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1 Introduction Reading, of less than 0.3:m, or less than 0.&zm combined for

. . . o) pair of contacting surfaces. Nearly optically flat surfaces are
Metallic coatings typically offer the greatest enhancement Perein defined as those with a TIR less than A, or less than

thermal contact conductance in comparison to other clas,ses2 um combined for both contacting surfaces. Most of the other

coatings and interstitial materials, as well as offering several Oth&perimental investigations reviewed by Lambert and FletEHer
advantages. Metallic coatings do not evaporate or migrate as Mized significantly non-flat specimens

greases and oils. Nor do metallic coatings leak from joints undergq ot applications in which thermal contact conductance is

h'g.h '0?"'“9 as may low ”?e'“”g point eutectic alloys. Th'.n ME3 concern, the contacting surfaces, typically referred to as “engi-
tallic foils are tedious to insert into a joint and may wrinkle

: ) : i ) neering” surfaces, are not optically flat. Instead, they exhibit sig-
thereby possibly even increasing contact resistance with respecki-ant non-flatness, which causes macroscopic gaps and macro-
the bare junction. Elastomeric coatings, physically vapor depassopic contact resistance, just as microscopic surface features
ited (PVD) ceramic coatings, and anodic coatings, because @hyghnessgive rise to microscopic contact resistance. The mac-
their low thermal conductivity or high hardne&s both), seldom, roscopic contact resistance often predominates.

if ever, provide the improvement in conductance attainable with

metallic coatings. Hence, metallic coatings often afford the best

solution. 2 Model Development
There have been a number of experimental investigations of

thermal contact conductance of metallic coated metals. Lame{

and Fletchef1] reviewed these in detail. O’'Callaghan et []

and Antonetti and Yovanovicf8,4] developed theoretical models, 1. Contacting surfaces are circular, macroscopically spherical

which yield nearly identical predictions and agree quite well with (see Section 2.2 for underlying rationglend microscopi-

.1 Assumptions of the Model by Lambert and Fletcher

their experimental results. cally rough with a Gaussian height distribution.
Although these two theories accurately predict the slope of 2. The contact micro-hardnedd. , is determined from Vick-

some of the experimental results in other investigatidisged as ers micro-hardnes$],,, ando/m (Hegazy[5]). In practice,

they are discussed in Section f.the theories substantially over- H is approximated ably or Knoop micro-hardnessiy .

predict the magnitude of most of those results. This disagreemeng. Heat flows only through solid contacts, i.e., fluid gap con-
is not because of any errors in the theories by O’Callaghan et al.  ductance and radiative heat transfer across gaps are negli-
[2] and Antonetti and Yovanovicl8,4]. Rather, it is because these gible. Such conditions exist in vacuums and if the surfaces
theories invoke the assumption that the contacting surfaces are in contact do not differ too greatly in temperature.

nearly optically flat with varying roughness. Optically flat sur- 4. Thermal rectification is not considered. This is the phenom-
faces are those with a flatness deviation, TIRtal Included enon in which conductance is greater in one direction than in
the other, due to either dissimilar materials or roughness.
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microscopic replaced by effective valuedid’ and k', for metallic coated
contact metals, the latter parameters being developed by Antonetti and
areas Yovanovich[3].

2.4 Pressure Distribution for Contact of Elastic, Rough
Spheres. Greenwood and Trippl0] developed a contact model
for the elastic deformation of rough spheres. For applications
where thermal contact conductance is relevant, contact loads are
usually of such magnitude so as to cause only macroscopic elastic
contact deformation. They introduced the following two dimensionless

/ plane variables:
2L
i L* (3)

¥ contact = D
T l\ * regioanc ok \/Zp_(r
é;

