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Prediction of Interfacial Filler Thickness
for Minimum Thermal Contact Resistance

P. W. O’Callaghan,* B. Snaith,{ and S. D. Proberti
Cranfield Institute of Technology, Cranfield, England

- F.R. Al-Astrabadi§ ‘
Servizio Studi Speciali, Aeritalia Divisione Aviazone, Torino, Italy

A theoretical optimization procedure to establish the appropriate filler thickness for minimizing thermal
contact resistance between flat non-wavy surfaces is developed and demonstrated. The analysis is founded upon
the assumption of ideal plastic asperity deformation at the interface formed between randomly rough surfaces
separated by the softer filler material. Experimental measurements of the thermal contact resistance for various

contacting assemblies are presented to verify the prediction.

Nomenclature

=mean radius of microcontact spot, m

= contact area, m?

=radius of a heat flow channel, m

(2) = constriction alleviation function described by Eq.
(34) :

= thermal conductivity, Wm 1K !

= micro-indentation hardness, Nm ~

=mean number of microcontact spots per unit area,
m-2

= contact pressure, MNm ~

=rate of heat flux crossing the interface, W

=thermal contact resistance of unit area, KW !

=normalized mean plane separation, =u/og

=mean plane separation, m

=lateral spread of filler surrounding each metal-to-
metal contact spot, Eq. (15)

y =normalized filler thickness, i.e., 6/¢

é =thickness of filler, m

AT =apparent temperature discontinuity across the

interface, K .
é(t) = Gaussian or normal probability function, Eq. (10)
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x = N%{O“U ZIik‘

o) =| swa

¥ = asperity slope, rad or deg as specified
¥ = yl/o, rad-m™!

o =surface rms roughness, m

Subscripts

* = optimal condition

an = annular-type microcontacts

av =average

f = filler

M =metal

MM =metal-to-metal

Mf,fM  =metal-to-filler

0 = overall

s = effective for a contact between dissimilar surfaces
tot =total

1,2 =surfaces | and 2, respectively
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Introduction

HE correct prediction of thermal contact resistance
‘ (TCR) is vital for designs involving thermal flows
through spacecraft systems. In addition, it is often desirable
that this resistance to heat flow be minimized in order to
dissipate heat rapidly from limited area high-heat-flux
components. The thermal resistances of unfilled dry, pressed
contacts are notoriously unreproducible and difficult to
predict. The insertion of a soff, high-conductivity foil or
coating at the interface results in a more consistent thermal
performance.!? The selection of the optimal filler thickness
can, in addition, minimize the TCR for a given interfacial
applied loading pressure. This paper develops an analytical
technique*’ to predict this optimal ‘thickness. The theory is
founded upon the assumption that the ideal plastic defor-
mation behavior occurs at the interface between randomly
rough surfaces and requires as input the thermophysical and
topographical characteristics of the contacting surfaces.
Experimental measurements of the TCR for various
assemblies are presented to verify the predictions.

The existence of an optimal filler thickness for minimum
thermal contact resistance is expected to occur when the filler
thickness 6 is of the order of the surface roughness 0. When
6<g, the constriction resistance experienced at contacting
base material-to-base material asperities is alleviated by the
additional thermal bridges made across the filler material. For
filler thicknesses much greater than 6, the additional bulk
resistance of the filler discounts the reduction in constriction
resistance produced by the filler.

It must be stressed that the insertion of a filler which is
harder than the base material will result in increased overall
contact resistance, regardless of the thickness or thermal
conductivity of the insert material.

The Prediction

The theoretical analysis developed here applies for the
initial loading sequence of a virgin contact, for which it is
assumed that the contacting surface microasperities deform in
an ideal plastic manner. The theory also assumes that all
material within the intersections of the surfaces plays no
further part in influencing the behavior as normal loading
proceeds. It is further assumed that the filler material also
deforms in an ideal plastic manner. If the filler were fully
ductile, it would extrude from the asperity intersections into
noncontact regions and, under conditions of ideal plastic
deformation, would result in lower values of thermal contact
resistance than the prediction suggests. This effect would be
particularly enhanced in the region of the optimum.
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The following approximations are also introduced:

" 1) Surface asperities may be represented as right circular
cones. '

2) All microcontact regions are annular.

3) The filler is of uniform thickness and so its presence does
not alter the surface topographies.

4) As a result of assumptions 2 and 3 the contact con-
figuration found at contacting surfaces separated by a filler is
comprised of base-material to base-material annular micro-
contacts surrounded by concentric circular annuli of the filler
material, with additional circular microcontacts of the filler
material alone. .

5) The height distributions of the contact surfaces may be
described by Gaussian probability functions.

6) The effective thermal conductivity of a filler-to- f1ller
microcontact is given by the harmonic mean of the con-
ductivities of the filler and base material, respectively.

