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In the present study, existing analytical models developed to predict the thermal contact conductance
for both aluminum/aluminum and aluminum/stainless-steel surfaces in contact have been evaluated. The
prediction of thermal contact conductance for these contacting pairs is difficult because a thin native
oxide film generally occurs naturally on the aluminum materials. Therefore, one of the objectives of this
study was to determine whether elastic or plastic thermal contact models could successfully predict both
published and present experimental data for these commercially important alloys. A rigorous analytical
analysis was conducted to check the validity of existing models (assuming either elastic or plastic defor-
mation a priori) to predict the thermal contact conductance for nominally flat, uncoated aluminum sur-
faces in contact under vacuum conditions. Both elastic and plastic deformation models were compared
with new unpublished experimental data for nominally flat, roughened surfaces.

Nomenclature

fraction of area in real contact

apparent area

contact spot radius, m

microscopic gap number

flux tube radius, m

microscopic constriction number
Young’s modulus, N/m”

equivalent Young’s modulus, N/m>
elastoplastic function, [1 + (6.5/g%)%%%/
1+ (]3.0/8*)]/2]]/]'2

constriction alleviation factor, Roess’ formula
Vickers microhardness of softer substrate
H, microscopic film number
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h = thermal conductance, W/m” K

I, = integral, Ref. 7

Jo, J1 = Bessel function, first kind

K(¢) = complete elliptic integral of modulus &

k, = effective thermal conductivity

k, = harmonic mean thermal conductivity,
2k ko/(ky + ko), W/m K
m, ma, = mean absolute asperity slope, m = (m7 + m3)"?,
m/m
mo = variance of surface heights, 0> = o7 + 03, um”’
ms, = variance of surface slopes, m*> = m7 + m3, rad’
Ny = variance of second derivative of surface heights,
pm >
= apparent contact pressure, N/m”
tan 6 = absolute asperity slope
U, = microscopic conductance number
u = mean plane separation, thermal contact
conductance
Zm) = (1/V2mexp(—172)
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= height above mean plane of surface, m
eigenvalues of Bessel function J,

index of deformation

effective temperature drop across interface, K
gap thickness

bla

roots of Bessel function J,({,,)

number of asperities (peaks) per unit area,
dimensionless separation

eigenvalue, dimensionless mean plane separation
Poisson ratio, dimensionless coordinate = (y/ry)
rms surface roughness, standard deviation
thermal constriction parameter
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Subscripts

contact

elastic

index of summation
index of summation
plastic

upper surface, material
lower surface, material

c
e
i
J
p
1
2
Superscripts

* = nondimensional parameter
! effective

I. Introduction

REVIEW of the open literature indicates that a number

of theoretical and experimental studies of the thermal
contact conductance between two conforming, metallic sur-
faces have been conducted.' ® These theoretical studies of the
flow of heat between solid bodies have been based on the
consideration of heat flow through one microscopic contact
region and the adjacent solid.

Cetinkale and Fishenden' assumed that the heat-flow lines
at some distance far from the microscopic contact point be-
tween two metallic rods are parallel to the rod as well as to
each other. As the interface is approached, the heat-flow lines
converge toward the actual contact spots because the thermal
conductivity of the metallic solid is much greater than that of
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the surrounding interstitial fluid. They demonstrate that if two
cylinders with different thermal conductivities are brought to-
gether, there exists an isothermal plane at the abutting surfaces.
The heat flow can, therefore, be analyzed by considering only
one of the two solid bodies with an imposed boundary con-
dition of uniform temperature across the microscopic contact
spot. However, because of the mixed boundary conditions of
uniform temperature over part of the boundary (contact spot)
and heat flux over the remainder, an exact solution was diffi-
cult. Although it is difficult to obtain an exact analytical so-
lution because of the mixed boundary conditions, Clausing’
was able to ascertain an exact numerical solution of the heat-
flow pattern using the true boundary conditions.

