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A~a~-~~ent investigator have reported that the magnitude of jnterface conductance of certain 
dissknitar metals is dependent on heat flow direction. In the present paper, previous conflicting results 
concerning this directional effect in staintess steel-alurn~n~ interfaces are resolved b~showi~g the direc- 
tional effect phenomenon to be dependent upon interface surface conditions, i.e. flatness and roughness. 
Experimental evidence which demonstrates thus dependency is given, and models to explain the pheno- 

menon are presented. 
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distance between temperature mea- 
surements [in] ; 
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V, VI, 
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upper specimen ; 
lower specimen ; 
interface ; 
test specimen. 

1. INTRODUCTION 

AT THE interface of any two metals in contact 
there is encountered a temperature drop, AT. 
This temperature drop, due to interface imper- 
fections which prevent a perfect matching of 
the surfaces, is associated with the interface 
contact resistance, R. The interface conductance, 
a reciprocal function of the contact resistance, 
is used more often in the literature. The interface 
Condu~taR~e, H, is defined by : 

H 
1 Q” 

z- =----* 
RA AT 

Ideally, the ‘temperature drop across an 
interface is zero, and this vaiue is used in 
many engineering problems. There are certain 
applications, though, such as the design of space 
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vehicles, where a high degree of accuracy is 
required in determining the temperature distri- 
bution. In these cases, accurate knowledge of the 
nature of interface conductance becomes a 
critical design factor. 

Recent investigations, many of them in 
support of space vehicle design projects, have 
been carried out to determine the nature of 
interface conductance of certain metal to metal 
joints, the metals being stainless steel, aluminum 
and aluminum alloy. One of the most interesting 
phenomena that has been observed in these 
investigations is the dependency of interface 
conductance on the direction of heat flow at the 
interface of dissimilar metals. 

This paper is concerned with a study of this 
directional effect. It is shown that the divergent 
results of various investigators can be explained 
in terms of the two surface parameters surface 
flatness and surface roughness. Clausing and 
Chao [ 1] have pointed out that the increased 
resistance to heat transfer at the interface of two 
metals can be considered to be made up of a 
macroscopic resistance, a microscopic resistance, 
and, if appropriate, a film resistance. The two 
surface parameters of flatness and roughness 
enter into these resistances in a direct way. The 
degree of surface flatness determines the ability 
of two surfaces to match so that for very flat 
surfaces one would expect a lower macroscopic 
resistance than for non-flat surfaces. In the latter 
case only a small portion of the surfaces may be 
in macroscopic contact so that the heat-transfer 
resistance would be high. The surface roughness 
will affect the microscopic resistance since the 
ability of surfaces to make contact on a micro- 
scopic basis will be dependent on the height of 
the largest roughness elements. 

Clausing and Chao [l] have studied the 
effects of macroscopic resistance on the interface 
conductance for various pairs of similar metals 
in contact and have obtained good agreement 
between theory and experiment for surfaces 
which will be categorized later in this paper as 
spherical cup surfaces. For their flatter surfaces 
the agreement is not good. Yovanovich and 

Fenech [2] have studied the interface con- 
ductance for “nominally-flat, rough surfaces”. 
They obtained good agreement between their 
theory and experiment for this type of surface. 
For the nominally flat, rough surface one may 
presume that the microscopic resistance is 
controlling. This should be the case since 
essentially the whole of the surface area is in 
macroscopic contact, i.e. there is contact over 
the whole area and not just at the meeting of two 
spherical caps. The data ofthis paper substantiate 
this view. 

The first quantitative report of the directional 
effect was that of Barzelay et al. [3]. They 
found that the interface conductance of an 
aluminum-stainless steel interface was greater 
when the heat flow was in the aluminum to 
stainless steel direction. 

More recently, however, Clausing [4], using 
a more sophisticated test apparatus, has ob- 
served a directional effect such that the interface 
conductance is greater when heat flows in the 
stainless steel to aluminum direction. Thus both 
the existence and nature of the directional effect 
are confusing phenomena which recent investi- 
gators have not been able to totally explain. 

In 1955 Barzelay et ul. [3] observed and 
measured experimentally a heat flux directional 
effect on a stainless steel-aluminum interface. 
This effect was such that, at low contact pressures 
(5 lb/in2) the interface conductance had only a 
slight directional dependence but as the contact 
pressure increased, the directional effect in- 
creased. Also, at high pressures (400 lb/in’) 
the magnitude of directional effect increased 
with increasing heat flux. The interface con- 
ductance was always higher for heat flow in the 
aluminum to stainless steel direction. Details of 
these results and information regarding the 
interfaces used are given in later sections. 
Barzelay et al. suggested that thermal warping 
of the stainless steel interface was the cause of 
the directional effect. 