7) The effective thermal conductivity of an ‘‘annular type’’
contact, described in assumption 4, is given by the arithmetic
mean of the conductivities of the base material and filler.

Analysis ) .

When surfaces are pressed together, sandwiching a
secondary material at the interface, the demographic
characteristics of the resulting microcontact spots differ from
those that occur in the absence of the filler.

A previous analysis,®’ which led to a prediction of the
thermal behavior of oxidized contacts, presented the
following classifications for filled contacts.

If the filler is softer than the base contact material, a greater
real area of contact will be produced under a specified in-
terfacial loading pressure. Then the degree of improvement in
the thermal conductance also depends upon the ratio of the
thermal conductivities of the filler and base materials. The
thickness of the insert material 6 relative to the rms roughness
o of the primary contacting surfaces is the most influential
parameter.

1) When 830, assuming that the filler material is in-
compressible, then the TCR always increases with increasing é
according to the linear one-dimensional definition

AR=Ad/k; M

where & is the effective conductivity of the insert material.

2) When § is of the order of, or less than, o and the filler is
softer than the primary contact material, a decreased TCR
will occur for all loads such that the mean plane separation of
the base material surfaces u,, is greater than 8, regardless of
the ratio of thermal conductivities. The conductance of each
primary microcontact is enhanced by additional annular
bridges of filler material surrounding each primary
microcontact, as well as independent microcontacts that occur
through the filler alone.

3) Because, under constant load, the TCR reduces with

increasing 6 for 6 < ¢ and increases with increasing é for é>oca

minimum value of TCR will be encountered when 6 is of the
order of ¢. This minimum value corresponds to the situation
resulting when the filler is sufficiently thick so that no base
material-to-base material microcontacts form, the applied
loading pressure being accommodated by flow stresses in the
filler material alone. The exact filler thickness to produce this
optimal resistance is difficult to predict mathematically
because of the uncertainties regarding the degrees of plasticity
and ductility and because it involves the simultaneous solution
of two complex mechanisms of heat conductance. Three
additional indices affect the thermal behavior of filled
contacts:

Filler hardness _ M @
Primary material hardness - M,
Filler thermal conductivity _ _kL 3)

Primary material thermal conductivity B Ky
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and

Filler thickness 1)
== @

Effective rms roughness of unfilled joint . ¢

For a randomly rough surface in contact with a flat surface
of the same material, assuming ideal plastic deformation;,?*7
the following analysis applies.

1) When no filler is present (Fig. la), the TCR can be
estimated from

R} ="(2ayNykp) ™! : %
where
ay=2/mVty, (6
Ny=¥2m1y6 (1)) /8 Q)
=l/c ®
ty=Uylo "9
¢ (ty) = (INZm)e 2 (10)

where u,, is the mean surface separation, I}/] the mean ab-
solute surface slope, and k,, the thermal conductivity of the
base material.

The normalized méan plane separatlon ty 1S related to the
normal applied loading pressure P by

P 1

v p)
P(s —————_——S —im2d4
() 2 My V2nlo ¢ fua (an

2) When a filler of thickness 6, less than the order of
magnitude of the roughness o, is present at the interface, the

BASE' MATERIAL

MEAN PLANE OF
ROUGH SURFACE ™\ \/‘IAV& A

INTERSECTING _"{
FLAT SURFACE

al NO FILLER PRESENT

v BASE MATERIAL

MEAN PLANE OF
ROUGH SURFACE ™ ran

DIMENSIONLESS é}:k \\‘1\& A{
; s

THICKNESS G
OF FILLER

)

b) FILLER THICKNESS & <@

MEAN PLANE OF
ROUGH SURFACE

DIMENSIONLESS
THICKNESS
OF FILLER

"¢ FILLER THICKNESS O << T

Fig. 1 Contact mechanism.
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prediction of the TCR is similar to that outlined previously®
for oxidized contacts. The applied load is supported by the
base material-to-base material as well as the base material-to-
filler microcontacting areas. If ug,, is the mean plane
separation between the rough base material surface and the
filler surface nearer this rough surface (Fig. 1b), then

Iy =t /0 a2
and can be estimated from

[f—qm +)J+[q><t ) —da] o P g
2 m Ty U y)—® (4 MM_MM

. where
y=é/o (14)

Two types of thermally constricting microcontact area
occur: '

a) N, base material-to-base material microcontacts of
mean radius dy,, surrounded by annuli of the filler of lateral
extent )

x=6/otan Iy1 . (15)

each haviﬁg a mean effective thermal conductivity given by
kay = (kp +k5)/2 (16)
b) Ny, microcontacts of mean radius a,,, formed between

the base material and filler, each having a mean effective
thermal conductivity given by