=
- pro— 4
] E'Vol8p @

P* and L* are the dimensionless pressure and dimensionless
2b, load, respectively. The definition ¢¥* is not rigorously defined
by Greenwood and Trippl0] to be either the local, average, or
apparent contact pressure. The definition of dimensionless load,
L*, however, is straight forward, becausés merely the contact
load. The correlation developed herein emplays
Hertz[11] developed a model for the pressure distribution and
contact spot radius for two contacting, perfectly smooth, elastic
zero load (€, =0) (€,=0.375) spheres. For a given load, increasing the ratio of roughness to
] ) ] ) radius of curvatureg/p, from zero(for a perfectly smooth sphere
Fig. 1 Contacting spherical, rough surfaces showing the mac- causes an enlargement of the contact region and a reduction in the
roscopic contact radius, ~ a, y,, predicted by Hertz [11], @s in-  jyensity of the contact pressure with respect to the HEEE
Eg:?cgséegl'eqctﬁ:r m[old7e]|s’\t|>gtec Itf]‘;f'ng anigha?o\lso g?]]ofv?]disl‘zr:' solution. Sasajima and Tsukafid2] defined two dimensionless
idealized array of micro-contacts, ratios to characterize this behaviét /Py v, is the ratio of actual
contact pressuréor rough sphergsto the contact pressure pre-
dicted by Hertz(for smooth sphergsat the center of contadat
. .. =0, where pressure is greatesthe ratioa, /a is the actual
face profiles would probably be overly cumbersome at best, if n acroscopicpcontact rad%us aver the contact radius predicted by

intractable. Wide applicability need not be sacrificed in the inteﬁertz[ll] Tsukada and AnnfL3] and Sasajima and TsukaHe?]
est of simplifying the model. It is assumed herein that the macr%i-Ve expérimental and computed values Bf/P for L*
o 0,Hz

scopic topography can be described by one or a few parametety) s "y is contacts for which sphericity is more pronounced.
just as the microscopic topography is quite well described wae model by Greenwood and Tripp0] was used to extrapolate

combined root-mean-square roughness,and combined mean N S .
absolute profile slopen. A sphere is the simplest example, be-Values 0fPo/Poy, for L*<0.1, as shown in Fig. 2o/Po, is

noq-contactj contact plane
specimens at region at finite load

cause its macroscopic profile is completely described by one rs%a(pressed by:

rameter, its radius of curvaturp, This geometry is illustrated in Po 1 1/1.11

Fig. 1. = (5)
Clausing and Chaf6], Mikic and Rohsenow7], and Nishino Pohz 1 1

et al. [8], among others, also used this simplification. This as- (0.3585x¢ (L*)2°%49 111

sumption is often justifiable, because nominally flat surfaces are
often spherical, or at least are quite often crowfeshvex with
a monotonic curvature in at least one direction.

Sasajima and Tsukad&?2] developed an expression for contact
pressure as a function of radial distance from the center of contact.
2.3 Thermal Contact Resistance Model of Mikic [9]. P(r)=Pg

r 2
1—(—) ®)
Mikic [9] derived expressions for the toté&hicroscopic,Rc s, a
plus macroscopidRc ) thermal contact resistance resulting fromypp, o exponenta is one for smooth spheredarge L*) and is

a non-uniform, axi-symmetric contact pressure distributiéh ( * ;
=P(r)), and these are given below. He did not address how gr%e;gearctﬁssn ;nﬁ if;)rglir\?:gl’é;phe(emallL ) and asymptotically

determine the pressure distribution, and this remains the crux

a

the problem. a=2—tanllog(L*)—1.8] ()
Re <=0 3451 1L 1 0'985d I -t 1 The ratio of the actual macroscopic contact radiies rough
CST 2" m o b | He b, 1) spheresto the HertZ 11] macroscopic contact radifr smooth
‘ spheres a, /a, y,, is computed fronP, /Py, and a.
AL L Atk a_ [ 2(a+1)]¥
SRRy Ay 2|2 (®)
R ZSEE ot 5 t ) AL Hz Po
cL k n=1 gnJg(gn) PO,HZ

In the present investigation, contact microhardneks, and har- The termb, /a, is the ratio of the surface radius to the actual
monic mean thermal conductivitys, for uncoated metals are macroscopic contact radius:
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Fig. 2 Ratio of peak contact pressure  Py/ P}, (at r=0) for rough and smooth spheres

b, b, b, 2..6 Estimation of Unspecifieq Pargimeters.' Mean apsolu'ge
2 -T2 a TIPSR 9) p_roflle slope,m, was rarely provided in experimental investiga-
t Y ay, |—— _p) tions performed in the 1960s and 1970s. To use data from those
aLny) 7 \ap g/ | AE studies in the present analysis,must be estimated. To this end

