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Thermal Joint Resistance of Conforming Rough
Surfaces with Grease-Filled Interstitial Gaps
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Thermal joint conductance and resistance models are presented for grease-filled joints formed by conforming
rough surfaces under light contact pressures. One model includes the thermal effect of contacting asperities,
whereas the second, simpler model is based on conduction across the gaps only. The models are compared against
recently published grease and phase-change material (PCM) data obtained at one contact pressure, copper surfaces
having three levels of surface roughness, four values of grease thermal conductivity, and two values of PCM
conductivity. The models and the data are found to be in agreement over a wide range of a joint parameter defined
as the ratio of the effective joint roughness and the thermal conductivity of the gap substance. The models can be
used to predict an upper bound on the joint conductance and a lower bound on the specific joint resistance for

surfaces that are turned and milled.

Nomenclature
A, A., A, = apparent,contact,and gap area, m>
c = Vickers correlation coefficient, MPa
c) = Vickers correlation coefficient
dy = Vickers average diagonal, um
Hy = Brinell hardness, MPa

Hj dimensionless Brinell hardness, Hz /3178

H, = contact microhardness, MPa

Hy = Vickers microhardness, MPa

he,hg, h; = contact, gap, and joint conductances, W/m? - K

k, = grease conductivity, W/m - K

ks = harmonic mean thermal conductivity,
2k1k2/(k1 + kz), W/m-K

ky, ko = solid thermal conductivities, W/m - K

m = effective mean absolute asperity
slope, /(m? +m3)

m, = mean plane in equivalentsurface

my, my = mean absolute asperity slopes of surfaces

mp, ,my, = mean planesin surfaces 1 and 2

p = apparentcontact pressure, MPa

[0} = joint heat transfer rate, W

R., R,, R; = contact, gap, and joint resistances, K/'W

r; specific joint resistance, 1/ 4, m>K/W

Y = separation of mean planes, m

AT; = joint temperature drop, K

o = effective joint surface roughness,
J(@?+ 53, pm

01,0, = rms surface roughness, um
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Subscripts

a,c,j = apparent, contact, and joint

B = Brinell

s = harmonic mean value

\% = Vickers

1,2 = surfaces 1 and 2 or solids 1 and 2

Introduction

HEN two nominally flat, rough surfaces are brought into
contact by a mechanical load, a joint is created. The joint
consists of numerous microcontacts formed by plastic, elastic, or
elastic—plastic deformation of the highest contacting asperities and
the associated gaps, as shown in Fig. 1a. There are two mean planes
denotedasm,, andm,,, thatpass througheach surface. The distance
between the two mean planes is denoteds as Y, which is related to
the two rms surfaces roughness, oy and o3, through the apparent
contactpressure P and the microhardness H, of the softer contacting
asperities. The actual joint can be replaced by the equivalent joint
formed by a rigid, smooth plane and an equivalent nominally flat,
rough surface whose effectiverms roughnessis o = /(o7 + o), as
shown in Fig. 1b. The mean plane denoted as m, lies in the rough
surface,and the effective gap thicknessis still Y, as shownin Fig. 1c.
Whenever there is steady heat transfer across a joint formed by
two rough surfaces under relatively light contact pressures, a large
temperature drop is observed at that joint. The temperature drop
AT isrelated to the heat transferrate Q through the jointresistance
R; or the joint conductances; by the relations
Q = AT;/R;, 0 =h;AAT; M
where A, is the nominal or apparent contact area. For most contact
problems, the real area of contact A, is much smaller than the the ap-
parent contact area,! thatis, A./A, < 0.02. Therefore, the effective
gap area is approximately equal to the apparentarea: A, ~ A,.
The joint conductanceand specific jointresistance,or the thermal
impedance, as it is sometimes called, are related:

h;y =1/A,R; =1/r; 2)
where r; is introduced to represent the specific joint resistance.

It has been observed through many experiments' that if thermal
grease is introduced into the gaps formed by the contact of two flat,
rough surfaces, then the thermal joint conductance /; is increased
significantly compared to the joint conductance when the gaps are
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¢) Equivalent uniform gap model

Fig. 1 Conforming rough surface geometries.

filled with air. It was also observed that the joint conductance has
a relatively weak dependence on the contact pressure and the type
of metals forming the joint and a strong dependence on the surface
roughnesses o and o, of the two rough surfaces and on the thermal
conductivity k, of the grease.!

When the apparent contact pressure is very light to moderate, for
example, P,/H.~ 107> — 1073, the thermal conductivities of the
contacting surfaces were observed to have negligible effects on the
joint conductance.