2/kyy= 1ky) + (17ky) amn

Now
N =¥ty 6 (t131) /8 L)
Qo =2/7V 5, (19
Appg =2/7¥ (L +) (20)
Ny =27t +3) Oty +9) /8=Ny, 21
Nuy=Nex = Nuaw @)

and
Qon = pppy +X0 ' (23)

For a linear intersection of the contact plane,

iy = Norio ~ Ny @4)

Then, the constriction resistance of the microcontacts,
comprising the base material surrounded by annuli of the
filler, is given by . )

Ry =20, Ny 25)
and the resistance of the base material-to-filler by

Riyy= (2ay; Nyyskpgr) ™' (26)

Then the total contact resistance of unit nominal contact area
is calculated from

1/R{.,=(1/R})+ (1/Ry;) @7
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At the optimal thickness 6*, the TCR of the unit area is
calculated from

R'"* = (2a3yNiyrkpy) =" (28)

i.e., as for the contact in the absence of the filler, but the
mean plane separation now depends upon the hardness of the
filler, viz,

®(t5y) =42 —P/M, 29)
3) For 6> o (Fig. 1¢), the TCR increases according to
ATCR = Ab/k, (30)

In order to predict the behavior of the filled contact formed
between two surfaces 1 and 2 of the same material, but having
different surface topographies, certain compound parameters
(05, t;, and y,) are used. This permits the actual contact
configuration to be represented as a statistically equivalent
assembly between a perfectly flat smooth surface and a rough
surface, i.e., . :

o, = (o] +03)%’ @31

Then .
Is=u/0 ' (32)
ys=0/o0, - (33)

The constriction alleviation factor g(Z) can be applied to all
resistances predicted to allow for interference between ad-
jacent flow channels,? i.e.,

g(Z)=1-1.409Z+0.2967° ... 34)
where
dtot i AN 0.5 AT
Z=—— and b, = ( —_— ) = (7N =0.5 35
Dot ne D WNA[O[AN (m Alol) ( )

Application of the Prediction

For a given contact assembly, Eq. (13) must be inverted to
obtain a normalized prediction mean plane separation ¢ ac-
cording to the design applied loading pressure P. Then the
thickness of the filler to be inserted to minimize the TCR with
a pressure P is calculated by plotting and minimizing the TCR
as a function of . '

The Experiments

Specimen Preparation

" The contacts were assembled from 12 identical stainless
steel cylindrical specimens. All 12 contacting faces (nominally
~0.025 m diam) were ground and lapped in guard holders to
within 1 pum flatness and then cleaned with acetone in an
ultrasonic machine. The flat surfaces of six of the specimens
were subsequently grit-blasted to achieve random surface

- ordinate distributions. Tin coatings of uniform but different

thicknesses were applied to five of the remaining lapped
surfaces via a standard ion-plating technique. To ensure a
uniform coating thickness on each surface, profilometer
tracings were taken after each deposition using as spatial
datum points stainless steel bars placed adjacent to the actual
specimens during the plating. Microindentation hardness tests
were carried out on both the tin-coated surfaces and the clean
stainless steel surfaces. Table 1 gives details of the tested
assemblies.

Surface Analysis
‘Measurements of surface roughness, mean surface slope,
ordinate distribution, and autocorrelation functions for each
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Table 1 Specimen details for the nominally flat contacting surfaces

Coating Surface
thickness, roughness, Mean surface

Contacting assembly pm rms, pm slope, deg

1) U.S. N 2 grit blasted — 5.220 5.120
L. S lapped — 0.014 0,064

2) U.S., grit blasted — 5.160 5.990
L.S., lapped and coated 2.8

3) U.S., grit blasted — 5.420 6.120
L.S., lapped and coated 6.3

4) U.S., grit blasted — 5.820 6.360
L.S., lapped and coated 12.0

5) U.S., grit blasted — 6.341 6.460
L.S., lapped and coated 28.0

6) U.S., grit blasted — 6.548 6.670

L.S., lapped and coated 106.0

All coated surfaces: rms roughness order of 0.3 um and mean
surface slope 0.9 deg

Specifications Specimens: En58b stainless steel
Thermal conductivity =15.0W/m~'K !

Hardness =2x%10° Nm 2
Diameter =0.025+0.001 m
Length =0.027 +£0.001 m

Coating Tin (99.5% purity)
Thermal conductivity =60.2 W/m ™ Ig-!
Hardness =0.103 x 10° Nm 2

ayu.s.= uppver specimen. PL.S. =lower specimen.

