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Abstract

Al2O3/Al–AlN is a metal matrix composite (MMC) used for making heat sink of electronic devices. This paper presents the de-

tailed investigations carried out on thermal contact resistance across this MMC contact in vacuum at different contact pressures.

The experimental results are compared with the theoretical models available in the literature for metallic contacts and they are found

to be in good agreement with each other.
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1. Introduction

The progress and developments in the materials tech-

nology have resulted in several new materials like metal

matrix composites (MMCs) designed to suit specific re-

quirement. MMCs possess the combined properties of
metals as well as the ceramics. These MMCs are charac-

terized by some excellent mechanical properties (high

mechanical strength and low weight) and thermal prop-

erties (high thermal conductivity and low thermal ex-

pansion), which make them a suitable candidate for

thermal management applications. Heat sink used in

electronic devices is an example for Al2O3/(Al–AlN)

metal matrix composites. A lack of knowledge concern-
ing the characteristics of these new materials often

hinders their wider utilization. Thus the need for deter-

mination of the properties like thermal conductivity and

thermal contact conductance arises often.
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When two solid surfaces are brought into contact

with each other for the purpose of transmitting energy

in the form of heat, the interface formed between them

is known as a contact. An extra resistance offered at

the interface, when heat transfer takes place across the

interface, is known as thermal contact resistance (Rc).
Thus Rc=DT/Q and the thermal contact conductance

hc=Q/AaDT, where Q is the heat flow rate, DT is the in-

terface temperature drop andAa is apparent contact area.

Mikic [1] investigated theoretically the effect of mode

of deformation on the predicted values of thermal con-

tact conductance and suggested a correlation for plastic

and elastic deformation. Sridhar and Yovanovich [2]

proposed an elasto-plastic contact-conductance model
for isotropic and conforming rough surfaces. Jeng

et al. [3] studied the effect of mode of deformation of

surface asperities on thermal contact conductance.

Aikawa and Winer [4] measured the thermal contact

conductance across sintered silicon nitride disk type

contacts and observed that the thermal contact conduc-

tance is proportional with the applied contact pressure

when their logarithmic values are plotted. Chung et al.
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[5] conducted experiments on Aluminum (6061-T651)

substrates coated with Cu, Al, Al plus Cr and Iron car-

bide and observed that the contact conductance is high-

er with Al plus copper coated contacts than the other

three coated contacts. Lambart and Fletcher [6] mea-

sured the thermal conductivity of graphite fiber rein-
forced aluminum and copper metal matrix composites.

Rao et al. [7] measured the thermal contact resistance

across Al12%Si10wt%SiCp MMCs.
2. Experimentation

The experimental setup (shown in Fig. 1) consists of a
contact conductance cell, a hydraulic loading unit, a

heating circuit, a cooling circuit, a vacuum system and

instrumentation. The test column assembly consists of

a pair of heater-cooler blocks, test specimens, heat flux

meters made of OFHC copper and a ball-cone seating ar-

rangement on either side. The heater–cooler block can be

used either as a heater or as a cooler. A triple-walled

chamber made of SS304 accommodates the test column
and is designed to withstand a vacuum of 5·10�6 Torr.

Loading system consists of a hydraulic power pack, a hy-

draulic jack, a compression-type load cell, and a digital

load indicator. The test setup is equipped with the neces-

sary instrumentation like electrical wattmeter, vacuum

gauges, data acquisition system etc., for the measure-
Fig. 1. Experime
ment of various parameters. Detailed description of the

complete test set up is given in [8].

Al2O3/Al–AlNMMC is prepared by pressure less infil-

tration of Al–6Mg–6Si–0.3Fe alloy into porous preforms

of alumina. The preforms aremade by uniaxially pressing

the alumina powder (average size 23 lm) into cylindrical
shapes of 25mm diameter and sintering at 1300 �C for 2 h

to a theoretical density of 55%. For heat treatment these

performs were placed over the alloy billet in a graphite

crucible and the whole assembly was in turn placed in a

tube furnace. The furnace temperature was raised to

900 �C and maintained there for 8 h to allow for the com-

plete infiltration of the preforms by the alloy and furnace

cooled to the room temperature.
Each specimen is ground on a machine to a cylinder of

25 mm length and 25 mm diameter. The form ratio

(length to radius) of the sample is 2. Three holes, to ac-

commodate thermocouples, at a distance of 6.25 mm

are drilled in each specimen along the radial direction

to a depth of 12.5 mm from the surface. The hole

diameter is 1.2 mm and therefore, the hole depth to di-

ameter ratio is 10. The surfaces of the specimens are pre-
pared with fine polished paper. The specimen surfaces

are cleaned in an ultrasonic bath to remove the dirt

and they are further cleaned with acetone and then with

isopropyl alcohol. The surface characteristics (rms

roughness-r, and mean absolute slope-m) of two con-

tacting surfaces are measured using a stylus based Form

Talysurf-5 instrument and the values are given below:
ntal setup.



Specimen-1
 r=0.5787 lm
 m=0.0333
Specimen-2
 r=0.5637 lm
 m=0.1933
Fig. 2. Variation of thermal conductivity with temperature.