Roess® and Mikic and Rohsenow® independently determined
the thermal constriction resistance for a single isothermal con-
tact spot at the center of the apparent contact area. References
3 and 4 derived similar approximate expressions for the ther-
mal constriction resistance by replacing the isothermal contact
boundary condition with a distributed heat-flux boundary con-
dition. The assumed heat-flux distribution ensured that the con-
tact spots were nearly isothermal; moreover, the revised
boundary condition allowed an exact solution of the governing
partial differential equation. The general expression derived for
the thermal contact conductance of a single contact is

c 1
h.= 2k, — 1
“A.s(clb) (1)
where (c/b) is the constriction ratio, defined as the ratio of the
contact radius to the flux radius. The thermal constriction pa-
rameter s(c/b) compensates for the thermal effect of neigh-
boring contact spots and can be calculated from the following

expression:
c 8 (b sin(a,¢)J (ot ,.C)
) (b) T (c) 2 e T @

A simple expression, which closely approximates the ana-
lytical and numerical solution, was given by Cooper et al.” as

c ¢ 1.5
ey

which holds for the entire range of c,/b..

Cooper et al. developed a correlation, with the assumption
that the surface heights follow a Gaussian distribution, for mul-
tiple contact spots that included geometrical parameters such
as surface roughness and surface asperity slope to predict ther-
mal contact conductance. The dimensionless thermal contact
conductance correlation was written as

h P 0.985

o

——=145(= 4
k,|tan 0| <H> “)

In addition to the plastic deformation theory developed by
Cooper et al., other theories for plastic deformation of con-
forming, rough metals include those of Greenwood and Wil-
liamson’ (modified elastic model) and Yovanovich,® which is
a slight modification of Cooper et al.’s theory

P 0.985

('0- a

—=125|— 5
k.m <H > )

Semiempirical correlations were introduced into Yovano-
vich’s model by Song and Yovanovich’ and Hegazy'® to ac-
count for the increase in surface microhardness with decreas-
ing depth of penetration of larger asperities. Specifically, Song
and Yovanovich developed an explicit expression that permit-
ted direct computation of the relative contact pressure and ther-

=

mal joint conductance. The expression gave physical insights
into the effect of the apparent pressure, surface roughness
parameters, and the Vickers microhardness distribution upon
the relative contact pressure. The relative contact pressure term
in Eq. 4), P./H., was replaced with the following explicitly
derived expression:

1/(1+ 0.071¢y)

P
. (1.62 X 10%)"’
¢ | ———
m

Mikic® conducted a theoretical study that developed explicit
expressions for the thermal contact conductance in cases where
the surface asperities deformed purely elastically. For an as-
perity in contact with a rigid flat surface in purely elastic de-
formation, Mikic used the Hertzian theory to write an expres-
sion for the thermal contact conductance

ktano [ PV2 \"
1.55

E'|tan 0|

T |~

(6)

h. =

(7

where the fraction of actual area in contact because of elastic
deformation of the surface asperities is

P\V2 ®)
" E'|tan 0]

Mikic also developed explicit expressions for the thermal
contact conductance where the surface asperities deform plas-
tically while the underlying substrate deforms elastically. With
the correction for elastic deformation of the underlying sub-
strate and plastic deformation of surface asperities, Mikic mod-
ified the thermal contact conductance equation to include the
following correction:

~ Z(Q7'[1 + 2.5y"*P,)
T 201 + 1.05y)(1 — VP)'?

9

P

where P, represents the dimensionless actual contact pressure
for plastic deformation. The parameter vy is an index of defor-
mation that is predominantly elastic for y greater than or equal
to 3.0 and predominantly plastic for vy less than 0.33. The
dimensionless actual contact pressure is equal to the fraction
of actual area by the following expression:

P,=A= -;erfc(n/\/z) = Q0(7n) (10)

with the actual contact pressure for plastic deformation as-
sumed to be equal to the microhardness of the softer material
in contact

P,=P.,H (11)

Bush and Gibson'' treated an isotropic rough surface statis-
tically, such that the geometric parameters are specified in
terms of power-spectra moments. With the use of these surface
moments, expressions for the nondimensional variables of the
contact spot radius a*, the flow channel b*, and the thermal
contact conductance h* were developed as

a
@ = ——— (12)
V2Bmolma)"
b
b = ——————— (13)
V23 molm)"
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C,
= :
(N 2k J7)(m 4/ 3me) ™

(14)

where the thermal contact conductance was obtained from the
reciprocal of the thermal contact resistance R,

2k,,x
C,=—— 15
*= mbe®) (15)
Bush and Gordon’s analysis showed that the dimensionless
thermal contact conductance for plastic asperity deformation
with applied apparent pressure could be written as

Ck = 2.13(PIM)*** (16)

C¥ = 1.31(P/IQ)*¥ (17)

Other theories for elastic deformation of conforming, rough
metals include those of Greenwood and Williamson,” White-
house and Archard,”” Bush et al.,” and Blahey et al."* Blahey
et al.’s model incorporated the radius of curvature of the de-
forming asperity peaks for the prediction of thermal contact
conductance.