Rogers [5], who in 1960 performed a more 
specific study of directional effects in dissimilar 
metals, found a slightly different trend. His in 



vacuum data show that at a constant pressure 
of 122 lb/in’ the interface conductance is about 
100 per cent higher when heat flows in the alu- 
minum to stainless steel direction than when 
it flows in the opposite direction. He also found 
this effect to be constant with varying mean 
interface temperature. 

Rogers found no directional effect for chromel- 
alumel and copper-stainless steel interfaces. 
He concluded that the directional effect might 
be caused by the conduction mechanism at the 
interface contact points. 

Powell et al. [6] showed by use of a thermal 
comparator, which makes use of the point 
contact of a small radius (a in) steel ball, that 
there was no directional effect in the point 
contact of aluminum and steel. Their tests were 
made at contact pressures of 400 ; 1350 ; and 
22 700 lb/in’. They concluded that the directional 
effect occurred only when the contact area is large 
and was due to some effect which changes the 
interface configuration. They suggested that it 
might be thermal warping. 

In 1966, Clausing [4] reported a directional 
effect that was quite different from those re- 
ported previously. His data show that over a 
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the member. In this case the thermal strain causes a 
smaller macroscopic contact area than that which is 

(21 12) predicted from mechanical stresses. Thus, it is seen that 
if the heat is flowing in the direction 1-2, the thermal 
strain causes a decrease in the macroscopic constriction 
resistance, whereas, if it is flowing in the direction 2-1, 

(I) 

Q +O 
K - SMALL 

(b) (cl 

(I) 
ace 

K-SMALL 

AN ISOTHERM7 

the physical model of the contacting members shown 
in Fig. 1, i.e. two cylindrical, isotropic, homogeneous 

rl 
regions of length L and identical radius b. It will be 
assumed momentarily that the coeflkient of linear 
expansion of region 2 is zero. 

It can be seen from Fig. 1 that if heat is flowing from 
region 1 to region 2, i.e. in the direction l-2 the portion 
of region 1 near the macroscopic contact area is cold 
relative to the rest of the member. Thus this portion 
contracts, which causes the formation of a larger macro- 
scopic contact area than that which is predicted if only 
the mechanical stresses are considered. If the direction 
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contact pressure range of 0 to 800 lb/in2 (deter- 
mined by the present authors from his non- 
dimensional results) the interface conductance 
for heat flow in the stainless steel to aluminum 
direction was three times greater than when the 
heat flowed in the opposite direction. He also 
observed that the magnitude of the directional 
effect varied as the heat flux magnitude. 

Clausing also observed a directional effect 
in a magnesium stainless steel interface. This 
was very similar to the effect observed for an 
aluminum-stainless steel interface and the inter- 
face conductance was greater when the heat 
flowed in the stainless steel to magnesium 
direction. 

Clausing showed that the directional effects 
he observed were due to thermal strain as will 
be considered in the next section. 

2. ANALYSIS 

Clausing has presented an analysis of the 
interface conductance directional effect exhibited 
by dissimilar metals in contact over a smooth 
symmetrical area. Because of the importance of 
his model to the present work, it will be presented 
in detail. In his model he considers, [4]: 

FIG. 1. Geometric effects of thermal strain resulting from 
a macroscopic constriction, after Clausing [4]: (a) geometry 
for no heat flow; (b) geometry for heat flow from 1 to 2; 

the thermal strain causes an increase in the macroscopic 
constriction resistance. 

(c) geometry for heat flow from 2 to 1. 

Thus the interface conductance is a function 
of heat flow direction such that when heat flows 
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from the region of low thermal conductivity to 
that of high thermal conductivity the interface 
conductance is higher than when the heat flow 
is in the opposite direction. 

Clausing’s model is seen to depend upon the 
existence of interface surfaces which can be 
considered as smooth contacting spherical cups 
or smooth contacting toruses. In this paper this 
model will be called the spherical cap model or 
model A. 

Let us now consider an alternative model 
resulting from the type of interface that would 
be the normal result of machine grinding to a 
fine finish (surface roughness 1632 pin RMS). 
This type of surface would be flat over a major 
portion of its area with a random array of small 
grooves or discontinuities. For such a surface a 
measuring instrument would see deviations in 
flatness over the surface which would be caused 
solely by the local deviation in height due to 
local roughness and there would be no cumula- 
tive flatness deviation [Fig. 5(b) defines such a 
surface]. For an interface of surfaces of this type, 
the following physical model will be analyzed. 