The main objective of this paper is to present models for the
joint conductance and specific joint resistance for joints formed by
the mechanical contact of conforming rough surfaces under light
contact pressures. The gaps will be filled with some grease, which
is characterized by its thermal conductivity only.

The models will give relationships between 4 ; and r; and the
joint parameters such as surface roughness, microhardness of the
softer metal, and the thermal conductivity of the grease or any other
substance, for example, oil or phase-change materials (PCM), that
behaves like a grease.

The second objective is to compare the model predictionsagainst
the grease data presented by Cunnington? Getty and Tatro,? and
Seely and Chu,* and the recently published grease and PCM data of
Prasher’ and Prasher et al.°

Review of Previous Work

Areview of the literature reveals that few researchershave exam-
ined experimentally the effect of thermal grease on the joint con-
ductance or joint resistance. One of the first experimental studies
was conducted by Cunnington? who tested two types of grease:
Dow Corning 340 grease and a silicone-based vacuum grease. The
joints were formed by contacting aluminum—aluminum (type 6061-
T4) and magnesium-magnesium (type AZ-31) solids at two contact
pressures: P =0.275 and 0.551 MPa. The test surfaces were circu-

Table 1 Surface roughnesses and grease
thermal conductivities of Prasher®

Roughness Conductivity
Test o] =07, um kg, W/m-K
1 0.12 3.13
2 1.0 3.13
3 35 3.13
4 1 0.4
5 35 0.4
6 35 0.25
7 35 0.22

lar rods of diameter 25.4 mm. The aluminum surfaces were milled
or turned, having surface roughness and waviness characteristics.
The magnesium surfaces were milled. The thermal conductivity of
DC 340 was reported as k, =0.58 W/m - K. That of the silicone-
based grease was reported as k, =0.29 W/m - K. All tests were con-
ducted under vacuum conditions. Although the test results were
originally reported in tables and plots as £ ;, they will be presented
here as specific resistance r;, for consistency. The measured joint
resistance with DC 340 ranged from a high value of r; =0.0231
to a low value of 0.0183 m? - K/kW, a difference of about 26.3%.
Cunnington’ conducted three sets of measurements at low contact
pressure. He observed that doubling the contact pressure produced
a decrease in the specific resistance of approximately 4.7% in one
test, 10.3% in a second test, and 13.2% in the third test. The milled
magnesium surfaces gave the lowest values of joint resistance, even
though they were the roughest surfaces.

Getty and Tatro® examined the effect of three types of greases
and other interstitial substances on joint conductance. The tests
were conducted with square aluminum surfaces of side dimension
of approximately 75 mm. The average surface roughnessrange was
0.20-7.6 um. The tests were conductedat three contact pressurelev-
els: P =0.0483,0.1174,and 0.214 MPa. The interstitial substances
tested were Dow Corning 340, Dow Corning silicone grease, Dow
Corning silicone high-vacuum grease, silicone grease, Eccoshield
SX, Eccoshield VY, and Thermoplaz. The Dow Corning grease
was reported to have the highest joint resistance with a value of
r; =0.0826 m* - K/kW.

Seely and Chu* reported one test point for DC 340 grease placed
in the joint formed by copper and molybdenum surfaces having
roughnesses of approximately o; =0, =0.625 um under a contact
pressure of P =0.069 MPa. They reported a measured value of
r; =0.0139 m* - K/kW.

Recently,Prasher’ and Prasheret al.® reported the results of an ex-
tensive experimental program to examine the effect of thermal con-
ductivity of grease and surface roughness on the joint conductance
at one contact pressure of P =0.1 MPa. The contacting surfaces
were copper. The thermal conductivities and surface roughnesses
are reportedin Table 1. Four types of grease were tested, having the
thermal conductivityvalues given in Table 1. The surface roughness
of the bounding surfaces were oy =0, =0.12, 1.0, and 3.5 um.
Seven values of specific joint resistance were reported. The low-
est value reported was r; =0.003 m? - K/kW, corresponding to the
roughest interface and the lowest grease thermal conductivity. The
highestvalue reportedwas r; = 0.1 m* - K/kW, correspondingto the
smoothest interface and the highest grease thermal conductivity.

Prasher’ also reported the results of two specific joint resistance
tests conducted with two PCMs having thermal conductivities of
k, =0.2 and 0.7 W/m - K, respectively.It is assumed that the PCM
was not supported by some substrate material and that it behaved
like the grease.

