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Abstract—Areas of uncertain knowledge in the field of thermal contact resistance are described. A theory
for the variation of contact resistance with load based on recent advances in surface topography analysis
is outlined, and existing theories for the so-called directional effect are critically discussed. The con-
struction and use of an apparatus to measure the variation of thermal conductance with various para-
meters at temperatures from 300°K downwards is described, and results for contact combinations of
stainless steel and aluminium specimens presented. Agreement between theoretical prediction and ex-
perimental observation is fair for random surfaces but breaks down for surfaces with lay. Directional
effects have been found for a contact between similar materials; an attempt is made to account for this

on the basis of a previous electronic theory for the effect.

NOMENCLATURE v, radius of macroscopic contact spot
A, nominal contact area [cm?]; [em];
a, radius of microscopic contact spot  q, tan~1 y;
[em]; B, angle between profile and surface
b, radius of cylindrical specimen [cm]; lay [rad];
C, thermal conductance/unit area [W/ 2 ratio of length-to-breadth of contact
cm?°K]; spot;
E, elastic modulus [kg/cm?]; d, linear expansion coefficient [°K~'];
k, thermal conductivity [W/cm °K]; & work function [eV];
£, Boltzmann’s constant [J/°K]; 6, base angle of surface cones [rad];
I, land length [cm] ; plasticity index ;
M, projected surface hardness [kg/ v, Poisson’s ratio;
mm?]; 2 radius of curvature [u];
n, number of contacts; o, standard deviation of surface height :
P, applied pressure [kg/cm?]; RMS roughness [x];
P, period {h]; 1, transmissivity;
0, rate of heat transfer [W]; ¥, |#]/o [cm™"];
R, thermal resistance/unit area v, surface slope [rad]; .
[cm? °K/W]; o, constant relating hardness and time.
T, temperature [ °K]; Subscripts
L, ujo; A, per unit area;
u, separation of mean planes [x]; AL, aluminium;
D, in downward direction;
* Present address: Burndy Corporation, Norwalk, Con- EM, steel;
necticut, US.A. i(=1,2), for metal i;
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L, per unit length ;

0, for the oxide film;

Ps after period p,; (i = 1, 2);

s, of the solid ;

U, in upward direction;

B, at angle B to lay of surface.
Prefix

A, small change of.

INTRODUCTION

IN RECENT years considerable attention has
been given to the subject of thermal contact
resistance. However a notable feature of the
published work has been the very wide dis-
crepancies between experimental results of
different investigators using nominally similar
materials. Also each of the theories that has
been advanced generally can be applied only
to the experimental results of the investigator
proposing that particular theory.

The present work was an attempt to obtain
accurate experimental measurements under
strictly controlled conditions which would allow
a fairly rigorous application of theory. In addi-
tion experimental information was sought on
two problems of technological interest: the
behaviour of thermal contact resistance at
cryogenic temperatures, and the so-called direc-
tional or thermal-rectifying effect.

THEORY
The thermal contact conductance C per
unit area of an interface of nominal area A4,
across which a temperature drop AT exists
is defined by

C = Q/AAT {1

where Q is the total rate of heat flow. The thermal
resistance equals the reciprocal of C. This
resistance arises from the fact that under moder-
ate loads the surfaces are in intimate contact
only at a number of small discrete spots, and
the amount of heat passing through these is
reduced still further by the constriction of the
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lines of flow. The usual approach to the problem
is to consider a model interface of small circular
constrictions far apart, each fed by a circular
channel independently of the others. If heat
transfer through the interstitial medium is
neglected (corresponding to the practical case
of a vacuum environment of better than
5 x 107° torr with boundaries at less than
40°K) the problem is analogous to that for
electrical contact solved by Holm [1] and the
solution is

C = 2an kg {2)

where a is the contact spot radius, n, the number
of contacts per unit area and k; the harmonic
mean thermal conductivity of the contact
members.

The above model is a reasonable approxi-
mation to the contact between two ‘“‘flat”
surfaces one or both of which are randomly
rough. The mechanical behaviour of such a
contact under load has been discussed by
Tsukizoe and Hisakado [2, 3]. They considered
a surface consisting of randomly intersecting
cones of base angle # with a normal distribution
of surface heights, and assumed that asperity
deformation is entirely plasticc. Making the
additional assumption that 8 is small, their
expressions reduce to

i, = nP(1)/8 3)

a=2/n¥t 4
and

fip, = Pl1)/2 &)
where

¥ = |{|/o, the ratio of the mean absolute
profile slope {(see Fig. 1) to the R.M.S. roughness
and the bars denote average values. Also

¢t) = ! 194 ( tz)

() = J2n P 2/

The relation to the dimensionless load is given by
P 1
L= - 6
i) j P() dt (6)
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THERMAL CONTACT RESISTANCE

where P = apparent pressure
and M = hardness of the softer surface.
Substituting {3) and (4) in (2) gives

C = Po(n) k /2. N

Greenwood [4] developed a simple test for
the deformation mechanism: a plasticity index
A == (E*/M) ,/(0/p) was defined, where

VE* = (1 —v}/E; + (1 —=VJ/E, (8
E, and v, are the elastic modulus and Poisson’s
ratio respectively for metal i and 7 is the mean
peak radius of curvature (see Fig 1). For 4 > 1
the surfaces will deform plastically, while for
4 < O-7 the deformation will be elastic.