Consider the section of two contacting mem- 
bers of equal cross sectional area shown in 
Fig. 2. In the microscopic section chosen the 
material in the upper region (1) is of low thermal 
conductivity and has a smooth interface. The 
material in the lower region (2) is of high thermal 
conductivity and has a discontinuity at the 
interface. 

If the heat flow is in the l-2 direction, the 
portion of region (1) opposite the discontinuity 
will be at a higher temperature than the sur- 
rounding interface area. Thus this portion will 
expand into the discontinuity as shown in Fig. 
2(b). If the heat flow is in the opposite direction, 
the portion of region (1) opposite the disconti- 
nuity will be at a lower temperature than the 
surrounding interface area. Thus this portion will 
contract as shown in Fig. 2(c). 

For this section, with the discontinuity in 
the high conductivity material, the changes in 
contact area due to heat flow are small. 

If a microscopic section is chosen with a 
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(C) 
FIG. 2. Geometric effects of thermal strain resulting from a 
discontinuity in the material of high thermal conductivity: 
(a) geometry for no heat flow; (b) geometry for heat flow 

from 1 to 2: (c) geometry for heat flow from 2 to 1. 

discontinuity in the low thermal conductivity 
material, region (l), and a smooth interface 
in the high conductivity material, region (2), 
the physical model will be as shown in Fig. 3(a). 

If heat flows in the 2-l direction, the interface 
portion of region (1) around the discontinuity 
will be at a lower temperature than the surround- 
ing interface area. Thus this portion will contract 
slightly, decreasing the contacting area in the 
section as shown in Fig. 3(b). 

If heat flows in the direction 1-2, the interface 
portion of region (1) around the discontinuity 
will be at a higher temperature than the sur- 
rounding interface area. Thus this portion will 
expand locally causing a ridge which lifts the 
entire interface as shown in Fig. 3(c). This is not an 
equilibrium condition, though, since the ridge 
will now be colder and tend to contract. Since 
it also cannot return to the condition in Fig. 3(a), 
the section must reach an equilibrium con- 
dition as shown in Fig. 3(d). This final equilibrium 
position will be a function of both the interface 
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FIG. 3. Geometric effects of thermal strain resulting from a 
discontinuity in the material of low thermal conductivity: 
(a) geometry for no heat flow; (b) geometry for heat flow 
from 2 to 1; (c) geometry with non-equilibrium heat flow 
from I to 2; (d) geometry for equilibrium heat flow from 

1 to 2. 

pressure and the heat flux and will be such that 
there will be a large loss in contacting area. 

It can then be seen that for this type of section, 
with the discontinuity in the low conductivity 
material, the interface conductance will be 
highest when heat flowsj?om the material of high 
conductivity to that of low conductivity, i.e. in 
the 2-l direction for the section selected. On 
the other hand, with the discontinuity in the 
high conductivity material, there was very 
little change in contacting area due to heat flux 
and thus no cause for a directional effect. 

The macroscopic surface of a test specimen 
is made up on a microscopic basis of many small 
regions, as described in Figs. 2 and 3, which 
can be analyzed in the manner just completed. 
Thus, in many respects the model just described 
is an extension of Clausing’s macroscopic 
spherical cap idea applied to a microscopic 
model of the surface. 

It can thus be seen that for dissimilar metals 
which have reasonably flat machined surfaces, 

as described above, the interface conductance 
will be highest when heat flows from the metal 
of high thermal conductivity to that of low 
thermal conductivity. This model will be called 
the flat rough model or model B. 

For certain dissimilar metals in contact, the 
directional effect can now be predicted if the 
interface conditions are known to match the 
conditions in the two physical models presented. 
In many respects the models can be considered 
to exhibit a dominant macroscopic resistance 
(spherical cap model) or a dominant microscopic 
resistance (flat rough model). 

Approach to the problem 
Directional effects in the interface conductance 

of stainless steel-aluminum interfaces have been 
quantitatively measured by Clausing [4] and 
Barzelay et al. [3]. The directional effect observed 
by Clausing was quite different from that ob- 
served by Barzelay et al. An analysis of the 
problem has shown, considering the test speci- 
mens used in each investigation, that the effect 
that each investigator observed could have been 
qualitatively predicted. 