Joint Resistance Models for Conforming Rough Surfaces

The thermal joint resistance or conductance of a joint formed by
two nominally flat, rough surfaces and that is filled with a grease, as
shown in Fig. 1, depend on several geometric, physical, and thermal
parameters. The resistance and conductance relations are obtained
from models that are based on the following simplifying assump-
tions: 1) nominallyflat, rough surfaces with Gaussianasperity height
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distributions; 2) random distribution of surface asperities over the
apparent area; 3) load supported by the contacting asperities only;
4) light load, small nominal contact pressure, P/ H. ~ 1073 —-1077;
5) plasticdeformationof the contactingasperitiesof the softermetal;
and 6) homogeneous grease, completely filling the interstitial gaps,
and perfectly wetting the bounding surfaces.

Two joint conductance models are considered: 1) a general joint
resistance model that accounts for heat transfer through the micro-
contacts and the gaps and 2) a simple joint resistance model that is
based on heat transfer across the gaps only.

General Joint Conductance Model

In general, the joint conductance /; and joint resistance R; de-
pend on the contact and gap components. The joint conductance is
modeled as!"’

hy =h,+h, 3)

where &, represents the contact conductance and %, the gap con-
ductance. The joint resistance is modeled as

1/R; =1/R. +1/R, C)
The specific joint resistance is, in general, given by the relation
ry=1/(hc+hy) 5)

The contactconductancefor conformingrough surfacesand plas-
tic deformation of contacting asperities is'"’

h. = 1.25k;(m /o) (P [H.)*" (©6)

with effective joint parameters'’

o =+ol+0}, m =+/m}+m?

If the absolute mean asperity slopes m, and m, are unknown,
they can be obtained from the approximate correlation equation of
Antonetti et al.®

ke = 2k ky / (ki + k),

0.402

m; = 0.125(0; - 10°) i=1,2 )

for0.216 < 0; < 9.6 um.
The relative contact pressure P/ H, is obtained from the relation
proposed by Song and Yovanovich’:

P/Hc == [P/Cl(1.620’/’“)02]1/(1+0.07102)

(®)
where the coefficients ¢; and ¢, are obtained from the correlation
equations of Vickers microhardness measurements

Hy = c¢(dy /dy)*

where ¢, and ¢, are the correlation coefficients, and d, is some
referencevalue frequently chosen, for convenience,tobe dy = 1 pum.
The units of ¢ in the preceding relation must be micrometers. The
units of P and ¢; must be consistent. The Vickers microhardness
coefficients are related to Hy for a wide range of metals. Sridhar
and Yovanovich'® developed the following correlation equations:

3

/3178 = [4.0 —~577H; + 4.0(H;)2 —0.61(H}) ] ©
¢, = —0.370 + 0.442(Hy /c;) (10)

The correlation equations are valid in the Brinell hardness range
1300-7600 MPa.

Hegazy'! presented the following simple microhardness correla-
tion equation for metals whose Brinell hardness ranged from 1.47—
1.91 GPa:

H, = (12.2 — 3.54H}) (o /m) %% (1)

where H,, the effective contact hardness, and Hj are in gigapascal,
and the effective surface parameter (o/m) is in micrometers.

If the softer metal does not work-harden,then H. ~ Hy. Because
Hp < H.,if weset H. = Hg inthe speciﬁcjointresistancerelation,10

this will give alower bound for the jointresistanceor an upperbound
for the joint conductance.

Based on the assumptionsjust given, the gap conductanceis mod-
eled as an equivalentlayer of thickness Y, shown in Fig. 1c, that is
filled with grease having thermal conductivity k,. The gap conduc-
tance is

hy=k,/Y (12)

The gap parameter Y is the distance between the mean planes
passing throughthe two rough surfaces. This geometric parameteris
related to the effectiverms surfaceroughness o, the contactpressure
P, and the effective microhardness of the softer solid H,. The mean
plane separation Y, shown in Fig. lc, is given by the theoretical
relation'

Y/o =2erfc™' (P/H,) (13)

for plastic deformation of the contacting asperities of the softer
solid. The physical parameter H, represents the microhardness of
the softersolid. The special functionthatappearsis called the inverse
complementary error function. Numerical methods are required to
compute Y /o for given values of P and H,.. There are two approx-
imations for the preceding analytical relation. The first one was
proposed by Yovanovich!:

Y/o = 1.184{— ta[3.132(P/H,)]}**¥ (14)

The second approximation,a simple power-law relation, was pro-
posed by Antonetti'?:

Y/o =1.53(P/H,)"%%7 (15)

The power-law relation shows that Y /o is a weak function of the
relative contact pressure. The exact values computed by means of
a computer algebra system, and the values calculated by means of
the two approximations, are found in Table 2. The approximation
of Yovanovich! is more accurate over a wider range of P/H,. For
many practical applications, the ranges of the two approximations
are

2<Y/o <4.75, 10°°<P/H. <2x107?