Lambert[14] correlated m too for experiments in which both

2.5 Model for Thermal Contact Conductance of Spherical, Barameters were listed.

Rough Metals. The present model was obtained by using th

contact model described above_ to define the pressure distribution, My o 2=0.076J0; o »X 1P (13)

P(r), in terms of load, mechanical properties, and surface geom- . - . .

etry. P(r) was then substituted into the expressiéBgs. 1 and 2 Uncertainty in this empirical correlation may, in extreme cases, be

by Mikic [9] for Re s andRe , . plus or minus a factor of two. However, profilometers capable of
Buckingham Pi dimensional analysis was employed to detdieterminingm are beln_g used more _and ‘more in the electronics

mine the effect of each physical parameteiRyns andRe , . This and spacecraft industries, so that estimatiomshould no longer

resulted in the following correlations. be necessary. . . ;
Also, experimental studies rarely list the radii of curvatyre,

0484 PL 2 and p,, of the specimen surfaces. To circumvent this difficulty,
6.15L%) a_l_ the combined radius of curvaturg, may be estimated from the
Rcs= km [ 095 p_ 1067 (10) combined non-flatness, TIR, of both surfaces. In the present study,
(_) _) (_0) the combined crown drog, is assumed to equal TIR. See Fig. 1.
o [\Hcpo Ponz Thus,p is:
1.44 L*)°~954( i) RN p=bi/25 (14)
R. — Ponz a (11) The concept of radius of curvature loses relevance if the surfaces
CL kL are decidedly non-spherical. If this is so, the present model may
(m substantially disagregypically in an overly conservative fashipn

’ with experimental data, but usually by no more than a factor of
Equations 10 and 11 contaRy /P 4, raised to different powers. three.

This was required in order to linearize boRy s and R¢ | in For non-circular specimens, an effective macroscopic contact
terms ofL*, so they could be expressed as power law regressio;ﬁ@diusbﬁ is defined as:

Thermal contact conductandeg s, , is obtained fronR¢ 5 and

RC,L by b|’_: \ Aapp/ﬂ' (15)
1 This expression is useful for commonly utilized square or rectan-

hC,S+L=W (12) gular surfacegprovided the length is not, say, more than twice the
csTCL width for rectangular surfacgsr less frequently encountered tri-

The predictive correlations fdRc s andR¢ | are applicable for angular surface@pproximately equilateral This method of esti-

any conceivable range of conditions. The dimensionless load, mating b, for non-circular contact surfaces is supported by the

was varied from 4.2107° (i.e., essentially optically flat for any work of Yovanovich et al[15].

realistically sized componentup to 1.3x10* (i.e., a smooth . .

sphere for all practical purposesThe ratiob, /a, was varied 3 Results and Discussion

from 10" * up to 16. This covers the range of possibilities from Experimental results for thermal contact conductance of silver-

an almost perfectly uniform pressure, where only the very centesated nickel by Antonett{16] are compared to the semi-

of the predictedP(r) is actually brought to bear on the surface t@mpirical model of Lambert and Fletchigl7] and the theoretical

a very small contact on a very large surface, agy¥1 mm and model of Antonetti and Yovanovicf8,4] in Fig. 3. Antonetti and

b, =1.0 m. However, for the wide range of surface measurementsvanovich's [3,4] model very accurately predicts Antonetti's

considered herein, which encompass nearly all likely practicgl6] results because he employed nearly optically flat specimens

situations,b, /a, varied between X 107! and 2.5% 10". (TIR=1 um). Lambert and Fletcher[d7] model reduces to An-
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Fig. 3 Models by (a) Lambert and Fletcher

contact conductance results for physically vapor deposited
(PVD) silver on nickel 200 by Antonetti  [16]
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[17] and (b) An-
tonetti and Yovanovich [3,4] compared to experimental thermal

tonetti and Yovanovich'§3,4] model for perfectly flat surfaces.
Lambert and Fletcher’s17] model is slightly conservativé.e.,
under-predictive because it accounts for a minimal macroscopic
contact resistance due to the slight non-flatness of Antongtéks
specimens.

