JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 15, No. 2, April-June 2001

Thermal Contact Conductance of Metal/Polymer Joints:
An Analytical and Experimental Investigation

J. 1. Fuller* and E. E. Marotta’
Clemson University, Clemson, South Carolina 29634-0921

The heat flow across a metal/polymer interface is a very important problem in many modern engineering
applications. A thermal joint conductance model that employs the surface mechanics of a contact interface in
conjunction with an existing elastic thermal contact conductance model was developed. In developing the model,
an elastic contact hardness term was derived to predict the actual contact area of a metal/polymer interface under
loading. The model predicts a microscopic resistance region where the interface resistance is dominant and a
bulk resistance region where the thermal conductivity of the polymer is dominant. An experimental apparatus
was fabricated, and a successful experimental program was conducted. New experimental data were gathered on
different polymeric specimens over a pressure range of 138-2758 kPa (20-400 psi). The experimental data were
compared to the proposed thermal joint conductance model. It was found that the proposed model predicted the
data quite well. The data followed the predicted trends for both the microscopic and bulk resistance regions.

Nomenclature

= apparentarea of contact, m?

real area of contact, m?

contactradius, m

Hertzian contact radius, m

half-width of plane contact area, m

= effective elastic modulus (E; E;)/[(E(1 — vlz)
+E (- v%)], Pa

elastic modulus of polymer, Pa

elastic modulus of substrate, Pa

contact microhardness, Pa

Mikic elastic hardness (E’/+/2)x m, Pa
polymer elastic hardness, Pa

thermal bulk conductance, W/m? K

thermal contact conductance, W/m?> K
dimensionless elastic conductance

j thermal joint conductance, W/m* K
experimentally calculated joint conductance, W/m? K
thermal microscopic conductance, W/m* K
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J(t) = creepcompliance
Kiux = thermal conductivity of flux meter, W/m K
k, = thermal conductivity of polymer, W/m K
kg = harmonic mean thermal conductivity, W/m K
L = load,N
My = mean absolute asperity slope, rad
n = number of contact spots per unit area
of apparent contact, m~2
P = apparent pressure, Pa
P/H. = dimensionless plastic contact pressure
P/H, = dimensionlesselastic contactpressure
P, = mean pressure at interface, Pa
(0] = heatrate, W
q = heat flux through flux meter, W/m?
R, = bulk thermal resistance, K/'W
R, = gapresistanceatinterface 1, K/W
R,», = gapresistanceatinterface 2, K/W
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R; = jointresistance, K/'W

Ruicro = microscopic thermal resistance, K/I'W

R, . = contactresistance, K/'W

R, = thermal resistance for upper interface, K/'W
R, = thermal resistance for lower interface, K/'W

T, = temperature of specimen, K

Ty = temperature of lower interface of specimen, K
Ty = temperature of upper interface of specimen, K
T, = temperature at surface 1, K

T, = temperature at surface 2, K

t = elastic layer (polymer) thickness, m

ty = polymer thickness after loading, m

ty = polymer thickness before loading, m

t* = critical polymer thickness, m

Y = separation distance between contacting surfaces, m
Y(t) = relaxationmodulus

&p = strain on polymer in the vertical direction

A = dimensionless separation distance, Y /o

v, = Poisson’s ratio of polymer

Vg = Poisson’s ratio of substrate

0 = radius of curvature of asperity, m

o = rmsroughness, m

oy = polymer tensile strength, Pa

Introduction

HENEVER thermal energy flows across an interface, there

exists an opposition to that flow of thermal energy. This op-
position is analogous to electrical resistance and is thus called the
thermal resistance. When the heat flow is across two surfaces in
contact, the oppositionis defined as the thermal contact resistance.
The thermal contactresistance is measured by determining the heat
rate across the two contacting surfaces and the difference between
the respective surface temperatures:

R.,.=T—-T)/0Q )]

Thermal contactresistanceplays a major role in almost all power-
generating systems. Many design constraints are based on heat gen-
eration and the ability of a system to effectivelydissipate the gener-
ated heat. Quantifying the heat flow can be a very difficult problem
in many electronic applications.

Computer chip-packaging technology is a good example of the
desire for maximum heatdissipationover a small area. As the circuit
densities continue to increase in electronic devices, greater impor-
tance is being placed on the ability of a chip-packaging configu-
ration to dissipate heat. In a personal communication B. T. Han,
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E. E. Marotta, and J. M. Ochterbeck have proposed several possi-
ble chip-packaging configurations. It is critical that the computer
chip remains cooler than its recommended operating temperature or
premature chip failure will likely occur.

To allow the packaging configuration to quickly dissipate more
heat, heatsinksorheatpipesare commonly employed. The heat must
flow from the chip through the adhesive or interstitial material to
the heat sink or spreader and then to the ambient air. At each in-
terface a contact resistance opposes the heat flow. If the contact
resistance can be reduced or eliminated, the effective thermal con-
ductance of the configuration can be increased. As the contact re-
sistance is lowered, the thermal conductanceis increased, and thus
more heat is dissipated. A very important interface in chip packag-
ing occurs when a metal and a polymeric interstitial material are in
contact.