The test specimens used by Barzelay et al., 
were 3-in dia. stainless steel with a machined 
surface roughness of 30 uin RMS and aluminum 
alloy with a machined surface roughness of 
65 uin RMS. They did not specify the flatness of 
their individual specimens but did specify 
the machining process and gave an average 
value for flatness of 200 uin.* Their flatness to 
diameter ratio is thus 67 pin/in. 

Clausing used l-in dia. specimens with a 
spherical cap (specimen flatness approx : 90 uin) 
and a surface roughness of 4 pin RMS. His 
specimens tit the smooth spherical model, 
model A. It will be seen that the Barzelay et al. 
models give results characteristic of model B. 

An experimental investigation has been per- 
formed with test specimens which lit both 
models A and B. The results show quantitatively 

* In [l] a value of 800 pin, presumably the total of the 
two rnuxface surfaces, is given. 
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that the different directional effects predicted 
by the analysis of both models are valid. 

3. EXPERIMENTAL APPARATUS AND 

PROCEDURE 

The test apparatus has been previously 
described in detail in the report of Young [7]; 
only a brief description will be given here. 

All tests were run in a vacuum chamber at an 
ambient pressure of less than 5 x 10d5 torr. 
Pressure measurements were made with a 
Vacuum Industries Inc. Discharge Vacuum 
Gauge Model 700. 

A schematic representation of the test column 
is given in Fig. 4 and nomenclature for thermo- 
couple location is established by this figure. 
The mechanical load in the test column was 
measured by strain gauges on the support 
columns and a BLH Strain Indicator. The load 
was developed by spring forces. 

The test column was symmetric with respect 
to the test interface. A source-sink was at each 
end of the test column, thus enabling heat flow 
in either direction. When used as a heat source, 
the source-sink was capable of maintaining a 
temperature of 400°F. When used as a heat-sink, 
the temperature was maintained at 80°F. 

The heat flow meters were ALCOA 6063-T5 
aluminum cylinders 1 -in diameter and 2-in long. 
Temperature measurements were made by three 
No. 28 gauge premium grade Chromel-P/ 
Alumel thermocouples soldered in holes f in 
apart. The thermocouple wire was calibrated at 
the ice point and atmospheric water boiling 
points. Although data was taken at temperatures 
above the latter point, the agreement at that 
point with the NBS 561 tables was excellent 
and there should be no appreciable error in 
using the thermocouples to moderately higher 
temperatures. 

I 
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-COOLING WATER 
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FIG. 4. Test column and supporting structure. 
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Test specimens 
The test specimen materials used were 6063-T5 

aluminum and stainless steel Type 316. The 
specimens “as received” were 1 + OOOl-in 
long and 1 _t OsOOl-in dia. The faces were 
parallel to within +0901 in. A No. 56 drill hole, 
&-in deep was drilled O-500 + 0901 in from 
the test surface. The aluminum specimens had 
a surface roughness of 32 pin RMS and the 
stainless steel specimens had a surface roughness 
of 24 pin RMS ; further, the roughness was 
uniform over the entire surface. The flatness of 
the specimens as measured was dependent only 
upon the surface roughness [see Fig. 5(a)]. Thus 
the flatness, as defined in Fig. 5(b), is near 
perfect, i.e. no cumulative deviation exists and 
only local changes in flatness, due to roughness, 

n -f INTERFACE FLATNESS 

I INTERFACE FLATNESS 
DUE TO RMS 

(0) ROUGHNESS 

(b) 

FIG. 5. Test specimen nomenclature. (a) Flatness definition; 
(b) flat-rough specimen where the RMS roughness is the 

sole cause of a non-flat surface. 

occur. Thus the measured flatnesses were 32 u in 
for the aluminum and 24 pin for the stainless 
steel. Flatness and surface roughness measure- 
ments were made using a Moore Products 
Pneumatic comparator gauge for flatness 
measurements and a Profilometer for surface 
roughness measurements. Surface roughness 
measurements were also made by comparison 
with General Electric “Standard Roughness 
Specimens”. 

The specimens were tested in the following 
conditions : (1) as received ; (2) after light 
polishing ; (3) after buffing ; (4) after hand lapping. 

Light polishing consisted of lightly polishing, 

by hand, the “as received” specimens with 
jeweller’s rouge and Brasso. This.process had 
no measurable effect on the stainless steel 
specimens, but reduced the surface roughness of 
the aluminum specimens to 24 pin RMS and 
increased the flatness deviation to 50 pin. 