Results from three investigations of metallic coated metals,
Fried[18], Mal’kov and Dobashii19] and O’Callaghan et al2]
are plotted in Fig. 4. O’Callaghan et al['&] experimental results
agree well with both models, again because their data were ob-
tained for nearly optically flat specimens for which both models
are adequate. Antonetti and Yovanovich3,4] model over-
predicts all of Fried’§18] and about half of Mal’kov and Dobash-
in's [19] experimental results. Lambert and Fletch¢'g] model
under-predicts Mal'’kov and Dobashin[49] results and over-
predicts Fried’d 18] data. The significant scatter in Fried’s8]
results suggests the presence of rather large uncertainties. Mal’kov
and Dobashif19] listed wide ranges of flatness deviation, TIR.
Their experimental facility and data analysis are not well de-
scribed, so it is not possible to estimate the accuracy of their work.

Figure 5 shows that Antonetti and Yovanovich3,4] model
over-predicts all of Kang et al. k0] results, though their model
accurately predicts the slope of the experiments. Lambert and
Fletcher's [17] model roughly follows the mean of the data,
though it does not reduce the scatter with respect to nor predict the
slope as well as Antonetti and Yovanovich3,4] model. Kang
et al.[20] employed aluminum alloy specimens with turned con-
tact surfaces produced on a lathe. This preparation method yielded
wavy surfaces that were not monotonically curved as is assumed
in the model by Lambert and Fletchgt7]. Kang et al.[20] re-
ported the typical trough to crest height of the wavy surfaces to be
10 um, though they did not report the flathess deviation, TIR. In
the present analysis TIR was assumed to equal the waviness
height of 10um. The fact that the theory by Antonetti and Yo-
vanovich[3,4] accurately predicts the slope of Kang et aJ2§)
experiments suggests that whatever non-flatness the surfaces ex-
hibited was considerably smaller than the waviness. The fact that
Lambert and Fletcher’s17] model predicts the mean magnitude
of the data demonstrates that waviness was predominant over
roughness in determining contact conductance. Kang ¢2€).
noted that conductance decreased drastically as coating thickness,
t, was increased from 0.2bm to 5.0um, which they attributed to
increased bulk resistance of the thicker coatings. However, it is
much more likely that oxidation of the coating surfaces between
steps during deposition of the multi-layer thicker coatings sub-
stantially increased the resistance.

As illustrated in Fig. 6, Antonetti and YovanovicH3,4] model
substantially over-predicts Chung et al.&l] results by a factor
of 5 to 100 and inaccurately predicts the slope, while Lambert and
Fletcher's[17] model only moderately over-predicts the magni-
tude of the data and accurately predicts the slope. Chung et al.
[21] did not report flatness deviation, TIR. The TIR vald® um)
listed in Fig. 6 was assumed for the present study to facilitate
analyzing the results by Chung et f21], because TIR 10 um
is typically achieved by grinding and polishing. However, it is
quite possible that TIR for the specimens used by Chung et al.
[21] was much greater than Aén. They used specimens of the
same aluminum alloy and size employed by Kang et20], al-
though Chung et al[21] ground and polished their specimens
instead of turning them. Grinding, lapping, and polishing opera-
tions often produce spherical surfaces. This may be why Lambert
and Fletcher'§17] model accurately predicts the slope of Chung
et al.’s [21] results, whereas Antonetti and Yovanovichi3,4]
theory does not.

Figure 7 shows that Antonetti and Yovanovich3,4] model
over-predicts the experimental data reported by Sheffield et al.
[22], while Lambert and Fletcherisl7] model predicts the mean
and slope of the data quite well with relatively little scatter. Shef-
field et al.[22] used specimens made of the same aluminum alloy
and prepared in the same way as those used by Chung[&thl.
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Fig. 4 Models by (a) Lambert and Fletcher [17] and (b) An-
tonetti and Yovanovich [3,4] compared to experimental thermal
contact conductance results for PVD aluminum and magne-
sium on stainless steel 304 by Fried [18]; nickel, silver, and
copper platings on stainless steel by Mal'kov and Dobashin
[19]; and PVD tin on low alloy steel by O'Callaghan et al. [2]
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6. Indium, 6=0.95, m=0.117, t=0.28, TIR=20
7. Indium, 6=1.02, m=0.120, t=3.71, TIR=20
8. Indium, 6=1.00, m=0.1 20, t=1.44, TIR=20
9. Lead, 6=0.97, m=0.112, t=0.25, TIR=20
10. Lead, 6=1.04, m=0.116, t=1.78, TIR=20
11. Lead, 6=1.08, m=0.112, t=4.01, TIR=20
12. Lead, 6=0.98, m=0.1 20, t=5.02, TIR=20
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Fig. 5 Models by (a) Lambert and Fletcher [17] and (b) An-
tonetti and Yovanovich [3,4] compared to experimental thermal
contact conductance results for physically vapor deposited
(PVD) lead, tin, and indium on aluminum alloy 6061-T6 by Kang