Peok which has rodius

P of curvature (p)
e

.«J{__
\

Siope ()

G, 1. Terminology for a surface profile.

DIRECTIONAL EFFECT

The so-called directional effect refers to a
curious property of certain contacts by which
they have a greater thermal resistance in one
direction across the contact than in the reverse
direction, The effect was first noted by Starr [5]
and has subsequently been reported by several
others [6-12]. Some of the hypotheses advanced
{0 explain the phenomenon have relied upon
a change in contact geometry caused by differen-
tial thermal expansion. In the majority of
reported incidences the contacts have been
between dissimilar materials, usually steel and
aluminium, and Clausing [10] and Barber [13]
have argued that no directional effect ¢an occur
between specimens of the same material. In
Appendix 1 their arguments are shown to be
incomplete: a directional effect between speci-
mens of the same material was in fact observed
by Williams [9].

Another explanation was proposed by Moon
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and Keeler [14], who suggested that the direc-
tional effect is due to the potential barrier
produced by the interfacial oxide layers, which
inhibit the electronic heat flow. If 5, and ¢, are
the work functions of the metal surfaces and
&y > &, electrons will flow from metal 2 to
metal 1 since the electrons in the conduction
band of metal 2 are nearer the top of the potential
barrier.

The ratio of the conductances in the direct
and reversed directions can be expressed as

clszsz% & — & __1“___«1_
exp ; T, )

B 15, T3

where © = transmissivity, g, = work function
of oxide film and £ = Boltzmann’s constant.
It is stated that t,,==1,, and & > g: if
T, > Ty, then C,, > C,,. Work functions are
sensitive to the state and preparation of the
surfaces, hence there is no reason why a direc-
tional effect should not occur between similar
materials if the surface histories are different.

Powell et al. [15] failed to find a directional
effect with their thermal comparator. With
this device the rate of change of temperature of
a small metal sphere placed in contact with the
test surface was observed. They concluded that
the directional effect is due to specimen geometry
rather than to a potential barrier and that their
failure to observe it was because of the small
contact area used. A possible alternative ex-
planation is that the oxide film was usually
broken and metal-to-metal contfact achieved
over this very small contact region (~ 55 x 107°
cm? at the highest load).

EXPERIMENTAL RIG

The thermal conductance apparatus consisted
of a cryostat (Fig. 2) designed to operate from
room temperature down to 4°K by immersion
in liquid refrigerants, together with associated
vacuum systems and instrumentation. Cryostats
for the measurement of thermal properties
under load have been discussed previously
[16, 17], the present design being a development
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F1G. 2. Schematic representation of the cryostat.
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of that of Zavaritskii [ 18]. Loads of up to 100 kg
could be applied kinematically to the contact
interface and heat flows of up to 3 W could be
reversed without disturbing the specimens {see
Fig. 3). The heaters were energized by stabilized
d.c. power supplies. The load was applied by a
lever and hanging weight arrangement which
was calibrated with a quartz load cell The
experimental chamber could be evacuated to
107¢ torr, and a facility existed for bleeding
in helium “exchange” gas.

In case the variation of contact resistance was
highly temperature dependent, the apparatus
was designed to work with very small axial
temperature gradients along the specimens.
EBach copper—constantan thermocouple circuit
was independent, being insulated from the
others and from the specimens. All the measuring
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circuits were screened, and em.f.’s were deter-
mined to 10~7 V with a precision potentiometer
system. The thermocouples were all made from
the same batches of 0-12 mm dia. wire: the
largest dimension of the hot junction being two
diameters. The thermocouples were calibrated
during a separate experiment and cemented into
the specimens with an aluminium-filled epoxy
resin.

The heat flux was measured by using the
specimens as their own heat meters, their
thermal conductivities having previously been
measured (see Fig. 4).

