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Abstract—The thermal contact resistance at gold foil surfaces has been measured over the pressure range
2:5t09 x 10° kg/m? and in the temperature range 50 to 300°C. Temperature had littie effect on the thermal
resistance, while the resistance was dependent on pressure in such a way as to suggest that both elastic and
plastic deformation of the surface structure will occur in a manner determined by the sequence of pressure

* At present:

changes.
NOMENCLATURE 0, heat flux [Wem™2];
radius of contact area at one hemi- r, asperity radius [m] ;
spherical asperity, or half the width R, thermal contact resistance [degK
of contact at a semi-cylindrical cm? W™1]
asperity [m] ; R,. constriction resistance [degK cm?
total cross-sectional area [cm?]; w1

area of contact at one asperity
[cm?];

real area and total apparent areas
of contact [cm?];

constant, equation (2) [thermal
conductivity units] ;

elastic modulus [kg/m?] ;
constant, equation (2) [°C~1];
total heat flow [W];
dimensionless constants, equations
(9), (10) and (13);

surface geometry parameter, equa-
tion (14) [cm] ;

thermal conductivity of Armco iron
and Pt-139%Rh alloy;

length [cm];

exponents, equations (14) and (10)
respectively [WdegK ™! cm™1]
pressure [kg/m~2];

exponent, equation (9);

Faculty of Engineering and Applied Science,

Memorial University of Newfoundland, St. John’s, New-
foundland, Canada.

Rg, R;,  total thermal resistance of two gold
foils and contact resistance at one
interface [degK cm? W™1!];

R,. thermal  resistivity [degKcm?
w1,

T, T temperature, Celcius and absolute
Kelvin;

TSa T6’

T,, Ty, temperatures at thermocouples 5, 6,
7and 8;

T.,T,, temperature, lower surface and
upper surface of sample gold foils;

W, total load per asperity [kg] (hemi-
spherical asperities), or load per
unit length [kg/m] (semi-cylindrical
asperities).

INTRODUCTION
WitH the development of an apparatus for the
measurement of the heat transfer through oxide
scales, it was necessary to determine the contact
resistance at gold foils used to reduce the contact
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resistance between elements of the equipment.
Whilst the values obtained for the contact
resistance at gold foil surfaces were only correc-
tions of a relatively minor kind. the results
nevertheless have general interest. The use of
indium foil for this purpose has been reported
for temperatures ranging up to 116°C and
pressures to 3 x 10° kg/m? since under these
conditions its interfacial resistance was lower
than for other materials and previous loading
and temperature history had less effect [1].
Gold should have this value as an interfacial
material at temperatures above the melting
point of indium where oxidation of base metals
can be significant. Accordingly, measurements
of the thermal contact resistance at gold foil
surfaces have been measured over relatively
broad ranges of pressure and temperature in
this investigation.
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APPARATUS
The essential parts of the equipment mounted
in a vacuum chamber to eliminate heat transfer
by convection are illustrated in Fig. 1. The
gold foils for which the contact resistance was
measured were placed at position 10. This is also
the location of the oxide sample, placed between
the two gold foils or gold plated, for which the
thermal conductivity is measured in the primary
purpose of this equipment. Disc 1 supports
these gold foils and conducts heat to them. This
disc rests on a shaft, not shown, which extends
through a sliding seal and out of the vacuum
chamber. The upper end of this shaft contains a
resistance heater. It is also surrounded by a
small tube furnace. A hydraulic jack supplies
the load applied to the bottom end of the shaft

outside the vacuum chamber.
The gold foils are pressed upwards against the

Thermocouples

Gold foil , 12 <

Conical washer

Retaining screw , |

Gold foil, |0

T

Load and heat

—— 4, Copper heat sink

—> Paroffin coolant

9, Pti3 % Rh guard ring

3, Armco iron element

2,Pt 13 Rh element

8, Thermocouple

T I, Pt13% Rh disc

applied here

by o shaft
FiG. 1. Equipment essentials. Not to scale and omitting vacuum chamber, heaters and other auxiliary equipment.
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essential core of the probe, a column consisting
of two hollow cylinders, 2 and 3, of identical
inside and outside diameters. Cylinder 2 and
disc 1 are made of platinum-13% rhodium.
Cylinder 3 is made of Armco iron and it is gold
plated. This hollow cylindrical column is held
together by the stainless steel retaining screw 11
and a stainless steel conical washer acting on the
slight ledge at the upper end of the bore in
element 2. This bolt and washer maintain the
assembly in contact with the copper heat sink 4,
through which a paraffin coolant is circulated.
Elements 2 and 3 are surrounded by the guard
ring 9 made of platinum-13% rhodium. The
lower surfaces of element 2 and the guard ring 9
are ground and polished to be coplanar in order
to provide equal pressure at their lower surfaces.