et al. [20]
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6 Lambert & Fietcher {17} model
21 ¢ 1.Aluminum, 6=2.3, m=0.18, t=25.4, TIR=10|.
o 3| © 2. Aluminum, 6=2.3, m=0.18, t=50.8, TIR=10
i»_ 21 = 3 Aluminum, 6=4.5, m=0.25, t=25.4, TIR=10
< 102 B 4, Aluminum, 6=4.5, m=0.25, t=50.8, TIR=10
8 4 5 Lead, 6=2.3, m=0.18,t=25.4, TIR=10
& 8| " 6.Lead 6-2.3,m=018,1=50.8, TIR=10
TS 3| & 7. Lead, 6=4.5 m=0.25,t=25.4, TIR=10
2 2| Y 8. lLead d¢=4.5 m=0.25t=50.8,TIR=10
g ; ¢ 9, Indium, 6=2.3, m=0.18, t=25.4, TIR=10
O 10T f ¢ 10.indium, 6=2.3, m=0.18, t=50.8, TIR=10
8 g * 11.Indium, 6=4.5, m=0.25, t=25.4, TIR=10
= g * 12, Indium, 6=4.5, m=0.25, t=50.8, TIR=10
§ of _
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(@) Dimensionless Load, L+ = 2L/(6E'(2p6)'*?)
1 01 T T T 17T
— Antonetti & Yovanovich {3,4} model : ]
g 1. Aluminum, 6=2.3, m=0.1 8, t=25.4, TIR=10 7
3 2. Aluminum, 6=2.3, m=0.1 8, t=50.8, TIR=10 ]
5 3. Aluminum, 6=4.5, m=0.25, {=25.4, TIR=10 3

4, Aluminum, 6=4.5, m=0.25, 1=50.8, TIR=10
5. Lead, 6=2.3, m=0.18, t=25.4, TIR=10

6. Lead, 6=2.3, m=0.18, t=50.8, TIR=10

7. Lead, 6=4.5, m=0.25, t=25.4, TIR=10

8, Lead, 6=4.5, m=0.25, t=50.8, TIR=10

9. Indium, 6=2.3, m=0.18, t=25.4, TIR=10
10. Indium, 6=2.3, m=0.18, t=50.8, TIR=10
11. Indium, 6=4.5, m=0.25, t=25.4, TIR=10
12. Indium, 6=4.5, m=0.25, t=50.8, TIR=10
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Fig. 6 Models by (a) Lambert and Fletcher [17] and (b) An-
tonetti and Yovanovich [3,4] compared to experimental thermal
contact conductance results for physically vapor deposited
(PVD) aluminum, lead, and indium on aluminum alloy 6061-
T651 by Chung et al. [21]

410 / Vol. 124, JUNE 2002

§ | Lambert & Fletcher {17} model
4| ® 1 Copper, 6=0.286, m=0.038, t=0.38, TIR=20
3| O 2 Copper, 6=0.432, m=0.068, 1=0.38, TIR=20
- 2| ™ 3 Copper, 6=3.224, m=0.388, t=0.48, TIR=20
A O 4. Copper, 6=4.033, m=0.425, t=0.48, TIR=20
£ 102 | Ao 5 copper/Carbon, =0.227, m=0.032, t=0.50, TIR=20
) Y 6. Copper/Carbon, 6=0.389, m=0.066, t=0.90, TIR=20
‘,-:’ g &7, Copper/Carbon, 6=2.531, m=0.336, t=0.90, TIR=20
© 3] V 8. Copper/Carbon, 6=3.872, m=0.547, 1=0.50, TIR=20
] 5| ¢ 9 Silver, 6=0.248, m=0.034, 1=0.46, TIR=20
3 <& 10. Silver, 6=0.453, m=0.069, t=0.46, TIR=20
S 401 | * . 11.Silver, 6=3.162, m=0.348, t=0.48, TIR=20
O 12 Silver, 6=4.384, m=0.4786, t=0.48, TIR=20
a 8| ¥ 13.silver/Carbon, 6=0.305, m=0.044, t=0.36, TIR=20
8 4| > 14. Silver/Carbon, 6=0.347, m=0.045, t=0.36, TIR=20
F= 8] = 15.Silver/Carbon, 6=2.891, m=0.409, t=0.78, TIR=20
8 21 I 18, Silver/Carbon, 6=3.216, m=0.588, t=0.78, TIR=20
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— Antonetti & Yovanovich {3,4} model
g 1. Copper, 6=0.286, m=0.38, t=0.038, TIR=20
3 2. Copper, 6=0.432, m=0.0868, t=0.38, TIR=20
2 3. Copper, 6=3.224, m=0.388, t=0.48, TIR=20