Buffing consisted of buffing the “light 
polished” specimens on an electric cloth buffing 
wheel using jeweller’s rouge as the abrasive. 
This process reduced the surface finish of both 
specimens to 16 uin RMS. 

Hand lapping consisted of hand lapping the 
“buffed” specimens on a microflat using 600 W 
Emery cloth followed by Crocous cloth. This 
resulted in a surface finish of less than 5 pin 
RMS. The specimens were then buffed to a high 
polish. 

Prior to installation in the test column, all 
specimens were cleaned with Acetone and/or 
alcohol. 

Experimental procedure 
The test apparatus is designed so that the 

test column can be installed with a small 
compressive loading due to spring forces created 
in the bellows. This causes a small interface 
pressure (AP z 5 lb/in2) which is considered 
as the zero loading pressure for all tests. 

After installation of the test column, the 
ambient pressure was reduced to at least 
5 x lo-’ torr before testing was initiated. 

For the various data points in each run, power 
was set on a heat source, cooling water was valved 
through the opposite source sink, and a load 
was set. Equilibrium was reached in 4-5 h. 
Thermocouple and load readings were taken 
after waiting at least 5 h. 

The heat flow direction was reversed in such 
a manner that no more than three consecutive 
data points were taken with heat flow in the 
same direction. 

Temperature readings were taken on a Leeds 
and Northrup mV potentiometer model 8686. 

The heat flux through each heat meter was 
calculated using equation (2). The thermal 
conductivity was evaluated at the middle thermo- 
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couple temperature and the average temperature 
drop across~ the three thermocouples was used. 
Thus : 

The test column heat flux was computed as the 
arithmetic average of the heat flux calculated 
in the heat meters. 

The difference in heat flux measured through 
the two meters was usually less than 5 per cent. 
For a few data points the difference was as high 
as 10 per cent. 

The interface temperature in each specimen 
was calculated using equation (3). For the 
aluminum specimens the thermal conductivity 
was evaluated at the thermocouple reading 
temperature since there is only a small tem- 
perature change across the aluminum specimen. 
For the stainless steel specimens the thermal 
conductivity was calculated at fTTs + T,t)/2 
where 7&t was the first approximation of the 
interface temperature. This was necessary since 
the temperature drop across the stainless steel 
was appreciable. 

2yF = T,, _t y$. 
The interface temperature drop AT,, was 

calculated as the difference in the interface 
temperatures of the two specimens. The mean 
interface temperature was calculated as the 
average of the interface temperatures. The 
interface conductance was calculated using 
equation (1). 

The temperature dependency of the thermal 
conductivity of the aluminum and stainless 
steel was taken from [8,9J, respectively. 

The apparent area, i.e. the cross sectional 
area of the test column, was always considered 
as the heat flow area for heat flux calculations 
and as the contact area for pressure calculations. 

RESULTS 

Precision of data 
The possible sources of error encountered in 

this investigation were due to either uncertainty 

of the measured data or faulty experimental 
technique. In addition, radial heat losses might 
be considered a source of error since a large 
radial loss at the interface would cause a warping 
and distortion of the interface surface. This would 
change the experimental results and thus might 
prove to give misleading data. These gradients 
would be greatest in the low ~nductiv~ty 
material (stainless steel in this investigation). 

Radial heat losses could only have been due to 
radiation since the ambient atmosphere was 
5 x lo- ’ torr. Radiation heat losses in the 
stainless steel were calculated on the basis of 
t = 0.18 (stainless steel [lOI> and found to be 
less than 1 per cent of the axial heat flow, which 
results in a radial temperature difference from 
center line to edge, due to radiation losses, of 
less than 0.1 degF. The surface of the test 
column was polished to minimize radial heat 
losses. 

An uncertainty anaIysis made in the manner of 
Kline and ~cclintock [l l] shows the un- 
certainty of the measured N to be from 5 to 
12 per cent, depending upon the magnitude ofthe 
interface temperature drop AT,. 

Error in experimental technique could be due 
to misaIi~ment of the test specimens or to the 
presence of foreign material on the test specimen 
interfaces. The test specimens were considered 
misaligned when the center of the actual con- 
tacting area did not coincide with the test column 
centerline. Thus, misali~ment could occur if 
the specimens were non-flat, such as with 
non-symmetrical spherical caps. Caution was 
used to prevent these errors. It was discovered 
in an early run that misalignment did not affect 
the directional effect but did reduce the mag- 
nitude of the conductance (see Fig. 8). 