The heat flow through elements 2 and 3 is
deduced by measuring the temperature drop
through element 3 by means of thermocouples
5 and 6 at the upper and lower surfaces of this
element. Each thermocouple is imbedded in
gold foil at these positions. The thermal con-
ductivity of Armco-iron is well established [2].
Since this metal could not be used in contact
with a sample at position 10 due to the risk of
oxidation, element 2 and disc 1 were constructed
from a platinum alloy. The temperatures
immediately above and below position 10 were
measured by thermocouples positioned as close
as possible to the surfaces, as indicated by 7
and 8.

A circular groove was cut in disc 1 so that its
area in contact with the sample corresponded
to that of the element 2. The o.d. and i.d. of this
element are 0:78 and 0-54 cm respectively and
its length is 0-60 cm. Element 3 which has the
same diameters but a length of 0256 cm, was
gold-plated to prevent corrosion and reduce
radiative heat losses. Thus, the equipment
measured the heat flux through an annular
area of the sample of 0-248 cm?. The cross
sectional area of the guard ring is about the same.
For thick samples, the heat flow will be along
curved paths, particularly at the edges of the
annular contact area. A numerical relaxation
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analysis provided the corrections to apply in
such cases, but such corrections were negligible
with the thin gold foils in the present measure-
ments.

Thermocouples 5 and 6 were chromel-alumel
while thermocouples 7 and 8 were platinum vs.
platinum-13% rhodium. The thermocouples
were calibrated against a reference thermo-
couple, which in turn was calibrated at the
National Research Council Laboratories in
Ottawa. Thermocouples 5 and 6 were calibrated
in situ. Since each of these thermocouples was
imbedded in an interface between a gold foil and
a neighbouring element, a mean temperature
was obtained for a particular interface. Thermo-
couple 7 could not be calibrated in situ because
heating would be required to a temperature
higher than other parts of the assembly, par-
ticularly element 3, could safely be exposed to.
We, therefore, compared the readings from
thermocouples 7 and 8 using two different levels
of heat flux through the equipment by varying
the temperature of the paraffin coolant while
maintaining the same mean temperature at the
gold foils. By extrapolating to zero heat flux,
one obtained the difference between these
thermocouples. Such differences would be due
to straining of the thermocouple wires during
mounting.

The pressure on the samples could be varied
between 2-5 x 10°-9 x 10° kg/m? the upper
limit being determined by the load which the
elements of the probe could safely carry without
creep. The pressure could not be set to a greater
accuracy than +0-3 kg/m?, although the pres-
sure could be reproduced to better than 0-2
kg/m?.

PROBLEM ANALYSIS
The heat flow through the Armco iron element
was calculated using the differential equation in
an integrated form for heat flow through a
cylinder

H = (C/F)(4/L) exp (FTy)
{1-exp[-F(T, - Ty} (1)
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where A = cross sectional area of the element,
L = length, T, and T; are the temperatures
indicated by thermocouples 5 and 6. F and C
are constants in the equation,

Kz, = Cexp(FT) (2)

relating the thermal conductivity of Armco
iron to the temperature T, on the Celcius scale,
using the curve for recommended values [2].
These values fit equation (2) at least over a
temperature range of 300°, which is more than
the temperature difference across the iron
element in our measurements. Each time equa-
tion (1) was used, the appropriate values of
C and F were used.

The thermal conductivity of the platinum-
13% rhodium alloy was obtained from experi-
ments with this equipment [3]. This conductivity
may be represented by

Kpg = 0:607 — 0092 (10%/T;) 3)

where T, is the absolute temperature, in degrees
Kelvin. It was required in order to extrapolate
from the temperatures indicated by thermo-
couples 7 and 8 to T,, the temperature at the
lower surface of element 2, and T;, the tempera-
ture at the upper surface of disc 1.

The heat flux, Q, is given by

Q=H/A @)

where A = 0-248 cm?, the cross-sectional area

of elements 2 and 3. It is related to Kpg by
dT,

= +Kpp—Fk 5

R e )

where the positive sign is used if 7; increases

with x and the negative sign if Ty decreases

with increasing x. Substituting (3) in (5) and

integrating
+Qx = 0607 T, — 92In T, + constant. (6)

When estimating T, from Ty, the positive sign

is used in (6) and T, = Ty when x = 0. Equation

(6) then becomes

0607 T,92In T, — (0-607 T3 — 92
InT,—0x)=0 (7)
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where the distance between thermocouple 8
and the surface of element 2 is substituted for x.
This equation was solved by iteration as part
of the computer programme used in the process-
ing of our measurements. A similar equation is
used for obtaining T, from T, by employing the
negative sign of the left-hand side of equation (6)
and integrating as before.