Sridhar and Yovanovich'” compared these elastic and plastic
deformation models to controlled experiments conducted by
Hegazy,'® Antonetti,'* and McWaid,'"” and concluded that the
thermal contact conductance model developed by Yovanovich®
was the most successful for the prediction of experimental data
for conforming, rough metals.

Sridhar and Yovanovich'® developed a model whose basis is
on the work conducted by Cooper et al.” in their plastic model,
but differs in the deformation aspects of the thermal contact
conductance model. The model covers the entire range of ma-
terial behavior from elastic to fully plastic deformation as well

Table 1 Analytical models and correlations for thermal contact conductance of bare contacts

Reference

Analytical model/correlation

Comments

Cetinkale and Fishenden' Nt 050 ko

Ods

Flat, rough surface

+
km Nkm

Similar metals

Mikic and Rohsenow,* plastic
deformation

Cooper et al.,” plastic defor-
mation

mb2tan” [(ba)V1 — (k/h\) — 1]
A= 0.61(0‘1/« + 0'21«)

b, = 0.0048(TIR, + TIR.) X (Pom= X POYH,)"> elastic
b, = 0.0048(TIR, + TIR,) X (P/H )" plastic

hesO

0941
heso P
— =090 |—
mk H,

1 exp(u*2/2)

km  2V2m [1 — V0.5 etfe@ D]

/ P\
—=Z 145 (—
km H,

13 7
Greenv&_lood and W_11]1am30n, heo - T]\/erfc(u*/\/f)oﬁl,(u*)
plastic deformation = _ = —
mk m [1 — Vn2moplw*)]™
ass

h.so P

_-C, =

mk H,

Mikic,® elastic deformation RO 1 exp(u*2/2)

Bush and Gibson," elastic
deformation

Blahey et al.,"* elastic defor-
mation

km  4Vw [1 = V0.25 erfc(w*/\/2)]*°

o8
RO Vap
— =155 |—
km E'm
. PV2
Fraction of actual area = A = ———
E' tan 0

h

h%

C,

.l :
(V2k Jm0)(ma/3mo)°>

_ _2k.x
*7 wbg(x)

ase
1.31 P lation
=1. - corre
Q

a-Gy2 G
NesO _ 2C> g ‘ £ ‘
km ~ mC, \B E

s 7
Greenwood and Williamson, heso o n\/erfc(u*/\/f)(rﬁl.(u*)
elastic deformation =2 _ Vo= —
mk m (1 — VamopLu*)]™
B Vap\ ™
—=_Cc,—
km E'm
Onions and Archard," elastic heo 2 o V Iodu* ) (u*)
deformation mk ~ 5A5 m - \/O.Zwl.,.(u*)] =

km E'm

RO <\/5P>097
= _c, =

Contact and gap conductance—air, oil, and al-
cohol gap filters
TIR = true indicator reading

Optically or nominally flat, rough surfaces

Nominally flat, rough surfaces
Dimensionless pressure (P/H )
3.6 X 10 *t0 1.0 X 1072
Roughness
1.0-8.0 pm
Asperity slope
0.08-0.16 rad
Optically or nominally flat, rough surfaces
Ci=191,a=15
C=151,a=5

Nominally flat, rough surfaces
Dimensionless pressure (P/H,)
3.6 X 10 %10 1.0 X 1072

Roughness
1.0-8.0 pm

Asperity slope
0.08-0.16 rad

Isotropic, rough surfaces
Geometric parameters are specified in terms of
moments of its power spectra

Flat, rough surfaces
0.05=C,=0.10
3.63 = 2C>= 4.85
093 = C5= 0095
Optically or nominally flat, rough surfaces
Ci=187, a=15
C=1.75,a=5

IN

Optically or nominally flat, rough surfaces
C,=2.80,a =60
C>=238,a=4

Reformulated Whitehouse and Archard ™ model
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as deformation in between, which they denote as elastoplastic
deformation. A nondimensional strain parameter e. was intro-
duced that is similar to the deformation index developed by
Mikic,® except that the hardness parameter H is replaced by a
yield/flow stress parameter S, and a numerical constant ap-
pears. With the incorporation of the yield/flow stress param-
eter, the dimensionless thermal contact conductance equation
becomes

] Vo expl—(N\2)]
T2V (1 — V(fol2)erfeN/2)]

(18)

The parameter N is the dimensionless surface mean plane
separation, and f,, is a function that indicates whether the de-
formation regime is elastic, elastoplastic, or plastic as deter-
mined by the yield or flow stress of the material. This model
was developed to explain moderate differences between Yov-
anovich’s® theory and experiments conducted at low apparent
interface contact pressures.