Thus the only significant source of error was 
the uncertainty of measured data. 

The uncertainty in pressure measurements 
was estimated using a system of dead weights to 
be as high as 10 per cent for low pressures (O- 
150 Ib/in*). No check was made at high pressures 
but it is felt that the same amount of error is 
likely. 
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To investigate sources of error in the tem- 
perature measurements tests were run at high 
pressure with the stainless steel-aluminum 
test interface filled with vacuum grease to 
minimize contact resistance. Under these con- 
ditions the temperatures measured in the test 
specimens and extrapolated to the interface 
were found to closely agree. The effect of the 
vacuum grease should be to increase the inter- 
face conductance by approximately an order of 
magnitude [l] and thus to reduce the tem- 
perature drop across the interface to a small 
value. The uncertainty in temperature measure- 
ments is estimated to be 1 per cent, worst case, 
for an individual temperature measurement and 
5 per cent, worst case, for the temperature drop 
across the interface. 

Vacuum grease was also used between the 
non-test interfaces to reduce the temperature 
drop across these to a negligibly small value. 
These surfaces were in an “as received” con- 
dition with a uniform roughness and a flat 
surface. Thus, there should be no effect of the 
aluminum-stainless steel and aluminum-alumi- 
num heat meter to test specimen interface on the 
actual test interface. 

Some comments concerning the size of test 
samples are appropriate. The length to radius 
ratio is 2. Jeng [12] has noted that for a ratio of 
length to radius greater than 0.8 the microscopic 
constriction resistance should be independent 
of length. Thus, the heat flow away from the 
interfaceshould beone-dimensional. For the flat- 
rough test specimens the resistance is dominated 
by microscopic considerations and it is felt that 
the thermocouples were reading in a region of 
one-dimensional heat flow. For the spherical 
cap specimens the macroscopic resistance is 
controlling and the heat flow must go through 
the area of macroscopic contact which lies on 
the axial center line of the specimens. In this 
case, if the flow were not one-dimensional at the 
thermocouple, the thermocouple in both the 
stainless steel and aluminum specimens could 
be reading differently than the corresponding 
reading for one-dimensional flow. The stainless 

steel specimen would be more seriously affected ; 
however, the effect is essentially independent of 
the heat flow direction and the effect on interface 
resistance would be the same for either direction. 
Thus the magnitude of the interface conductance 
might be affected but the trends in the directional 
effect are not changed. As a last comment on 
accuracy, results with the same specimens were 
found to be reproducible, within the given limits 
of uncertainty, for different runs made under 
similar test conditions. Further, all measured 
trends were repeatable. 

Effect of polishing 
Figure 6 shows the effect of light polishing 

on the directional effect. The interface con- 
ductances shown in Fig. 6(a) are for specimens 
in an “as received” condition, i.e. they were 
machine ground to the surface roughness and 
flatness shown. In Fig. 6(b) the interface con- 
ductance for the same specimen pair with lightly 
polished interfaces is shown. The surface con- 
ditions of the aluminum interface changed in 
that the flatness deviation increased but there 
was no appreciable change in the stainless steel 
interface. Since the flatness was essentially equal 
to the surface roughness these specimens are 
considered to be flat-rough. The conductance 
is higher for heat flow in the aluminum to 
stainless steel direction. 

Comparing Figs. 6(a) and 6(b) it is seen that 
the polishing reduced the interface conductance 
but had no effect on the directional effect. The 
decrease in conductance was expected since the 
polishing technique used slightly reduced the 
flatness of the aluminum specimen. No change 
in the directional effect was expected since in 
both cases the interface surfaces resembled 
model B, i.e. flat-rough. 

Effect of buj’kg and lapping 
The interface conductances for a specimen 

pair were measured: first in the “as received” 
condition, Fig. 7(a), then, after high speed 
buffing, Fig. 7(b), and finally, after hand lapping, 
Fig. 7(c). The fact that the magnitude of inter- 
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FIG. 6. Effect of polishing on the directional effect : (a) as received 
conditions; (b) lightly polished specimens, flat-rough conditions 
in both a and b; (u = uin). 

directm AL SS AL SS (Btu/hft’ temperature 
x 100) (‘F) 

(a) I7 SS-AL 32 24 32 24 100-120 125-140 25+55 

A AL+SS P II P P 99-125 216-250 14-52 

(b) G SS-.AL 24 24 50 24 115+130 125-150 34-61 

A AL-SS P kJ Ir 1 99+115 215-245 21-63 

FIG. 7. Reversal of the direction for greater conductance, caused by 
buffing and lapping. (a) Flat rough model, as received conditions ; 
(b) after high speed buffing; (c) after hand lapping, spherical cap 
model; (u = pin). 