The total thermal resistance, Rg, of the gold
foils at position 10 is given by equation (8)

Re =(T. - T)/Q (8)

where Q is the heat flux through the foils. Since
a sample had three interfaces, we assumed that
the resistance at one interface, R;, equals R;/3.
As mentioned above, the values of T, — T, were
corrected for the different thermoelectric co-
efficients of thermocouples 7 and 8. A simple
calculation of the temperature drop acrdss the
gold foils only 00025 in. thick demonstrated
that only 2 per cent of the measured T.-T; was
due to a temperature drop across metal itself.
Initial values of the total thermal resistance
were used to correct for the resistance at 12
presented by the gold foil at each contact
between the heat conductivity elements and the
copper heat sink. These corrections made small
changes in the heat flow calculations thus
altering the deduced temperature T, and T,
in turn altering the calculated value of Rg. Final
values of R were obtained by iterative repetition
of the above procedure. The uncertainty in an
estimation of R; was due primarily to the
uncertainty in estimating T.-T,. Accordingly,
R; or R, has not been determined to better
than +25 per cent.

EXPERIMENTAL PROCEDURE AND RESULTS

The values of the contact resistance to be re-
ported can only be regarded as approximate and
highly dependent on the particular situation in
which they were measured. They are reported
not so much for the actual resistances obtained
but for the inferences that can be drawn from the
effects of load and temperature.
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Initial series of measurements were carried
out with the mean sample temperature at 250°C
whilst the loading was initially 25 x 10 kg/m?
and increased in steps up to 9 x 10 kg/m? and
then cycled between this upper limit and
45 x 10° kg/m?. These results are shown in
Fig. 2, the sequence of the measurements being
indicated by the numbers at the experimental
points. It is clear that the initial loading pro-
duced a permanent reduction in thermal con-
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Here, reversibility of measurements was ob-
tained to the lowest pressure of 25 x 108 kg/m?.
Also the absolute magnitudes of the contact
resistance at each pressure in the range 4-5-9 x
105 kg/m? show good agreement in both
measurement sequences depicted in Figs. 2and 3.

A series of measurements is shown in Fig. 4
made with the same foils as in Fig. 3. For these
measurements the pressure was maintained at
45 x 10° mg/m? while the temperature at the
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Fi1G. 4. Interfacial thermal resistance at one interface in the temperature range 50-300°C,
at a pressure of 4-5 x 10° kg/m? Horizontal line = regression line. Vertical bar =
standard deviation.

(O Measurements during ascending temperature.
@ Measurements during descending temperature.

tact resistance, presumably by permanent de-
formation of the surface structure, but a large
part of the contact resistance remains as a
reversible function of pressure at pressures
equal to or less than the maximum used.

As the gold foil mounted permanently in the
equipment had already been subjected to the
maximum load, the subsequent series of tests
were done with fresh gold foil placed in position
10 and subjected initially to a pressure of
9 x 10° kg/m? at a temperature of 250°C and all
subsequent measurements were done at lower
pressures. These results are shown in Fig. 3.

gold foil was varied from 50 to 300°C. The
horizontal line gives the best least squares fit to
the data while the vertical line indicates the
standard deviation. It appears that the effect
of temperature on the contact resistance was of
minor importance, within the temperature range
used and the accuracy obtained.

DISCUSSION

A value of the contact resistance across an
interface depends on the thermal conductivities
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of the material on both sides of the interface, the
total resistance being the sum of the resistance on
each side of the interface. If the thermal con-
ductivities on the two sides of the interface are
very different, then the lower of the two thermal
conductivities will have a greater influence on
the total thermal resistance. Consequently the
contact resistance at an interface between the
platinum-13 9, rhodium alloy and gold would
be greater than that between gold and gold. For
this reason, the contact resistance at the platinum
alloy—gold interface may be given to a better
approximation by a value between Rg;/2 and
Rg;/3 rather than the value of R;/3 which is
assumed in this investigation.