THE SPECIMENS
Two materials were used; stainless steel as
specified by En. 58F (M), which is similar to the
AISI 302/304 used by other investigators in this

<3
- e Inner shaft and
Outer shaft—" T vacuum pumping
line
, ‘ T Bellows
Wood's metal seul/
fem —Copper heater block
_— \,
Plain of radial | N
thermocouples L
» — Thermocouples
Specimens = J B J
L—Copper heater biock
Hardened steel . T~ Heater
seqtings

FiG. 3. Schematic section of the experimental chamber.
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field, and aluminium as specified by BS He 20.
Four specimens were made, three of steel and
one of aluminium, and each was turned to a
nominal length and diameter of 2-5 and 1-5 cm
respectively. Four thermocouple holes of 0-5 mm
dia. were drilled radially onto the axis of each
specimen at 0-5 cm axial intervals; these holes
were offset at 60° angles consecutively in order
to minimize the cumulative perturbation to the
heat flux. In two of the steel specimens an
additional three radial holes were drilled, one
onto the axis at 0-25 cm from the interface to
monitor constriction perturbations, the others
at 1 cm from the interface drilled to depths of
two-thirds and one-third of the radius res-
pectively and set at 60° to each other and to the
axial thermocouple in order to monitor radial
temperature gradients. Specimen dimensions
and positions of thermocouple wells were
measured to 107* cm with an optical com-
parator.

All the specimens were initially lapped optic-
ally flat at the interface end. Two of the steel
specimens were then shot-blasted with glass

Aluminium

W/cm °K

(o]
]
T

Thermal conductivity,

Q
~n

! I
BT 200

7, °K

360

FiG. 4. Thermal conductivity measurements.
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beads so that randomly rough surfaces were
produced. The remaining steel specimen was
used, as lapped, for one series of experiments
and subsequently ground to give a surface with
directional properties. Vickers microhardness
tests were made on the lapped surfaces of each
material including a check, with a negative
result, for radial gradients in hardness. The
dependence of hardness upon temperature as
shown in Fig. 5 and used in this work, is based
on a compilation of data given by Durham et al.
[19] for similar materials. Surface profiles of all
the rough surfaces were recorded on paper tape
using a Talysurf 4 and data logger, and values
for the mean absolute slope, RMS roughness
and mean peak radius of curvature were
obtained by computer analysis. This part of the
work is described more fully elsewhere [20].

EXPERIMENTAL PROCEDURE
After assembly of the specimens the vacuum
can was soldered in position and the experi-
mental chamber evacuated. An appropriate

800}

600

TE Stainless steel
£
~
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! I o J
o] 100 200 300
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FiG. 5. Hardness of the specimens.
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Table 1. Specimen parameters

Specimen Material Finish 1) | ¥ (degrees) )
EM1 stainless steel lapped — — —
EM2 stainless steel bead-blasted 143 62 20
EM3 stainless steel bead-blasted 1-40 63 24
EMY stainless steel ground 060 3-4%, 431 26*, 197
AL3 aluminium lapped — 94 20

* B =mn/4

T B =m=/2

liquid was introduced into the surrounding
Dewar flask: for room temperature measure-
ments, this was water, circulated from the mains;
for lower temperatures, either a CO,/acetone
mixture maintaining a temperature of 195°K or
liquid nitrogen at 77°K was used. A heater was
then switched on and the apparatus was left
overnight to attain a steady state. For measure-
ments in vacuo, readings were commenced at an
indicated pressure of 5 x 107> torr or below.
At room temperatures, a steady state was
regained in 4-5 h after a change of load, and
in 10-12 h after a change in heat flow direction:
at cryogenic temperatures these times were
approximately halved.

A computer program was written in order (i)
to fit the best straight lines by a least squares
analysis to the temperature gradients in each
specimen, (ii) to extend these lines to the inter-
face, taking into account the uncertainty in-
volved in the extrapolation [21] and hence (iii)
to calculate the heat fluxes and thermal con-
ductances. Calibration polynomials for the
thermocouples and the loading system were
also embodied in the program, as were the
temperature variations of the thermal con-
ductivities. A detailed error analysis was printed
out for each result. In many cases more than one
observation was taken under the same experi-
mental conditions; in such cases the observa-

Table 2. The specimen pair combinations tested and the sequence of the experiments

Order of experiments
Specimen Upper Lower
pair specimen specimen Parameter varied Temperature
region {°K)

A EM1 EM3 time 300
heat flux 300
heat flow direction 300
load 300
heat flow direction 90*
temperature 90-300
load 300
ambient pressure 300

B EM3 EM2 load 300
load 90
load 130
load 200

C EMI’ AL3 load 300
load 230
load 150

* Specimens disassembled (i.e. contact broken) after this experiment.
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tions have been combined to reduce the error,
and the total number of observations is given on
the appropriate figure.

Heat fluxes in the axial direction for the two
contacting specimens generally agreed to within
10 per cent. Larger discrepancies were some-
times noted, particularly at low temperatures,
and were apparently associated with radial
temperature gradients in the vicinity of the
contact. The instrumentation of the radial
thermocouples was not reliable enough, how-
ever, to yield quantitative information on this.

