Cu and Ra=5.Q2.t=0.25 fj,m for Cu-C
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Fig. 8 Thermal contact conductance ratio for pure copper and cop-
per-carbon specimens.
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Fig. 9 Thermal contact conductance ratio for pure silver and silver-
carbon specimens.

pected, the pure silver coatings produced higher thermal en-
hancement than phase mixture silver-carbon coatings in all
cases. Although the thermal contact conductance of a pure
coating layer is higher than that of a phase mixture coating
layer, the adhesion strength reported by Chung et al.15 can
obtain 20-240% improvement in the thermal contact con-
ductance at the interface by phase mixture coatings. A general
trend can be observed that all the coated test specimens de-
crease the thermal contact conductance ratio with increasing
contact pressure. It is particularly true of the low contact
pressure range results where variability is often encountered.
Thus, from the experimental data, no definite conclusion re-
garding how effective different surface characteristics might
affect the contact conductance can be made for a phase mix-
ture coating under light contact pressure.

Conclusions
The use of metallic coatings to enhance thermal contact

conductance has been studied experimentally. In this inves-
tigation, both primary surfaces of each pair of specimens were
coated with a pure copper/silver or a phase mixture of copper-
carbon/silver-carbon layer. The load cycling effect was ex-
amined and, as expected, the thermal contact conductance
can be increased by cycling the load. Correlations have also
been presented to predict the dimensionless thermal contact
conductance of phase mixture copper-carbon and silver-car-
bon coating layers. Enhancement of thermal contact con-
ductance proved greater with turned surface specimens. This
is because the surface roughness and coating thickness were
the same order of magnitude. The thermal contact conduc-



334 CHUNG AND SHEFFIELD: CONDUCTANCE OF COATED JUNCTIONS

tance of blasted specimens was not enhanced as might have
been expected, since the surface roughnesses were much larger
than the coating thicknesses. The improvement of the thermal
contact conductance for pure copper coatings was greater than
copper-carbon phase mixture coatings by a factor of 1.1-1.3,
and for pure silver coatings was greater than silver-carbon
phase mixture coatings by a factor of 1.1-2.6. Although the
thermal performance of pure material coatings is better than
phase mixture coatings, the pure material coating layer may
sacrifice robustness for thermal performance, or vice versa,
depending on their required duty and life cycle. The phase
mixture coating layer may indeed provide an excellent choice
for some specific long-life requirements under conditions of
repeated loads.
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