The values of the contact resistance, R,
showed good agreement in both measurement
sequences over the pressure ranges of reproduc-
ible behaviour. Our measurements extend to
pressures three times higher than those previ-
ously used [1]. Where the pressure ranges over-
lap, our contact resistance measurements are
about one-third of these earlier values. This is not
unsatisfactory considering the scatter in both
investigations. The difference could possibly be
attributed to surfaces of different roughness
and to the fact that the thermal conductivity of
Pt-139%, Rh alloy, in contact with the gold in
our experiments, has a lower thermal con-
ductivity than the iron employed in [1].

Contact between single elastic asperities of
cylindrical or spherical shape and a flat surface
is given by the Hertzian relationship [4],

a=k, (Wr/E)? 9
where a is half the width of the contact area in
the case of a cylindrical asperity or, alternatively,
the radius of the contact area at a spherical
asperity, r is the radius of the asperity, E is
Young’s modulus, W is the load per unit length
for a cylindrical asperity or the total load for a
spherical asperity and k, is a constant. g = } for
a cylindrical asperity; g =4 for a spherical
asperity.

When extended surfaces in contact at a large
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number of asperities are considered, equation (9)
leads often to a power law [5-7] of the form,

A /A, = ky (P/EY' (10)

where A4, and A, are the real area and the total
apparent area of contact, respectively, k, is a
constant, P is the pressure and n is an exponent
which will depend on the surface structure.

If, for example, all the asperities are hemi-
spherical and the same size and equally loaded,
it follows from (9) that each contact area, A,, is
given by

A, = na? = nk? (Wr/E)* (11)

i.e. comparing (10) and (11), we have n = 2q. If
all the asperities are semi-cylinders, i.c. long
ridges, of equal size and equally loaded, we have
n =gq. For any shape of asperity which is
plastically deformed, the area of contact is
proportional to the applied load, i.e. n = 1.

The real area of contact in the case of the gold
foils at the highest pressure of 9 x 105 kg/m?
would be of the order of 50 per cent of the total
apparent area, decreasing to around 13 per cent
at the lowest pressure of 2:5 x 10° kg/m? if the
deformation of surface asperities on the gold
foil is assumed to be plastic and the hardness
of gold at 205°C is approximately 20 kg/m2. On
the other hand, when elastic deformation is
important, the proportion of the total apparent
area of contact which will be in real contact can
be much larger, since every region involving
plastic deformation will be surrounded by an
area involving elastic deformation.

The resistance presented to heat flowing
through a small circular contact area is given by
(8]

R, = Ry/2a (12)
where R, is the resistance to heat flow due to the
constriction presented by the small contact area,
R, is the resistivity of the material assumed to be
the same on both sides of the contact, a is the
radius of the contact area. In view of equation
(N,

R, = kiRoA,™*
for individual asperity contacts.

(13)
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In general, we would expect from (10) to (13)
that the relationship between total contact
resistance and pressure for two surfaces in
contact would be of the form,

R = k,Ry(P/EY™™. (14)
When all the contact areas are circular and of
equal size, it follows from (13) that m = n/2. For
long contacts as at ridges, for which the width
of the contact area rather than the length varies
with load, m will be close to n. If the surface topo-
graphy is such that progressively more circular
contact regions are formed as the contact load:
is increased m will be between nand n/2 [5]. It is
apparent from equations (10) and (11) that the
values of n for a distribution of asperity shapes
and heights will be greater than one-half for
semi-cylindrical asperities or one-third for hemi-
spherical ones. In the case of plastic deforma-
tion only, n will be unity. Thus, if m is known
from experimental measurements of contact
resistance, we can deduce that n is between m and
2m. If m is less than one-half, the surface deforma-
tion involved in the contact is most likely elastic,
though there may be some plastic deformation.
If m is between one-half and unity, the deforma-
tion could be entirely plastic, though elastic
deformation cannot be ruled out. If m is greater
than unity, the deformation must be primarily
elastic.

There is no theoretical reason for an upper
limit to n with elastic deformation, although in
practice n tends to be close or less than unity [9].
When n is greater than unity, the real area of
contact may be increasing at a greater rate than
the increase of pressure producing the area
increase if every increment of pressure brings
large number of additional asperities into con-
tact. A more likely explanation is that increasing
pressure gradually changes the contact topo-
graphy from one of a number of isolated con-
tact regions, well separated from each other in
relation to the size of the individual areas, to a
number of clusters or groups of contact regions,
the individual contact areas within each cluster
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being close to each other. It has been shown [10]
that the thermal resistance of such clusters is
equal to that of a single contact area similar in
size to that of the whole cluster, The transforma-
tion from isolated contact regions to clusters
would be similar, in its effect on the contact
resistance, to an increase in the total real con-
tact area greater than the actual increase of real
contact area.