RESULTS

Specimen pair A

The first measurements made with specimen
pair A were of the variation of room temperature
conductance with time, all other parameters
being held constant. This was firstly to check the
reproducibility of results and secondly to in-
vestigate a periodic variation of conductance
with time of up to 25 per cent with a period of
~2 h that had been reported by Clausing [22].
No such variation was found (see Fig. 6), but a
definite though small increase in conductance
with time was noted. Similar increases have been
remarked upon by Barzelay et al [6],
Boeschoten [23], Forster, as quoted by Skipper
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and Wootton [24], and Cordier [25]. All the
parameters upon which the thermal contact
conductance is believed to depend are time-
invariant except for the surface hardness.
Cetinkale and Fishenden [26] found experi-
mentally that

M = M, (1 — wlog, 180 p) (10)

where p is the period in hours, M,  is the original
hardness at time zero and w = 001032 for steel.
From equation (7) it can be shown to a good
approximation that C oc M~ % at constant load.
Substituting in (10) and re-arranging gives

Cpr/Cpy = [1 0 { }]MK

(11)

Taking p, =20 h, C,, = 0:13 W/cm?°K, this
provides a good fit to the data of Fig. 6.

The variation of conductance with heat flux
was investigated next. Several values of the
steady-state heat flux were used and the appro-
priate measurements taken, and then observa-
tions were made with the heat flux in the
reverse direction across the contact. Although
both specimens were of the same material a
large directional effect was observed as may be

wlog, (p1/p,)
1 — wlog, 180 p,

Specimen pair A
P =618 kg/cm?
ol6f~ 7 =305-3iI°K
@/4=031-033W/cm?
28 observations
~ — Equation (1)
7 .
©
£
S o4
2
Ol
| |

QI

|

60

80 100

Time, hr

F1G. 6. Conductance of a contact vs. time.
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seen in Fig. 7. The conductance however did not
appear to be markedly dependent upon the
magnitude of. the heat flux, a sevenfold increase
in heat flux producing not more than 10 per cent
conductance change. Thus for the remainder of
the present work, the conductance has been
assumed to be invariant with the magnitude of
the heat flux.

Cycling of the load, with a measurement of
heat flow in each direction at each load value,
failed to disclose any hysteresis within the limits
error. Therefore observations made at the same
load were combined in Fig. 8. Taking E, = E,
=20 x 10°kg/cm?, v, =v, =03, equation
(8) gives A = 8-0 with the appropriate substitu-
tions; deformation is thus plastic and equation
(7) may be applied. Agreement is not unreason-
able if it is borne in mind that the theory makes
no attempt to allow for the directional effect.

With liquid nitrogen in the heat sink, the first
low temperature measurement was made with a
downward heat flow and a reasonable result was
obtained. However on reversing the direction of
the heat flow, the temperature measurements
when extrapolated to the interface indicated a

Specimen pair A s ¢
P =618 kg/em? . C';
7 =295-332 °K 2 ¢
17 observations ———%
(2
x %
g
i o
£ OO0~ dio S
S ry re —
> #, & ; Y ,! @
g L T = ’
g -jos !,
© S
\\\\\\\ —os
oosh- e
WO 4
—oz
! n |
o2 04 56
R/4, W/im?
Fig. 7. The dependence of contact conductance upon heat
flux.
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Fi1G. 8. Conductance behaviour with respect to load
for specimen pair A contact.

negative temperature discontinuity across the
contact. The measuring circuits were checked
and measurements were continued at intervals
over 17 h in case the effect was transient, but no
change was detected. The cryostat was warmed
to room temperature and recooled whereupon
similar observations were obtained, despite the
interim room temperature measurements indi-
cating a positive temperature difference across
the contact as expected. The temperature of the
thermocouple reference junctions was changed
from 77°K to 273°K and back again yet still a
negative temperature difference across the con-
tact was suggested by the measurements. Finally
the cryostat was allowed to return to room
temperature, the vacuum can removed, the
specimens parted and the mating surfaces
cleaned with organic solvent. The whole system
was then reassembled and returned to liquid
nitrogen temperatures. None of these procedures
had any effect on the apparent negative tempera-
ture drop across the contact. To examine its
variation with temperature, the cryostat was
allowed to warm up to room temperature over
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Specimen pair A
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F1G. 9. Variation of thermal resistance for specimen
pair A contact, under constant load, with tempera-
ture.

a period of 30 h with the heater still on, and
measurements were taken at intervals. As a
complete observation took less than 5 min the
measurements were assumed to be those for a
quasi-steady state. Results, expressed as thermal
resistances, showed an approximately linear

Specimen pair B oG,
.7 =285-305 °K
o5k @/ A=009-037 Wem?2
30 observations
—— Equation(7)

3 CD
“(C~Co Ve

i

—o—

W/cm2 deg K

c

(c.-cire,

102

L | 1 I
5 10 20 50
A kg/cme

FiG. 10. Conductance behaviour with respect to load
for specimen pair B contact in the temperature range
285-305°K.

increase with temperature till they eventually
went positive (see Fig. 9). Errors in the negative
temperature differences due to extrapolation
were often less than 10 per cent. A measurement
made at liquid nitrogen temperatures in a
helium atmosphere, which should have clarified
the significance of any radial temperature
gradients at the interface, still suggested a
negative temperature difference across the con-
tact.