Heat 
flow 

Fimsh 

dwectmn AL SS AL SS (Btu/hf+ t.%lp.Xat”R 
x 100) VI 

(a) 0 SS-AL 32 24 32 24 85-120 125-157 38-79 

A AL-SS p p P p loo+145 245-217 18-79 

(b) F SS-AL 12 16 100 50 106-132 140-190 58-86 

AL-SS P v P P 92-105 235-250 43-70 

SS-AL 5 5 300 230 97-141 155-+207 66-158 

AL-SS 1L P II II 53-99 238-274 94-1156 
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face conductance decreased in successive runs 
was due to the polishing and lapping techniques 
which reduced the flatness. 

By comparing Figs. 7(a) and (c), it can be 
seen that the directional effect did reverse itself 
as the surface conditions changed from flat 
rough (model B) to a spherical cap (model A). 
Figure 7(b), which shows no directional effect, 
indicates that the bulling resulted in an interface 
surface condition which is neither model A 
nor model B, but presumably somewhere in 
between. This data is considered to verify 
the existence of the need for a model(s) which 
includes the effects of both flatness and rough- 
ness. 

Eflect of orientation 
The sensitivity of the measurement of inter- 

face conductance to changes in orientation of 
the test specimens is shown in Fig. 8. The speci- 
men pair used in run No. 8 was the same pair 
used in run No. 7 and fitted the spherical cap 
model. When run No. 7 was completed, the 
test specimen pair was rotated in such a manner 
that the same surfaces formed the interface while 
the test specimens changed position in the test 
column. During run No. 7, the test specimens 
were observed to be misaligned. The specimens 

1 I I I t J 
0 100 200 300 400 500 

Pressure, lb/in2 

were positioned to a better alignment for run 
No. 8. Note that here the conductance is greater 
for heat flow in the stainless steel to aluminum 
direction. 

Comparing the results, it is seen that measure- 
ments of the directional effect were not sensitive 
to changes in orientation of the specimen pair. 
Thus, changes in alignment or test column 
position did not effect the directional effect. 
However, quantitative measurements of the 
interface conductance are sensitive to changes 
in orientation. 

Effect of surface conditions 
Figures 6 and 7(a) show interface conduct- 

antes for interface surfaces which had a surface 
roughness of 2432 uin RMS and a measured 
flatness of 24-50 uin. These surfaces clearly fit 
model B. It is seen in these figures that the inter- 
face conductance is higher when heatflows in the 
aluminum to stainless steel direction. The analysis 
of model B predicted this directional effect. 
Thus both the analysis and the experimental 
results agree such that for interfaces of dis- 
similar metals with a flat rough interface the 
conductance is greater when heat flows from 
the metal of high conductivity (aluminum) to that 
of low conductivity (stainless steel). 

FIG. 8. Effect of orientation on the interface conductance, spherical 
cap type specimens. (a) run number 7; (b) run number 8; (p = pin). 

Heat Fimh FlatIVX Q- MeaIl Interface 
now ~ average Interface T (“R 

directmn AL SS AL SS (Btulhft’ tCXlIperat”K 
x loo) (“n 

w 0 SS-rAL 5 5 2000 1250 98-113 121-135 21-44 
A AL-SS P P P v ES-118 225-268 48-135 

Cb) ti- SS-AL 5 5 Zoo0 1250 90-100 120-135 31+52 
A AL-SS P )I )I Ir 88-116 227-260 50-80 
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The directional effect shown in Figs 6 and 
7(a) agree qualitatively with the observations of 
Barzelay et al. [3] who also used specimens 
fitting model B. The quantitative difference 
between the two experiments is expected since 
they performed their tests at atmospheric 
conditions, at higher heat rates and with speci- 
mens that had a greater surface roughness. 

Figures 7(c) and 8 show interface con- 
ductances for interface surfaces which have a 
surface roughness of 5 pin RMS and flatness of 
23&2000 pin. These interface surfaces fit model 
A. The interface conductances shown in Figs. 
6(a) and 8(c) are higher when heat flows in the 
stainless steel to aluminum direction. Clausing [4], 
using model A and test specimens fitting model 
A, predicted and measured this type ofdirectional 
effect. 