Fig. 3. The variation of interface temperature drop and the heat flow

rate with contact pressure.
Before mounting the specimens in test column, the

micro-hardness of material is tested using a Vickers mi-

cro-hardness tester (HMV 2000 Shimadzu). Thermal
grease is applied to all the interfaces except for the test

interfaces in order to enhance the heat transfer through

the test column. The specimens and the heat flux meters

are inserted in a Teflon tube to ensure axial alignment

as well as to reduce the radial heat losses. Thermocou-

ple junctions are fitted in the hole drilled on the test

specimens and the heat flux meters using a heat sink

compound. The experimental procedure followed is as
follows: The contact conductance cell and is evacuated

to a pressure of 10�5 Torr after mounting the test col-

umn inside it. The hydraulic pump is started. The sole-

noid valve that acts as a pressure switch is dethrottled.

The load indicator is energized and adjusted to read ze-

ro with no load. The solenoid valve is throttled to in-

crease the pressure on the samples. The entire system

is kept on for 12 h and is allowed to reach the steady
state condition. Data were taken when the test specimen

temperatures did not vary by more than 0.2 �C over a

one-hour period. These data were used to determine

the temperature gradients and the heat flux in the test

specimens. Then the heater current is increased to a

higher value such that the heat flux through the test col-

umn increases. This procedure is repeated to find the

thermal conductivity of the specimens at various mean
bulk temperatures. The heat flux values in the heat flux

meters can be calculated using the temperature gradient

obtained by a linear least squares fit and the thermal

conductivity of the heat flux meter material. Fourier�s
law of heat conduction is used to determine the thermal

conductivity of the test specimens from the measured

heat flux and the known specimen dimensions. The

top heat flux meter gives the heat supplied to the test
specimen and the bottom heat flux meter gives the heat

removed from the test specimen. It is observed that the

heat flux in the top flux meter is more than that in

the bottom flux meter. This is due to the radiation from

the column. For all heat inputs, the heat flux values ob-

tained from the two-heat flux meters differed by less

than 3%. This shows that the heat flow in the test col-

umn is nearly one-dimensional and the radial conduc-
tion heat losses are negligible. For calculations, the

average heat flux value is used. The effect of the applied

contact pressure on the test interface is studied by in-

creasing the load in steps of 100–1000 kg. The steady

state temperature values are recorded for every load.

Thus the experiments were conducted across MMC

contacts in vacuum by varying the contact pressure as

well as varying the heat input for each value of contact
pressure.
3. Results and discussion

Thermal conductivity of Al2O3/Al–AlN (MMC) at

different temperatures is shown in Fig. 2. These mea-

sured values are as per the following correlation

kðW=m KÞ ¼ ½�0:0591�T þ 57:62; 40 �C < T < 150 �C

Thermal conductivity of MMC decreases marginally

with the increase in temperature up to 150 �C. Lambart

and Fletcher [6] reported that the thermal conductivity

of graphite fiber reinforced aluminum and copper metal

matrix composites do not vary with temperature in the

range 20–146 �C.
Fig. 3 shows the variation in interface temperature

drop and heat flow rate in the test column with contact

pressure. The interface temperature drop decreases with

contact pressure whereas the heat flow rate almost re-

mains constant.

In order to compare the experimental data on ther-

mal contact conductance with the theoretical models, a

graph between dimensionless contact conductance ver-
sus dimensional contact pressure is plotted and shown

in Fig. 4. The contact conductance is made dimension-

less by multiplying with the surface roughness (r) and



Fig. 6. Variation of thermal contact conductance with interface face

temperature.
Fig. 4. Comparison of experimental and theoretical values of contact

conductance.
dividing it with mean surface slope (m) and thermal

conductivity of the sample (k). The contact pressure

is also presented in a dimensionless form by dividing

the contact pressure (P) with the material hardness

(H). The measured thermal contact conductance values

are higher than both the theoretical model values at
low contact pressures and in good agreement at high

contact pressures. It is requisite to mention here that

the theoretical models given in [1,2] are derived for me-

tallic contacts and many researchers have found that

these are more accurate at higher contact pressures.

Both the models tend to under predict the thermal

contact conductance values at relatively low contact

pressures.
Figs. 5 and 6 show the variation of thermal contact

conductance with heat flow rate and mean interface

temperature, respectively. TCC exhibits a weak depen-

dence on the heat flow rate and consequently on the

mean interface temperature. This is because the inter-

face temperature drop (DT) also increases with the in-

crease in heat flow rate and thereby the mean interface

temperature. This rise in DT counter acts for the rise
Fig. 5. Variation of thermal contact conductance with heat flow rate.
in heat flow rate and results in a relative invariance

in TCC. Hence, it can be concluded that the TCC is

independent of thermal conductivity of the contact

material.
4. Conclusions

The experimental investigations conducted on Al2O3/

Al–AIN MMCs show that thermal contact conductance

increases, as a function of contact pressure and it is a

weak function of mean interface temperature. The theo-

retical models suggested for metallic contacts can be

used for predicting the thermal contact conductance of

Al2O3/Al–AIN metal matrix composites with reasonably
good accuracy.
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