A summary of the analytical expressions developed for the
prediction of thermal contact conductance or contactresistance
for uncoated metallic surfaces in contact is shown in Table 1.
An elastic deformation model by Onions and Archard" has
also been included in the table for reference.

II. Experimental Program

To provide data for the development of a theoretical analysis
of uncoated Al/Al (aluminum 6101-T6-T61/aluminum A356-
T61) and Al/SS (aluminum 6101-T6/stainless-steel 304) sur-
faces in contact, an experimental investigation was conducted.
To determine the effect on thermal contact conductance for
nominally flat, uncoated surfaces of dissimilar alloys, the mean
interface temperature, apparent interface pressure, and vacuum
environment were controlled. Hence, the existing experimental
facility was modified to provide these testing conditions and
accuracy. The experimental apparatus consists of the test
chamber, interface pressure and temperature control instru-
mentation, vacuum environment control system, and the data
collection system. A description of the experimental facility
and its design will be discussed along with the associated in-
strumentation. Further, the test procedure and test program will
be presented along with an uncertainty analysis.

The experimental test chamber employed in this investiga-
tion consists of a vertical column consisting of a frame with
sliding plates for supporting two combination heat-source/sink-
specimen-holder assemblies, the test samples, a load cell, and
pneumatic bellows, as shown in Fig. 1. A uniform contact pres-
sure over the test interface was assured by the use of two
hardened steel balls that transfer load from the frame to the
source-sink-holder assemblies and, in turn, to the specimens.
Flexible neoprene hoses were employed to supply coolant to
the holder assemblies to eliminate lateral loads that might con-
tort the vertical column and skew the pressure distribution over
the interface surfaces.

The experimental test facility is housed in a vacuum envi-
ronment where a pressure of 1 X 107> torr was attained by a
Varian VHS-6 oil diffusion pump backed by an Alcatel 2300
two-stage rotary roughing pump. The vacuum pressure was
monitored by thermocouple and filament gauges connected to
a Perkin Elmer Monitorr 300 instrument.

Each of the test samples was instrumented with five special
“limit of error” (1.1°C) K-type thermocouples (AWG 30) in-
serted into 0.16-cm- (0.064-in.-) diam holes drilled radially to
the specimen axes at 0.635-cm (0.25-in.) intervals. High ther-
mal conductivity, boron nitride adhesive cement was then
tamped into the holes to ensure good thermal contact of the
thermocouple beads to the side of the holes. The thermocou-
ples were connected to a Hewlett Packard 3497A data-acqui-
sition unit, which communicated through software with an
IBM-compatible personal computer. The applied axial contact

force on the test column was applied by pressurizing the bel-
lows, and the contact load was monitored by a load cell and
signal amplifier. The load cell system was calibrated by static
loading with known weight and then compensated for the vac-
uum condition prior to the activation of the experimental com-
puter program.

The thermal contact conductance specimens and flux-meters
are each 2.54 cm (1.0 in.) in diameter. The upper and lower
flux-meter specimens are 10.16 cm (4.0 in.) long and are fab-
ricated from aluminum alloy 6101-T6 and stainless-steel 304,
respectively, whereas the center test specimen is 3.81 cm (1.5
in.) long and is machined from aluminum A356-T61 alloy and
stainless-steel 304. Each end surface for the aluminum 6101-
T6 and aluminum A356-T61 alloys were subsequently lapped
and mechanically polished to obtain a surface roughness of
less than 1 wm (40 pin.). Three sets of specimens were fab-
ricated and mechanically processed to show repeatability of
measured experimental results.

Successive tests were conducted with surface characteristics
of varying roughness. Each test began with insertion of the
selected middle specimen of varying roughness (aluminum
A356-T61 or stainless-steel 304) between the upper and lower
flux-meters. A special fixture was clamped around the column
of three specimens to ensure exact coaxial mating of the sur-
faces. A light load was applied and the alignment fixture was
then removed. A preload was not applied for these tests. The
bell jar was sealed over the vertical column apparatus and a
vacuum was drawn. Power was supplied to the heater, which
was located on the source-sink-holder assembly, and coolant
was pumped through the opposite assembly.