An explanation of the effect of pressure on the
variation of the thermal contact resistance at the
gold foil surfaces would be as follows. In Fig. 2,
the lines joining points 1, 2, 3 and 4 have a
negative slope going from about —0-2 to —0-8,
as the load is increased for the first time. The
subsequent measurements in this series all lie
close to the line of slope —0-36. This would im-
ply that the deformation of the surface asperities
is initially elastic and that the points of contact
are well separated. Further increase in load
produces both plastic deformation and a group-
ing of the contact areas in clusters, giving m
values greater than 0-5. Once the maximum
load has been reached and the load is then
reduced, the elastic strains surrounding the
plastically deformed regions could destroy many
of the contacts formed at the maximum pressure,
even though the plastic deformation will have
altered the unstressed shape of the asperities.
When the load is cycled below the maximum,
values of the contact resistance are obtained
reversibly since the deformation would be
primarily elastic [12].

In Fig. 3, the first recorded measurement was
at 89 x 10° kg/m?. The dashed line, which
indicates the best straight line fit, does not
adequately represent the experimental results.
A curve obviously is a better representation.
Below 4-5 kg/m?, the curve has a slope of about
—1-3; above 45 kg/m?, the slope is —0-35, in
good agreement with the final reproducible
slope in Fig. 2. These results are consistent with
the reasoning that the surface deformation is
primarily elastic, the large change in the con-
tact resistance at pressures below 45 kg/m?
being associated with a number of clusters of
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contact regions, the individual contact areas
within each cluster being close to one another.

Any effect of temperature over the range 50—
300°C on the contact resistance at constant
pressure could not be detected, Fig. 4. These
findings imply that the heat transfer across the
interface is primarily by conduction rather than
radiation. However, a detailed analysis cannot
be carried out to give a definitive answer to the
relative degree of heat transfer by radiation
due to the accuracy obtained of the individual
measurements,

CONCLUSIONS

Results have been presented for the thermal
contact resistance at the surface of gold foils for
a range of pressures and temperatures. In the
pressure range of 2-5 x 105-9-0 x 10° kg/m?,
bonding produced a permanent reduction in
contact resistance associated with plastic de-
formation of surface structure and a reversible
pressure variation in this resistance associated
with elastic deformation. The minimum value
of the thermal contact resistance was approxi-
mately 0-01°KW ™! cm?, Its value at constant
pressure was independent of temperature over
the range 50-300°C which indicated that heat
transfer across an interface was primarily by
conduction.
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LA RESISTANCE DE CONTACT THERMIQUE A DES SURFACES DE FEUILLES D’OR

Résumé— La résistance thermique de contact a des surfaces de feuilles d’or a été mesurée dans la gamme de

pressions de 24 a 88. 10° Pascals et dans la gamme de températures de 50 a 300°C. La température avait

peu d’effet sur la résistance thermique, tandis que la résistance dépendait de la pression de telle fagon

qu’elle suggérait que la déformation a la fois élastique et plastique de la structure de la surface se produisait
d’une fagon déterminée par la succession des changements de pression.

DER THERMISCHE KONTAKTWIDERSTAND AN GOLDFOLIENFLACHEN

Zusammenfassung—Der thermische Kontaktwiderstand an Goldfolienflichen wurde im Druckbereich

von 25 bis 9. 10° kg/m? und im Temperaturbereich von 50 bis 300°C gemessen. Die Temperatur hatte

wenig Einfluss auf den thermischen Widerstand, wogegen der Widerstand vom Druck so abhing, dass

sowohl eine elastische als auch eine plastische Verformung der Oberflichensttuktur in der Weise
angenommen werden konnte, wie sie den Druckwechseln entsprach.
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TEIJIOBOE KOHTAKTHOE COITPOTUBJIEHWE HA TIOBEPXHOCTHX
13 30JO0TON ®OJIBI'U

Annoranua—TeIIoBoe KOHTAKTHOE CONPOTUBJIEHHE HA MOBEPXHOCTAX 13 30J0TOH (hullbri

U3MePAIOCh B AUANA30HE u3MeHeHHA gasaenys oT 2,5 go 9.108 kr/m2 i1 Temnepatypsl or 50

mo 300°C. TemmepaTypa HesHaYMTeJbHO BIIHANA HA TeNJOBOe COTPOTHBJEHHE, HO OHO

3aBHCHUT OT NABIEHIA [PH VCIOBMH, UTO YIPYras M NaacTideckad gegopManus mpouCeXoaar
B 3ABHCUMOCTH OT TOCJIEI0BATEILHOCTH U3MEHPHUHA ABJIEHHA.