Specimen pair B

Measurements were made on this specimen
pair over four different temperature ranges
(Figs. 10-13). As both surfaces are rough the
calculation of A requires more consideration.
The expression for the plasticity index was
originally derived for the contact between a set
of spherically tipped asperities and a plane. For
contact between two rough surfaces the neces-
sary effective radius of curvature p* is that for
contact between two spheres [27], ie.

Lp* =1/ps + 1/p,. (12)

This gives 4 = 14 and deformation is thus
plastic at room temperature. Both E and M
increase with fall in temperature though not
very rapidly, but this has no practical effect on
the low temperature deformation as 4 oc E/M.
In order to apply equation (7), effective values
of ¢ and || are needed. For contact between
rough surfaces, Tsukizoe and Hisakado [3]
suggested that o* = /(6] + 0}), and by an
argument analogous to that used by Henry

[28]’ Y* = \/(I‘T’l‘z + IIP;IZ), giving

AR Ak
T_\/< 1o—f+<r%2 "3

/

(13)

which leads to the surprising conclusion that the
variation of conductance with load between two
identical rough surfaces is the same as that
between one of the surfaces and a plane.
Substituting appropriate values in equation (7)
gives reasonable agreement for all the results;
the upward and downward conductance data
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F1G. 11. Conductance of specimen pair B contact F16. 13. Conductance of specimen pair B contact
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Fi1G. 12. Conductance of specimen pair B contact in the
temperature range 122-147°K.
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are fairly well bracketed but the theoretical slope
is too high throughout.

It will be noted that equation (7) implies that
the shape of the conductance vs. applied pressure
curve is independent of all the specimen para-
meters : over the range of the present measure-
ments this is true and in fact C oc p®88. For a
similar model, Greenwood and Williamson [29]
deduced that C oc P%? approximately. A dimen-
sionless correlation of the resulis has been
attempted in Fig. 14: it shows that a plot of
equation (7) roughly divides the upward from
the downward heat flow data. A very similar
correlation has been developed independently
by Cooper et al. [30] (see Fig. 9 of that reference).

f gz }Specimen pair A
f g,‘: }Spedmeﬂ pair B

—Equation {7}

1072

/¥,

1073}~

1 L.
10°° okt

PIM

T(?,v‘

FiG. 14. Plot of a non-dimensional conductance para-
meter vs.a non-dimensional load parameter.

Specimen pair C

At room temperature specimen pair C was the
first contact of those tested to exhibit hysteresis
on load cycling (Fig. 15), the effect being
qualitatively similar to that described by Cordier
[25] and many other workers. Cordier noted
that the resistances measured during the in-
creasing and decreasing arms of the load cycles
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FiG. 15 Hysteresis in the thermal resistance behaviour of
specimen pair C contact.
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Fic. 16, Conductance behaviour with respect to load
for specimen pair C contact in the temperature range

310-317°K.
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tended to increase and decrease respectively
with time, and suggested that if enough time
were allowed to elapse between measurements,
hysteresis effects would disappear ; in view of the
long measuring intervals in the present experi-
ments this may explain why hysteresis was not
observed with the two all-steel contacts, while
pair C showed the effect because of the greater
creep rate of aluminium. The middle curve of the
three in Fig 15 has been used in subsequent
calculations (Fig. 16).

Measurements were also made at CO, /acetone
and liquid nitrogen temperatures (see Figs. 17
and 18). Attempts to apply the theory to these
results is fraught with difficulty as the ground
surface had definite directional properties due
to its lay. To deduce a value for 4 is out of the
question, but arguments can be advanced [31]
which suggest that the deformation is again
plastic. Now it is shown elsewhere [20] that if B
is the angle which a surface profile makes with
the direction of the grinding scratches, the

Specimen pair C oc,
JosaorTWeme 12
0/A= g - cm _
7 observations x(C,-GVG
= Equation(7) 4
—---Equation (21)
I | 1
x X 1
2 1
l
¢
T N
i’ /o2 &
3 I / ]
't s/ ¢
£ os- I l y S
= /
= ] y
S ¢ /
02 $ 1 //
1 /
T //
o}
/
! /
/
L ] i 1
5 10 20 50
P, kg/cm?

Fi1G. 17. Conductance of specimen pair C contact in
the temperature range 230-237°K.
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profile slope is given by
_ tan ‘l‘u/Z _
tan Y, = Sn o cos(ox — p) (14)

where tan a = y, the ratio of the long and short
axes of an asperity. An effective slope y*
averaged over all profile directions can be found
by integrating (14):

n/2

j Ypdp.
[i]

2
~ (15)
Taking y = 20 and integrating graphically with
Y2 from Table 1 gives y* = 0057 rad. Sub-
stituting this and other values from Table 1 in
equation (7), and remembering to use the
harmonic mean thermal conductivity, gives a
result which is consistently too high.