4. Copper, 6=4.033, m=0.425, t=0.48, TIR=20

5. Copper/Carbon, 6=0.227, m=0.032, t=0.50, TIR=20
6. Copper/Carbon, 6=0.389, m=0.066, t=0.90, TIR=20
7. Copper/Carbon, 6=2.531, m=0.336, t=0.90, TIR=20
8. Copper/Carbon, 4=3.872, m=0.547, 1=0.50, TIR=20
9. Silver, 6=0.248, m=0.034, t=0.46, TIR=20

10. Silver, 6=0.453, m=0.069, t=0.46, TIR=20

11. Silver, =3.162, m=0.348, 1=0.48, TIR=20
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Fig. 7 Models by (a) Lambert and Fletcher [17] and (b) An-
tonetti and Yovanovich [3,4] compared to experimental thermal
contact conductance results for  (PVD) copper, copper /carbon,
silver, and silver /carbon on aluminum alloy 6061-T651 by Shef-
field et al. [22]
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— Lambert & Fletcher {1 7} model
B| ® 1 Ni/Bare 6=2.29, m=0.297, 1=0, TIR=10.9
41 O 2 Ni/VaporDep Au, 6=2.11, m=0.282, t=1.0, TIR=13.0
. 3| B 3.Ni/Vapor Dep Au, 6=2.09, m=0.280, t=2.0, TIR=11.3
z 2| O 4 Ni/vaporDep Au, d=2.11, m=0.288, t=3.0, TIR=13.3
5 A 5 Ni/Vapor Dep Ag, 6=2.15, m=0.286, t=1.0, TIR=9.7
< 102 | Y &.Ni/Vapor Dep Ag, 6=2.05, m=0.271, 1=2.0, TIR=9.4
) A 7.Ni/ Vapor Dep Ag, 6=2.07, m=0.276, t=3.0, TIR=11.1
Q 81 YV & Ni/Plated Ag, 8=2.47, m=0.368, t=12.7, TIR=22.1
© 4| 4 9 Ni/Plated Ag, 6=2.84, m=0.339, t=25.4, TIR=21.1
o 3| <& 10.Ni/Plated Ag, 6=2.46, m=0.279, 1=50.8, TIR=25.1
=] o | + 11.Ni/Plated Ag, 6=2.52, m=0.281, t=76.2, TIR=22.1
2 +  12.Ni/Flame Spray Ag, 6=7.92, m=0.518, t=12.7, TIR=37.1
O 101 | ¥ 13.Ni/Flame Spray Ag, 6=7.20, m=0.502, t=25.4, TIR=65.1
o X {4,Ni/Flame Spray Ag, 6=6.30, m=0.468, t=50.8, TIR=52.1
5 B | — 15 Ni/Flame Spray Ag, 6=7.04, m=0.490, t=76.2, TIR=63.1
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(a) Dimensionless Load, L+ = 2L/(6E'(2p6)**?)
101
Antonetti & Yovanovich {3,4} model
g 1.Ni / Bare, 6=0.446, m=0.090, t=44.3, TIR=10.9
4 2. Ni / Vapor Dep Au, 6=0.596, m=0.121, t=1.0, TIR=13.0
3 3.Ni/ Vapor Dep Au, 6=0.587k, m=0.086, t=2.0, TIR=11.3
2 4.Ni/ Vapor Dep Au, 6=0.692, m=0.1 20, t=3.0, TIR=13.3
5. Ni/ Vapor Dep Ag, 6=0.382, m=0.083, t=1.0, TIR=9.7
100 6. Ni / Vapor Dep Ag, 6=0.356, m=0.081, 1=2.0, TIR=9.4