)
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CUMULATIVE PERCENTAGE OF SURFACE HEGHT ORDINATES
Fig. 2 Normallzed helght distribution for a typical grit-blasted
specimen surface.

specimen surface (prior to being put in contact) were obtained
using a Talysurf 4 stylus profilometer. At a sampling interval
of 2.822 pm, surface height information for each surface was
collected using a microprocessor and then transferred to an
interactive computer for evaluation. Details of both the
hardware and computer programs used have been described
elsewhere.’!! Typical ordinate distributions and autocorrela-
tion plots for one of the grit- blasted surfaces are shown in
Figs. 2 and 3, respectively.

Thermal Resistances of the Contacts

Experimental measurements of the thermal resistances of
the pressed contacts for the assemblies described (see Table 1)
were obtained using an evacuated, longitudinal one-
dimensional, heat flow system.* :
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Fig. 3 Autocorrelation function for .a typical grit-blasted‘specimen
surface.

The calculation of the average steady-state heat flow Q
through the contacting specimens was based on the steady-
state temperatures recorded by axially placed copper/con-
stantan thermojunctions and the known distance between the
thermojunctions. The difference between the extrapolations
of the axial temperature profiles so indicated to the interface
gave a parameter A7, which is known as the average in-
terfacial temperature drop The total interface resistance R,
is defined as

Ry =AT/Q (36)

Dynamic vacuums of better than 10~* Torr were maintained
and a normal axial heat flux of 5 W was applied for several
steady loadings in the range 4.0-22 MN/m?. The tests started
with a small load on the freshly assembled contact, which was
increased in increments. The measured mean interfacial
temperatures were 47-53°C during the tests.

Experimenta! Error

The greatest source of experimental error is the fractional
error of the measured interfacial temperature drop. This error
remains essentially constant for all measurements-and thus the
percentage compound error associated with the thermal
resistance increases as the value of the resistance decreases.
This difficulty is inherent in the experimental method em-
ployed and is, of course, enhanced when a series of tests
covering a wide range of thermal resistance values is per-
formed. Iricre’asing the heat flow to achieve large temperature
drops results in larger transverse heat losses from the heater-
contacting specimen cooler system. This increases the relative
divergence between the true and observed temperature
gradients in each test specimen.’? Therefore, testing at higher
power inputs will lead to less accurate experimental results.

The temperature measurement system employed in the
Cranfield rig is capable of achieving accuracies to within
0.1°C:. Typical compound errors on the thermal contact
resistance measurements were 10% for resistances greater
than 0.5°C/W, 50% for resistances at 0.1-0.5° C/W and up
to 100% for resistances below 0.1°C/W.

Experimental Measurements—Verification of the Prediction

" Figure 4 shows the experimentally obtained data points for
the four loads.applied and for the range 0<6/0<19.4. The
dashed curves join these points, while the solid lines represent
the theoretical predictions. The theoretical TCR was assumed
to increase linearly from the theoretical minimum resistance
calculated according to Eq. (28). The dependencies of the
TCR upon applied loading for constant values of 6/c are
given in Fig. 5. Also shown in this figure is the theoretical
locus of the minimum TCR. The almost zero values of
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Fig. 4 Predictions and measured values for the thermal contact
resistance.
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resistance measured experimentally for 6/0=1 have been
omitted from this figure.

Discussion ,

It is certainly evident that increases in coating thickness
results in substantial reductions in the TCR until the coating
thickness 6 approaches the order of o. Almost zero values of
TCR were measured for all applied loading when 6/0=1.1,
despite the fact that the prediction suggests -higher finite
values of TCR that are dependent upon the magnitude of the
applied loading. It is apparent that the tin coating employed
performed its function in reducing the TCR of the bare joint
most successfully. Although the theory predicts very little
increase in TCR for 6/6> 1.0 (i.e., any increase corresponding
to the resistance of the bulk material), the experiments in-
dicated that greater increased resistances occurred. The
reason for this anomaly is not known at this time, but it is
suspected that the experimentally observed variations may
converge to the theoretical predictions as 6/c¢ increases outside
the range of the data. The major discrepancy is thus the
difference between the values of TCR prediction and
measured resistance at the optimal value of /0. Howéver,
this depends upon the degree of ductility of the coating
material. The theory assumes that all the material within the
intersections of the contacting surfaces is annihilated. The
extrusion of the coating material from these intersections into
the noncontact regions lowers the contact resistance, hence
the reduced values of TCR observed experimeritally. If full,
unresisted extrusion occurred, the displaced coating material
would completely fill the voids to produce a zero value of
contact resistarice for a particular applied load and coating
thickness. This aspect remains for further theoretical
development. The optimal values of /0 correspond to the
order of those values observed by Yovanovitch.!

Conclusions

A theoretical analysis has been developed to predict the
optimal soft coating thickness to be applied at a bare joint to
result in minimum thermal contact resistance. Freshly
measured experimental data corroborate this prediction. The
results are in quantitative agreement with observations of
previous workers in the field.
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