If the contact spots are treated as elliptical
their constriction resistance is f{y)/2ak, [1] where
a is the average radius of the ellipse.

Spemmen pair C °C, T
=[46-162 °K * C
/2 55020 86 W /e (& ~CMCy

0 observations
~— Equation (7) [ ﬁz
—--Equation (21) I ](

W/cm? deg K
(C, —Co) /¢,

c

P, kg/cm?
F1G. 18. Conductance of specimen pair C contact in
the temperature range 146-162°K.
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Now G = (s x yl)? (16)

where I, is the land length of the asperity at
B =mn/2. Hence an effective radius can be
defined as

ot =2 I, 17
fiy ™2 an
From equation (5) the average land length 1 is
2P
= — 1
MPH0) %)

If y =20, then fly) = 025 [1] and a* = 179

L2 ie

_ 358P
M Wn/2¢(t)‘
The number of contacts per unit area is

difficult to deduce from any profile as the distri-

bution is not random. Falling back on Henry’s
[28] assertion that for ground surfaces

(19)

a*

ny = (ﬁL)ﬂ X ('—'L)B+1:/21 ny= (ﬁL)£/4

which from equation (5)

= {Wra $(8)/2} (20)
Combining (19) and (20) in (7) gives
o Y P
C=179 v k, qS(t)M : (21)

This represents a straight line for C vs. P of
about twice the slope given by equation (7), but
the predictions are now too low. The choice of y,
however, was fairly arbitrary [20]. From Dyson
and Hirst’s photographs [32], much higher
values than 20 seem possible, and f{y) decreases
with increasing y: doubling y would in fact more
than double the conductance. As matters stand,
equations (7) and (21) represent roughly the
upper and lower limits of a band within which
the conductances fall.

DIRECTIONAL EFFECT
The directional effects observed in the present
series of experiments have throughout been too
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large to be explained by experimental errors.
Also they have been characterized mainly by
their lack of corroboration of previous explana-
tions. The exhibition of such an effect between
specimens of similar material verifies some of
the arguments based on differential thermal
expansion. The effect decreased with increasing
heat flux (see Fig. 7) contrary to Clausing’s
findings [10]. A series of consecutive changes in
heat flow direction through specimen pair A
(Fig. 19) showed, if anything, an increase in
directional effect with number of reversals,
contrary to Williams’ suggestion {11]. In-
creasing the pressure of the ambient gas caused
no appreciable change in the directional effect
(Fig. 20) although radial temperature gradients
were almost eliminated, which casts doubt on
explanations relying on such gradients. It should
also be noted that throughout the experiments
the directional effect either did not change or
increased with load; this is difficult to explain
on the basis of almost any geometrical theory
for the effect.

As predicted by Lewis and Perkins [12] the

Specimen pair A

og  F=618 kg/cm2

.7 =269-323 °K

Q/4=038-069 W/cm? '
I8 observations i

06

bt

0 4}

€, -6/,
o

0-2+—

| I H
2 4 6

No. of cycles

FiG. 19. The results of reversing the heat flux
direction upon the thermal directional effect.
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C, 1,

Specimen pair A OR,
P =193 kg/cm2 R,
T =293-304 °K
Q/A=022-0-35 W/cm2
12 observations
4&—
2
~
X
o
3
o~
: I
ol § Lo
5 Ly
R4 1]
1y %I
°
£
5
£ 3%
i | | !
1078 [ 1072 I 102 104
Ambient pressure, torr
Fic. 20. Dependence of the contact resistance upon the pressure of the helium environmental gas.
. . Specimen pair B x P =61kg/cm?2
Specimen pair C x P =62 kg/cm? ol ——Equation (24} +P=354kg/cm?
— Equation (23) +P =193 kg/cm? 0 P=679kg/cm?
0P =357kg/cm2
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Fi16.21. Temperature dependence of the directional

effect for specimen pair C contact.
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F16.22. Temperature dependence of the directional

effect for specimen pair B contact.
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contact conductance was greater when the heat
flow was from the higher thermal conductivity
metal—in this case aluminium to the one of
lower conductivity—the stainless steel. This is
the converse of what would be expected from
the Clausing [ 10] hypothesis.

The theory which appears to hold most
promise is that of Moon and Keeler [14], the
main obstacle to applying it being a lack of
knowledge of the work functions of the con-
tacting surfaces. In the circumstances arbitrary
values of Ag =g, — ¢, will be assigned as
follows: e, — g = 106V, ggy — 8 = 0-85 eV,
There are of plausible magnitude and chosen so
that g, > egy, i.e. the conductance will be
higher from aluminium to steel, in agreement
with the experimental results. f T,T, = T?,
T, — T, = AT and 1, = 1,,, equation (9) be-
comes

C,,/C;; =exp(Ac AT/kT?). (22)
Setting Ae = 1 eV and AT = 2°K gives
log, (Cy/Cp) = 232 x 10%/T2 (23

However comparison of this with experimental
data (see Fig. 21) for specimen pair C is not very
enlightening because of the large scatter in the
measurements.