7.Ni/ Vapor Dep Ag, 6=0.654, m=0.112, t=3.0, TIR=11 .1

8. Ni / Plated Ag, 6=1.92, m=0.262, t=12.7, TIR=22.1

9. Ni / Plated Ag, d=2.84, m=0.218, t=25.4, TIR=21.1

10. Ni/ Plated Ag, d=1.77, m=0.091, t=50.8, TIR=251

11. Ni / Plated Ag, 6=1.51, m=0.085, {=76.2, TIR=22.1

12, Ni / Flame Spray Ag, 6=7.59, m=0.449, t=12.7, TIR=37.1
13. Ni / Flame Spray Ag, §=7.74, m=0.430, t=25.4, TIR=65.1
14, Ni / Flame Spray Ag, 6=6.37, m=0.390, t=50.8, TIR=52.1
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Fig. 8 Models by (a) Lambert and Fletcher [17] and (b) An-
tonetti and Yovanovich [3,4] compared to experimental thermal
contact conductance results for electroless nickel plated cop-

per to gold and silver coated (physically vapor deposited
(PVD), electroplated, and flame sprayed ) aluminum alloy A356-
T61 by Lambert and Fletcher [23]

Journal of Heat Transfer

Thus, arguments similar to those made in conjunction with the
results in Fig. 6 may be applied to the results in Fig. 7.

Figure 8 demonstrates that Lambert and Fletcherd model
is conservativéunder-predictivecompared to most of the experi-
mental results by Lambert and Fletch&8], but their model pre-
dicts the slope of the results quite well. Antonetti and Yovanov-
ich’s [3,4] model is non-conservativ@ver-predictivé compared
to most of the data and inaccurately predicts the slope. Lambert
and Fletchef23] prepared their aluminum alloy specimens using
methods similar to those of Chung et f21] and Sheffield et al.
[22]. Again, the arguments put forth to explain Fig. 6 also apply to
Fig. 8.

Conclusions

Both the semi-empirical model by Lambert and FletcHEf]|
and the theoretical model by Antonetti and Yovanoigt¥] ac-
curately predict thermal contact conductance of nearly optically
flat (TIR<2 um), rough, metallic coated metals. Additionally,
through comparison with a large number of experimental results
from the literature, the model by Lambert and Fletch®r] is
shown to provide usually conservative predictions of conductance
for non-flat, rough, metallic coated metals.
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Nomenclature

a, = macro-contact radius for rough sphefes
a_ y, = Hertz macro-contact radius for smooth spherag
ag = radius of micro-contactm)
Agpp = apparent contact ardan?)
b, = radius of surfaces in conta@in)
bs = radius of heat flux channel for micro-contdat)
E = modulus of elasticityN/m?)
E' = effective elastic modulugN/m?), E' =[(1—»,?)/E;
+(1-vA)/E]
he s+ = thermal contact conductan¢&//m?K),
Nes+L=U(RestReL)
Hc = contact micro-hardneg®N/m?)
Hx = Knoop micro-hardneséN/m?)
Hy = Vickers micro-hardneséN/m?)
Jo, J1 = Bessel functions of the first kind

k = harmonic mean thermal conductivi(yv/m-K), k

=2kqk, /(ky+ky)

L = contact loadN)

L* = dimensionless contact loat* =2L/[¢E'(2pc)*?]

m = combined mean absolute profile slopa/(n),

m= (m12+ m22) 12
P = contact pressuréN/m?)
P* = dimensionless contact pressuks, = P/[E’(c/8p)*?]
Papp = apparent contact pressuie/m?)
P, = maximum contact pressufatr =0) for rough
spheregN/m?)
Pon, = Hertz’ maximum contact pressufatr=0) for
smooth sphere@N/m?)

r = distance from center of axi-symmetric contéat)
Rc,L = large scale thermal contact resistarieek/W)
Rcs = small scale thermal contact resistarfo@k/W)
TIR = non-flatnesgTotal Included Reading (m), TIR

=TIR,+TIR,

a = load redistribution parameter

6 = combined crown drop of surfacém), 6= 6;+ 5,
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