Effect ofpressure 
The results in Figs. 7(c) and 8 show little or 

no directional effect at low pressures. Reference 
[3] also shows little or no directional effect at 
low contact pressures. At higher contact 
pressures, [3] shows an increased directional 
effect; the present results also show an increase 
in directional effect with pressure. In each ofthese 
cases the surface conditions were those pre- 
scribed by model B. 

For the specimens with model A interfaces 
(smooth spherical cap) pressure had no effect 
on the magnitude of the directional effect (see 
Figs. 7(c) and 8). Clausing, also using specimens 
with model A interfaces, found no change in 
directional effects with pressure. 

Discussion 
The test specimens used in this investigation 

were machined to represent model A in the 
“hand lapped” condition and model B in the 
“as received” condition. The lightly polished 
specimens also represented model B since their 
interface surface conditions were only slightly 
altered. The buffed specimen pair represented 
neither model A nor model B. 

When model A snecimens were used. the 

directional effect observed was that predicted 
and observed by Clausing. Thus his investigation 
is verified and extended to include smooth 
specimens with flatnesses of 90-2000 pin. 

When model B specimens were used, the 
directional effect observed was that predicted 
in the present analysis for flat rough surfaces. 
Barzelay et al. used model B specimens and 
observed the same directional effect. Clausing 
[4] has suggested that this directional effect 
might have been due to radial heat losses. This 
possibility was eliminated in this investigation 
since minimal radial heat losses were experienced 
and still directional effects opposite to those of 
Clausing’s were observed. 

Moon and Keeler [ 131 have suggested that 
directional effects could be caused by oxide 
layers on the interface. This investigation has 
not eliminated this possible cause of directional 
effects but has shown that the oxide layer effect 
is small compared with the effects of surface 
flatness and roughness. 
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RCsumCDes chersheurs ont expod rCcemment que le grandeur de la conductance de l’interface de certains 
mCtaux diffkrents dCpend de la direction du flux de chaleur. Dans cet article, la contradiction entre les 
rbultats anterieurs concernant cet effet directionnel pour lea interfaces acierinoxydable-aluminium eat 
rksolue en montrant que le phQlomtne de cet effet directionnel d&pend des conditions de surface de 
l’interface, c’est+dire de la plan& et de la rugosit.5 On donne la dbmonstration exptrimentale de cette 

d&pendance et l’on prtsente des mod&s pour expliquer le ph&nom&ne. 

Zusammenfassung-In neuerer Zeit wurde berichtet, dass die G&se des Kontaktwiderstandes ungleicher 
Metalle von der Richtung des Wlrmestromes abh&ngt. In dieter Arbeit werden friihere Widerspriiche 
in den Ergebnissen hinsichtlich des Richtungseinflusses bei Stainless Steel-Aluminium-Kontakten 
gekllrt, indem gezeigt wird, dass Richtungseffekte von der Oberfichenbeschaffenheit d. h. Flachheit und 
Rauhigkeit, abhlngen. 

Der experimentelle Nachweis fti diese Abhlngigkeit wird gebracht und Modelle, die das PhPnomen 
erkllren, werden angegeben. 

AEEOT~~~-B HeAaBHo Ony6mKOBaHHbIX pa6oTax coo6~anocb, 9To BenuqHHa TennO- 

npOBORHOCTM tia rpaHHqe pa3geJIa HeKOTOpbIX HeOAHOpOAHbIX MeTaJlJlOB 3aBElCUT OT HaIIpa- 

BJIeHEiR TeIIJIOBOrO IIOTOKB. B AaHHOti CTaTbe paHE!e Ony6miKOBaHHbxe IIpOTMBOpeqHBbIe 

pe3ynbTaTM 0 mmm Kanpamerfm noToKa Ha rpaHmqe pa3aena: KepHtasemqaa CTanb- 

aJlKIMUHUti pa3peUlaloTCH C IIOMOWbIO yseTa 3aBHCHMOCTH BJIEIRHEIH HaIIpaBJleHHH IlOTOKaOT 

yCJIOBIlt IIOBepXHOCTIi rpaHIlI(bI pa3AWIa, T.e. OT WIOCTKOCTHOCTIl II IUepOXOBaTOCTH. 3Ta 

3aBIICAMOCTb IIOffrBepFKRaeTCH 3KCIIepRMeHTaJIbHbIMM HaHHbIMH. npIlBOAHTCR MORenH AJIH 

06%RCHeHAH 3TOro KBJEHAFI. 