Simple Joint Conductance Model

A simple model based on gap conduction only is proposed for
joints that have the following characteristics: 1) light contact pres-
sures (P < 0.3 MPa), 2) low-conductivity solids (k <50 W/m - K),
3) relatively smooth surfaces (o <2.5 um), and 4) high thermal
conductivity grease (k, > 1 W/m-K). If these conditions are met,
thenitis assumed thath. < h, and R. > R, . The joint conductance
and joint resistance depend on the gap only; therefore,

hj = hy, 1/R; =1/R, (16)
where
h;y =1/A,R; = 1/r; (17)

The simple power-law relation is recommended. By the use of
this relation, the joint conductance can be expressed as

h;=k,/o(Y/o)=[k,/1.530(P/H) ¥ ] =1/r; (18)

Table 2 Comparisons of approximations
against exact values

Y/o

P/H, Theoretical Yovanovich' Antonetti!?

107 4753 475 5.84
1073 4.265 425 4.67
1074 3.719 3.71 3.73
1073 3.090 3.09 2.98
1072 2.326 2.34 2.39
2% 1072 2.054 2.07 2.23
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which clearly shows how the geometric, physical,and thermal para-
meters influence the joint conductance. The relation for the specific
joint resistance is, therefore,

ri=A.R; = 1/h; = 1.53(c /k,)(P/H.)™""" (19)

The general and simple relations for specific joint resistance will
be compared against available grease and PCM test data.

Comparisons of Proposed Models and Data

The general and simple joint models are compared against re-
cently published data for greases and PCM.>® The specific joint
resistance data are shown plotted against the joint parameter o/ k,
in Fig. 2. The grease and PCM thermal conductivities that fall
in the range 0.22-3.13 W/m-K are shown in the legend along
with the surface roughnesses. The contacting surfaces were cop-
per with thermal conductivity k =397 W/m - K and assumed mi-
crohardness H, = 800 MPa. The apparent contact pressure was set
at P =0.1 MPa for all tests. The data points corresponding to the
roughestsurfaces and the lowestthermal conductivitiesappearin the
upperrightcornerof Fig. 2, whereas the data points correspondingto
the smoothestsurfacesand the highestthermal conductivitiesappear
in the lower left corner of Fig. 2. The thermaljoint resistance tests®*
were conducted with a relatively high contact microhardness, light
contact pressures, and high thermal conductivity greases, resulting
in an interface where the heat transfer across the joint was primarily
through the gaps. For this reason, the simple gap model is used to
predictthe specific jointresistance. Note from the plots of the theo-
retical curve for r; and the test data that the simple joint resistance
model shows, in general, the same trends as the data with respectto
the joint parameter o/ k,. The reported data points for the greases
and the PCM lie above and below the theoretical curve. Table 3
shows the weak dependence of the specific joint resistance 10° - r;
on the value of the contact microhardness H, at P =0.1 MPa.

Figure 3 shows the effect of the copper microcontacts on the
specific joint resistance. The simple model and the general model
points are shown as open squares and open triangles. When the
joint parameter o/k, <4, there are very small differences be-
tween the two model predictions. However, when o/k, > 5, the
differences become much larger. This shows that if the thermal
conductivity of the contacting asperities is high, for example,
ky; =397 W/m - K, and the thermal conductivity of the grease is low,
for example, k, =0.22 W/m - K, then the general model should be
used.

Figure 4 shows the comparison between the model predictions
and the data of Cunnington, Getty and Tatro,’ and Seely and Chu.*

10° = UW Grease Model
- [ Prasher (2001), grease, 6,=6,=0.12 pm
i A Prasher (2001), grease, ¢,=6,=1.00 um
| | ] Prasher (2001), grease, 6,=5,=3.50 um
5 (o} Prasher (2001), PCM, 6,=6,=0.12 um b a
10 FE A Prasher (2001), PCM, 6,=5,=1.00 um o
. - o Prasher (2001), PCM, 6,=6,=3.50 um f
3 B
E 10
g— -
- [
a=0.22
100k b=0.25 0.70
F c=0.40
B 1530 5 sos
- h= k, (P/H )0097 0=(0+5,)
il \g\l\\\\ll I R |
107 10° 10’

10%0/k, (m® K/W)

Fig. 2 Comparison of grease and phase change models vs published
data.