Although both specimens of pair B were of
the same material their surface histories and
hence work functions were doubtless slightly
different. With this excuse As is set to 0-85 eV
with the lower specimen as metal 1.

Then

(Cy ~ Cp)/Cp = exp (198 x 10%/T?) — 1
(24)

for an average AT of 2°K. This fits the experi-
mental data (Fig. 22) quite well. Theory and
experiment diverge at the lower end of the
temperature range, but this is expected. The
lattice component of the thermal conductivity
of a stainless steel reaches a maximum of 30 per
cent of the total conductivity at 90°K; above
this temperature it falls off rapidly and heat
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conduction is substantially electronic [33].
Phonon heat transfer across an interface does
not exhibit a directional effect [34], hence at
90°K the observed directional effect will be less
than that predicted by a purely electronic theory
of heat transfer.

The effect of surface changes on work func-
tions is not well understood. 1t is however
possible that the observed increase in directional
effect with load is due to a change in the work
function of, say, the oxide layer under increased
pressure.

CONCLUSIONS

Bearing in mind the simplifying assumptions
made, agreement between experiment and the
theory based on the statistical properties of
random surfaces appears quite promising. Only
four parameters of each contact member need
to be specified: thermal conductivity, surface
hardness, RMS roughness and mean surface
slope. Of these, only two are characteristic of the
surface topography. The RMS roughness can
conveniently be measured by commercially
available instruments, and although measure-
ment of the mean surface slope required rather
elaborate techniques in the present investigation
it scems likely that a simple optical method
could give results of sufficient accuracy. The
theory also accounts well for the variation of
conductance with temperature down to 80°K.
It is clear, however, that it is inadequate to
describe the contact behaviour of surfaces with
directional properties.

None of the geometrical theories for the
directional effect advanced previously are able
to give a quantitative explanation of the present
results, which also conflict with many of their
qualitative predictions. The theory of Moon and
Keeler [14] does not suffer from so many dis-
advantages, and agrees well with the tempera-
ture variation of conductance of one contact.

No explanation is offered at this time for the
apparent negative thermal resistance exhibited
by one specimen pair.
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APPENDIX

Directional effect between specimens of similar material
Clausing [10] considered the case of two initially convex
specimens of linear expansion coefficients 6, and &, If
d; #0, 6, =0, and heat flows from 1 to 2, the portion of
surface 1 near the contact area is colder than the rest of the
surface and will contract, thus enlarging the contact area.
If the heat flow is reversed, the portion of surface 1 near the
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contact area is now hotter than its surroundings and will
expand, decreasing the contact area; hence a directional
effect occurs. The argument can be extended to the case of
(6, 8,0 # 0, 8, >3, and to a convex-concave contact
Clausing suggested that as the thermal strain is a function
of the temperature gradients in the specimens the directional
effect should increase with heat flux. He also believed that
for specimens of the same material, ie. 5, = J,, the thermal
strain i complementary and no directional effect should
appear.

Barber [13] maintained that thermal contact at a central
region in the presence of radial temperature gradients is
equivalent to a uniform heat source covering the central
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and opposite, the conformity will remain unchanged But
consider the contact between two convex surfaces of initial
radii of curvature p;, p,. The radius r of the area of elastic
contact between them is given [27] by the Hertzian formula

Gora)
roc| - 4 - .
Pv P2

If specimen 1 is heated and specimen 2 cooled, p, — (p,
+ Apy) and p, —{p, — Ap,) I the heat flow is reversed
keeping the magnitude of the heat flux constant then
py = (py — Apy) and py - (p, + Ap,). Hence

ria ) 1 1 g 1 1 A
L e s e ) 27
Ta1 P~ Apy pa+Ap fi\pc+Apy pr— Apy
Rearranging and neglecting terms in Ap; Ap, gives
(_{5)3 _ {1 L Ay~ Bp) H 2p,Ap:1 — piBpa) } (28)
21 Pyt P2+ Apy — Ap, P12 + p1Apy — Palp, '
~ %3 " AAp, ~ Aﬂl)} 3'1 " Ap,Bp, — PlApz_)} 29)
P P2 PPz
I the flatness deviation z < p, then
z b (30)
b 2p
ie Ap = —(2p%bH) Az 31
and
<E)3 _ {1 " %(P% Az, ~p} AZg)}{] + 4p,yhz, ;’ PxAzi)}' (32)
21 b P+ Py b

region of radius r discharging to a uniform heat sink of the
same radius b as the nominal contact area. The vertical
displacement of the central region would then be

Q5(1 + v)log (b/r)
Az = 20 T VORBITE

25
2nk, )

He goes on to state that a thermal distortion explanation
cannot account for a directional effect between similar
materials, because, as the vertical displacements are equal

I the specimens are of the same material, Az, = Az, = Az
and equation {32) reduces to