Experimental data were again obtained utilizing a Hewlett
Packard data logger that was controlled through software by a
personal computer via an IEEE-488 bus. The temperature gra-
dients and thermal conductivities of the heat flux-meters were
used to determine the heat fluxes in both the upper and lower
flux-meters. The temperature change across the aluminum
6101-T6 and aluminum A356-T61 or stainless-steel 304 inter-
face was determined by extrapolating the thermal gradient in
the flux-meters to the bare junction surface.

The reported thermal contact conductance data are for the
case of heat flux passing from the aluminum 6101-T6 flux-
meter to the bare aluminum A356 or stainless-steel specimen.
The experimental investigation was conducted at apparent con-
tact pressures of 172-4128 kPa (25-600 psi) and mean inter-
face temperatures of 60 and 80°C (140 and 176°F, respec-
tively). The experimental results include the thermal contact

LOCK NUTS
o Pe—"0

TOP PLATE ————>>1 1

—

THREADED ROD
GUIDE SHAFT ——>
UPPER MOVABLE 1 [ %— FAR e
PLATE — l—J// [ SOURCE-SINK

% | HOLDER ASSEMBLY

BALL BEARING

TEST SPECIMENS

|

RADIATION SHIELD —

L |_L——— BALL BEARING
SOURCE-SINK ——]

HOLDER ASSEMBLY [ ]

|
[ ] [ _TX_LOWER MOVABLE
= PLATE
LOAD BELLOWS—— |

| —— LOAD CELL

| —l %_I VACUUM BELL

Fig. 1 Schematic of the test fixture.

BASE PLATE




378

conductance for each surface pair over the range of pressures
and mean temperatures investigated.

Accuracy of temperature readings is critical in estimating
the overall uncertainty associated with the calculated thermal
contact conductance. The average temperatures of each flux-
meter, specimen, and calibration standard materials are re-
quired in determining their thermal conductivity as a function
of temperature. These material conductivities are required for
tabulating the heat flux in the test column. The type-K ther-
mocouples used in the present investigation have a special
limit of error rating, which defines the maximum difference
between the reading and true temperature to be the greater of
1.1 K or 0.4% above 0°C.

On the basis of the uncertainty in temperature readings and
the relative variation of the thermal conductivity of the cali-
bration standard, i.e., 0.12% for electrolytic iron, the overall
relative uncertainties in the specimen thermal conductivities
are 2.46% for aluminum A356-T61, 2.76% for aluminum
6101-T6, and 1.98% for stainless-steel 304.
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The change in temperature between the instrumented loca-
tions of a specimen is the increment to which the variance of
the individual temperature readings must be compared to ob-
tain an estimate of the uncertainty in the temperature gradient.
The average changes in temperature between instrumented lo-
cations for the substrate materials employed in this present
study ranged from 0.2 K for aluminum 6101-T6 to 5.0 K for
stainless-steel 304. For the present investigation, the uncer-
tainty in the temperature gradient ranged from 8.87% for alu-
minum A356-T61 to 1.42% for stainless-steel 304. A rigorous
analzfosis of the uncertainty calculations can be found in Mar-
otta.

III. Results and Discussion
Any analytical model that predicts the thermal contact con-
ductance or resistance of a coated metallic surface in contact
with an uncoated surface must first be able to predict the ther-
mal contact conductance when both surfaces are uncoated. To
ascertain this requirement, an extensive experimental program,

10°

6101-T6 No.
6101-T6 No.
6101-T6 No.
6101-T6 No.
6101-T6 No.
6101-T6
6101-T6 No.
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Fig. 2 Comparison of plastic deformation models to experimental data for uncoated aluminum and stainless-steel specimens.
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which employed carefully prepared and specified contact sur-
faces, was undertaken with strictly controlled conditions. The
prediction of thermal contact conductance for similar alumi-
num surfaces or dissimilar surfaces in contact presents a
unique obstacle because a thin native oxide film generally oc-
curs on most aluminum materials naturally.

A rigorous analytical analysis was conducted to check the
validity of existing models (assuming either plastic or elastic
deformation a priori) to predict the thermal contact conduc-
tance for nominally flat, uncoated aluminum surfaces in con-
tact under vacuum conditions. Elastic deformation models
developed by Mikic,” Greenwood and Williamson,” and Bush
et al.,” and plastic deformation models developed by Cooper
et al.,’> Greenwood and Williamson,” and Yovanovich® were
compared with the experimentally measured data.