Table 3 Sensitivity of simple joint model to H,

at P=0.1 MPa
Test H. =600 H, =800 H, =1000
1 0.193 0.199 0.203
2 1.610 1.655 1.691
3 5.636 5.794 5.921
4 12.58 12.93 13.21
5 44.05 45.29 46.28
6 70.45 72.43 74.01
7 80.06 82.31 84.11
10°
= UW Grease Model
B [ ) Prasher (2001), 5,=6,=0.12 um
- A Prasher (2001), 5,=6,=1.00 um
10tk u Prasher (2001), 5,=6,=3.50 um a
g A Lotus 123, R;
g B O Lotus 123, R
S [ P=0.1MPa
= 10 | A
" [ H,-800MPa ¢ ky (W/mK)
o B a=0.22
S Py b=0.25
B c=040
10k d=3.13
- 1530 (o 4 6B
B N=————— 0=(0;+0,
kg (P/Hc)oow
Sl IR | [ | Ll
10 107 10° 10’

10%0/k, (m* K/W)

Fig. 3 Effect of copper microcontacts on specific joint resistance.

2
e a ¢
.
1530 v <
10 =
E k, (PH,)
- 2 2,0.5
g [ o=(c] +0),)
S 10°F
- Authors ©,=0, P H, Grease K,
°c F (mm)  (kPa)  (MPa) (W/mK)
— - UW Grease Model & 100 270 & =
— ®  Uw(2001) 0.65 48 -~ DC340 058
o ' P Seelyand Chu(1972)  0.63 69 500 sG 0.20
o 10 F A GeltyandTaro (1967) 020 48 ~ DC340 058
= = A Gettyand Tatro (1967) 020 214 ~  DC340 058
r ¥ Cunnington (1964) 0.3-805 276 - DC340 058
B v 0.3-805 552 -~ DC340 058
< 12813 276 ~  DC340 058
102 < 12-813 552 ~  DC340 058
F ml 25832 276 ~  DC340 058
o u 25832 552 - DC340 058
B & 25-832 276 - SVG 029
B * 25-832 552 - SVG 029
10° bl . R | I L
107 10° 10’

1064(5/k_q (m? K/W)
Fig. 4 Model validation.

The parameters of each test are shown in the legend. The surfaces
were turned and milled. The surface roughnesses were reported to
liein a wide range of values. The joint parameter o/ k, was based on
the average value of the surface roughness range and the reported
values of k,. The data clearly show a weak dependence of r; on
P. The data for o/ k, < 3 are significantly above the simple model
predictions. The large difference may be the result of several factors,
such as the extremely rough surface profile associated with turned
and milled surfaces, as well as the effects of surface waviness. The
one exceptionis the single point from Seely and Chu* that lies very
close to the theoretical curve.

The sensitivity of the simple specific joint resistance model to the
microhardnessis shown Table 3 for the seven grease test points of
Prasher.’> The units of H,. in Table 3 are megapascal. It can be seen
thata large variationin H, producesasmallchangein the valueofr;.
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Summary

Models have been proposed to predict joint conductances and
specific joint resistances for conforming rough surfaces whose con-
tacting asperities undergo plastic deformation. The general, more
complex model can be used for a wide range of contact pres-
sures where heat transfer across the joints occurs through the
microcontacts and the gaps that are filled with grease or other
substances that behave like a grease. A simple model based on
conduction through the gaps only was proposed for joints formed
by low thermal conductivity solids, high thermal conductivity
greases, and relatively smooth surfaces at light to moderate contact
pressures.

The proposedmodels, when compared againstrecently published
test data for four greases and two PCM substances, showed trends
similar to the test data with respect to a joint parameter that is
based on the ratio of the effective joint roughness to the thermal
conductivity of the gap substance.

There was nominal agreement between the model predictions
and the data reported for milled and turned surfaces that had large
variations in the surface roughnesses. The largest differences be-
tween the test data and the model predictions occurred at low val-
ues of the joint parameter. The observed differences may be par-
tially due to the measured nonflatness in the surfaces used in the
experiments.

Because the proposed models are based on nominally flat, rough
surfaces, they can be used to predict upper bounds on the joint
conductances and lower bounds on the specific joint resistances of
nonflat, milled, turned, or ground surfaces.

Further greaseand PCM tests are requiredto validatethe proposed
models over a range of contact pressures.
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