Y i‘ﬁ&;ﬁa}z
o h? i

Now C o r for r < b {e.g see [35]), and thus Cy, # C;,
for all p, # p,, 1e even if the specimens arc of the same
material a directional effect will be present unless the radii
of curvature of the mating surfaces are identical

(33

RESISTANCE THERMIQUE DE CONTACT: L’EFFET DIRECTIONNEL ET AUTRES
PROBLEMES

Résumé -On décrit des régions mal connues dans e domaine de la résistance thermique de contact. Une
théorie pour la variation de la résistance de contact avec la charge basée sur de récents ptggrég dans
Panalyse topographique de surface est esquissée, et les théories existantes pour effet appelé mrqcnonnei
sont discutées de fagon critique. La construction et 'emploi d’un appareil pour mesurer la variation de la
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conductance thermique avec divets paramétres & des températures en-dessous de 300°K sont décrits,

et ’'on présente le résultat des combinaisons de contact de spécimens en acier inoxydable et en aluminium.

L’accord entre la prévision théorique et I’observation expérimentale est bon pour des surfaces aléatoires,

mais faiblit pour des surfaces orientées. Des effets directionnels ont été trouvés pour un contact entre des

matériaux similaires; un essai est fait pour tenir compte de cela sur la base d’une théorie électronique
antérieure pour cet effet.

THERMISCHER KONTAKT-WIDERSTAND: DER RICHTUNGSEINFLUSS UND
ANDERE PROBLEME

Zusammenfassung—Noch wenig erforschte Probleme des thermischen Kontaktwiderstandes werden
beschrieben. Eine Theorie fiir die Anderung des Kontaktwiderstandes mit dem Anpressdruck die auf
kiirzlich gemachten Fortschritten in der Analysis der Oberflichen-Topographie beruht, ist angegeben
und die existierenden Theorien iiber den sogenannten Richtungseffekt wurden kritisch diskutiert. Die
Konstruktion und der Gebrauch einer Apparatur zur Messung der Anderung der Leitfahigkeit bei
verschiedenen Parametern und Temperaturen von 300°K abwirts wird beschrieben und die Ergebnlsse
fir Kontaktkombinationen von steinless-steel/Aluminium werden angegeben. Die Ubercinstimmung
zwischen der theoretischen Betrachtung und der experimentellen Beobachtung ist zufriedenstellend fiir
unbearbeitete Oberflichen, ist aber nicht mehr gegeben bei Oberflichen mit Zwischenlage.
Richtungseinfliisse liessen sich fiir den Kontakt zwischen einzelnen Materialien finden ; es wurde versucht
auf Grund einer kiirzlich entwickelten elektronischen Theorie den Effekt zu beriicksichtigen.,

TEPMUYECHOE KOHTAKTHOE COITPOTUBJIEHUE. 3ODEKT
HANIPABJEHHOCTN 11 APYI'ME MPOBJIEMBI

Anpsoranua—CraThsl NMOCBAIEHA HENCCIIEOBAHHHM INpoGieMaM B 006JacTH TEpMUYECKOro
KOHTAKTHOTO conporusjenns. Wamoxena TeopuA M3MeHeHNA KOHTAKTHOTO CONpPOTHUBJIEHHA,
IpUYeM OCHOBHOM YIOp CflelaH HA NOCNeJHME JOCTHHEHHA B TOLOTpafUUeCKOM aHAJIM3e
noBepxHOCTH. [laH KpuTHiecKuit 0630p CYmIECTBYIOINMX Teopulf Tax HaswHBaeMoro afdexTa
HanpaBieHHOCTH. OMHCAaHO KOHCTPYMPOBAaHME M HCHONH30BAHUE ANMNAPATA A U3MEPEHHUA
uaMeHeHu# kosdduienTa TeNTONPOBOXHOCTY DM PASIMYHKIX NApaMeTpax M TeMIlepaTypax
or 300°K u Hmke, n npefcTaBieHH pe3yJbTAaTH AJIA KOHTAKTHHX KOMGMHanmui o6pasios
Hep:kaBewollelt craam M amioMuHHA. Iloxy4eHO XOpomiee COrJIacoOBaHHE TeOPETHYECKMX
pacyeToB C JKCIIEPUMEHTAIBHHMM HAOIIOAEHMAMH [JIA MOBEPXHOCTER ¢ HEYNOpANOYeHHON
CTPYKTYpOil, KOTOpOe HApYIAeTCA IJA IOBEPXHOCTeR ¢ YNOPAXOYeHHON CTPYKTYpOit.
Halinenst »@deKTH HANPABIEHHOCTHM INPM KOHTAKTHPOBAHUM MORXOOHHX MaTepHAJOB.
Crenana NOMHTKA yu4éra a@dexra HA OCHOBAHMM paHee NPeNIOKeHHOM SIeKTPOHHON TeopHU
xaHHOro ddPperTa.