Figures 2 and 3 present the dimensionless thermal contact
conductance h* as a function of dimensionless pressure (P/H..
or V2P/E' |tan 6]). These are suitable candidates for the val-

ues of dimensionless contact pressures based on the work con-
ducted by Cooper et al.” and Mikic,® respectively. The com-
parisons between existing plastic and elastic models and the
experimental data obtained in this investigation are respec-
tively, shown. The roughness and asperity mean absolute slope
for each specimen pair were measured prior to testing and are
presented as the ratio o/0 in Figs. 2 and 3. This ratio ¢/0 is a
critical parameter, essential for predicting the thermal contact
conductance. The values for the ratio ranged from 3.01 to 4.33
for the specimen pairs that were lapped and mechanically pol-
ished. A single specimen pair that was roughened by bead
blasting for increased surface roughness is also included for
comparison. The ratio o/8 had a value of 6.71.

As can be seen from Figs. 2 and 3, the elastic deformation
models compare more favorably with the measured and pub-
lished thermal contact conductance data than the plastic de-
formation models. The predicted values for the plastic defor-
mation models were at least one order of magnitude higher

Table 2 Comparison between the predicted values and the experimental data for

dimensionless thermal contact conductance

Material pair Model Maximum, % rms, %
Aluminum 6101-T6 no. 1 Mikic® —24.86 16.22
Aluminum A356-T61 no. 12 Greenwood and Williamson” 53.42 38.57
Aluminum 6101-T6 no. 1 Mikic —34.41 28.65
Stainless-steel 304 no. 8 Greenwood and Williamson 72.68 62.80
Aluminum 6101-T6 no. 1 Mikic 20.35 14.89
Aluminum A356-T61 no. 12B Greenwood and Williamson 61.53 49.35
Aluminum 6101-T6 no. 2 Mikic 89.92 66.34
Aluminum A356-T61 no. 9 Greenwood and Williamson 154.51 120.32
Aluminum 6101-T6 no. 2 Mikic 171.07 138.70
Stainless-steel 304 no. 5 Greenwood and Williamson 248.70 213.96
Aluminum 6101-T6 no. 3 Mikic 112.86 98.44
Aluminum A356-T61 no. 10 Greenwood and Williamson 185.25 162.81
Aluminum 6101-T6 no. 3 Mikic 90.74 70.15
Stainless-steel 304 no. 9 Greenwood and Williamson 156.01 127.56
Nho™* Mikic —38.00 36.30
Aluminum 6061-T6 ground to lap Greenwood and Williamson 217.14 181.78
Nho™* Mikic —-30.49 8.20
Aluminum 6061-T6 lap to ground Greenwood and Williamson —43.93 36.84
Nho™* Mikic 96.58 53.71
Aluminum 6061-T6 lap to ground Greenwood and Williamson 58.12 30.42
Stainless-steel 304

McWaid " Mikic 63.55 21.18
Aluminum 6061 Greenwood and Williamson —63.05 31.89

10° T T

6101-T6 No. 1; A356-T61 No. 12; 6/0=3.19 g
6101-T6 No. 1; 304 No. 8; «r/6 = 3.31

6101-T6 No. 1; A356-T61 No. 12BB; o/ = 6.71
6101-T6 No. 2; A356-T61 No.9; 6/6 =4.33
6101-T6 No. 2; 304 No. 5; /6 =3.01

6101-T6 No. 3; A356-T61 No. 10; 5/0 =3.54 ]
6101-T6 No, 3; 304 No. 9, 5/0 =3.35 1
L Antoretti & Yovanovich (1985); Coated Model

T T T

‘ - X+ + >0

Dimensionless Conductance (h o/m , k.)
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Fig. 4 Comparison of coated plastic model to experimental data for an assumed coated aluminum substrate.
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than the measured experimental data, whereas the difference
between the experimental and published data is much less for
the elastic deformation models.

While all of the measured and published experimental data
do not lie precisely on the predictive curves, the trend for the
majority of the data is better predicted by the elastic defor-
mation models. The deviation for several specimen pairs,
which involved uncoated aluminum alloy in contact with un-
coated stainless steel, was quite large when compared to the
model curves. However, if one takes into consideration that
the average overall uncertainty in thermal contact conductance
for uncoated aluminum 6101-T6 to aluminum A356-T61 and
for uncoated aluminum 6101-T6 to stainless-steel 304 junc-
tions was 16.00 and 12.00%, respectively, the correlation is
quite good. A summary of the calculated maximum and rms
% differences is shown in Table 2 for each specimen pair
tested, which were compared to the values predicted by the
elastic deformation models developed by Mikic® and Green-
wood and Williamson’ (Figs. 2 and 3). It must be noted that
these models do not take into account the oxide film present
on the surfaces and, thus, the predicted dimensionless conduc-
tance is not compensated for this added complexity. This may
cause some of the high differences in maximum and rms %
values.

There is an astounding observation that both Figs. 2 and 3
clearly show: Surface asperities for aluminum surfaces appear
to undergo elastic deformation rather than plastic deformation
when in contact. According to the deformation index y devel-
oped by Mikic,’ aluminum surfaces should undergo plastic de-
formation (y < 0.30) instead of elastic deformation (y > 3.0).
The deformation index value calculated for the aluminum pairs
of the present investigation was y = 0.023, which indicates
plastic deformation predominates. Therefore, if only bulk ma-
terial properties are considered for aluminum surfaces in con-
tact, this analysis disproves any conception that aluminum sur-
face asperities should deform plastically.

The ambiguity of elastic asperity deformation for aluminum
surfaces becomes clear when the presence of a thin native
oxide film is considered. An oxide film on aluminum is pri-
marily aluminum oxide (Al,O;), which possesses a higher
Young’s modulus (~300-500 GPa) and compressive yield
strength than metallic aluminum. Previous researchers such as
Yip®' and Al-Astrabadi et al.” have shown that thicknesses
between 0.075 and 0.236 wm can be either artificially or nat-
urally present on aluminum surfaces. These film thicknesses
will have little effect on surface topographies but will have a
significant impact on surface asperity deformation that mani-
fests itself in the measured thermal contact conductance.

The ability to predict the experimental thermal contact con-
ductance data with the use of a plastic model, which has a
native oxide present, was investigated. That is, if the native
oxide was the major contributor to the influence on the thermal
contact conductance data, then a plastic model modified for
the present of the native oxide film should be able to predict
the experimental measured data, i.e., where the major assump-
tion is plastic deformation of the surface asperities. Assump-
tions for film thickness, hardness, and thermal conductivity
were made because these parameters are difficult to obtain be-
cause of the physical size of the film, i.e., thicknesses between
0.075 and 0.236 wm. The model developed by Antonetti and
Yovanovich® for coated surfaces was employed with an as-
sumed film thickness of 0.1 wm, a film hardness equal to 2.94
GPa, i.e., H,300 kg/mm? and a thermal conductivity of 0.72
W/m-K. An effective thermal conductivity k, for the film/sub-
strate combination was calculated based on the expression de-
veloped by Antonetti and Yovanovich for coated surfaces. The
effective microhardness, which is required in the model de-
veloped by Antonetti and Yovanovich, was calculated from the
expressions developed by Marotta.™

Note in Fig. 4 that the experimental data presented in Fig.
2, which show significant deviation from the plastic models,

have less deviation from the modified Antonetti and Yovano-
vich plastic model for coated surfaces. While the inclusion of
a film effect seems to improve the correlation between the
experimental data and the model, the experimental data also
exhibited increased scatter when compared to Fig. 2. This in-
creased scatter may be attributed to the differences in predicted
effective microhardness between the data sets, but another
mechanism may also be influential. In fact, implicitin the pres-
ent model is the assumption that the asperities of the harder
material penetrate the softer material. However, for materials
that may have similar microhardness values, this concept may
not apply and some combination of microhardness may be
needed. Experimental data from Nho™ for anisotropic surfaces
have been included for comparison to the elastic models.

IV. Conclusions and Recommendations

In conclusion, the coverage of aluminum surface asperities
with a thin native oxide film can have a significant impact on
surface deformation mechanics and thermal contact conduc-
tance. From this experimental investigation and published data
it is evident that an elastic thermomechanical model would best
predict the microscopic thermal contact resistance for nonflat,
roughened aluminum surfaces. Therefore, models developed
for nonflat, nonmetallic-coated aluminum surfaces in contact
must include an elastic deformation parameter for microscopic
contact resistance. A rigorous analytical analysis was con-
ducted to check the validity of these existing models to new
unpublished and existing experimental data.
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