Currently, there are many models to predict the contact conduc-
tance of a metal/metal interface, but Marotta and Fletcher' showed
that discrepancies can exist when these models are applied to a
metal/polymer interface. Modeling a metal/polymer interface ther-
mally is a very challenging problem because of the nature of the
intrinsic mechanical properties of polymers.

A metal/metal interface is usually modeled as two interfaces
having an equivalent roughness where asperity deformation oc-
curs against a rigid, smooth surface. However, when dealing with
a metal/polymer interface the previous model may not be valid be-
cause a polymer behaves like an elastic layer. A metal/polymer
interface can be modeled as a rigid metal indentor in contact with a
softer elastic layer.

Background Information: Polymers

Polymers are manufacturedfor their propertiesand are comprised
of organic chain-like molecules. Polymers are being used more and
more in everyday items including adhesives, coatings, plastics, rub-
ber products, and many other applications. Polymers are usually
classified by their mechanical and thermal behaviorinto the follow-
ing three categories: thermoplastic, thermoset, and elastomers.2

Flexibly linked and branched molecular chains usually describe
the class of thermoplastic polymers. Thermoplastic polymers are
comprised of individual monomers, and they typically exhibit duc-
tile properties. Thermosets are comprised of a more cross-linked,
rigid network of molecular chains, which make them generally
stronger, harder, and more brittle than either thermoplastic or elas-
tomeric polymers. The final group of polymers, elastomers, is com-
prised of lightly cross-linked chains. Elastomers have the intrinsic
ability to elastically deform under large strains.

Thermoplastic and elastomeric polymers are especially interest-
ing because they exhibit viscoelasticbehavior, and this behaviorcan
make it difficult to quantify a polymer’s mechanical properties. Vis-
coelasticbehavioris defined by the fact thata polymer’s mechanical
properties, such as elastic modulus, bulk modulus, shear modulus,
Poisson’s ratio, may be a function of time and temperature. Fliigge?
has mathematically defined a relaxation modulus Y (¢) and creep
compliance J () to quantify the viscoelastic behavior.

Krevelen* defines the following five temperature controlled re-
gions of elastic behavior: glassy (T < T,, E constant), transition
region (T ~ T,, E varies with temperature), rubbery (E A constant
again), rubbery flow, and liquid flow. Knowing the current tempera-
ture of a polymer is very important in understandingthe mechanical
properties of that polymer. If a polymer remains below its glass
transition temperature, the mechanical properties of the polymer
will remain constant with time.

Problem Statement

Increasingly, organic interstitial materials, such as elastomers,
are being employed to a greaterextentin power generating systems,
and with greater use follow an increased interest in the thermal
transport properties of these polymers. These properties include
thermal conductivity, thermal diffusivity, and the thermal contact
conductance at the interface with other materials. One very impor-
tant consideration, where limited knowledge exists, is the flow of
heat across a metal/polymer interface. Currently, a usable and veri-

fiable model does not exist for predicting the thermal performance
of metal/polymer joints.

The scope of this investigation will be limited first to conform-
ing rough surfaces, which are nominally flat, at a uniform interface
pressure (load/apparent area) and then to the class of thermoplas-
tic and elastomeric polymers. Thermoset polymers tend to behave
in a more hard and brittle manner than the usually soft and duc-
tile thermoplastics and elastomers. The soft and ductile behavior
of thermoplastic and elastomeric polymers are what make the con-
tact resistance between a metal and a polymer an interesting yet
challenging problem.

Literature Review
Metal/Metal Thermal Contact Models

Sridhar and Yovanovich® presented a critical review of the cur-
rently accepted thermal contact conductance models for rough con-
forming surfaces in contact under a known load. When modeling
a contact interface, the following three types of components are
needed: a thermal component, a surface geometry component, and
a surface deformation component. A contact conductance model
requires a thermal model to predict the conductance, which in turn
uses a surface geometry and surface deformation model to predict
the actual contact area. According to the authors, the major differ-
ence among contact conductance models is the surface geometry
chosen.

Cooper et al.5 (CMY) were able to define the thermal model,
for appropriatelydistributed contacts, to predict the thermal contact
conductance:

2k,na,
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where the terms for contact spot radius a., number of contact spots
n, and the ratio of real to apparentarea A, /A, are defined by using
the appropriate surface geometry and deformation model.

When defining the surface geometry model for conformingrough
surfaces, it is generally accepted to assume a circular contact spot
and then use probability theory to predict the number and size of
these contact spots. There are commonly used deformation models
that can be employed: the Hertz elastic model” or the geometric
plastic model. Depending on which deformation model is chosen,
the thermal contact conductance model becomes either a plastic or
an elastic thermal contact model.’

For this investigation it was decided that two thermal contact
conductance models would be of critical importance and warranted
further study. Therefore, the CMY® plastic model and the Mikic®
elastic model are reviewed here.

The CMY® model was defined for conforming rough surface
where the asperities undergo a plastic deformation under loading
and follow a Gaussian distribution of asperity heights. The authors
used geometrical parameters such as surface roughness and mean
profile slope to predict the actual contact area. The model is defined
by the following equations’:

A =«/§erfc‘1<2H—P> (3)

P k,  my exp(—A2/2)

o 2V2m o [1 - ,/%erfc(k/«/z)]l's

The authors reduced the analytical equations (3) and (4) to the
following dimensionless thermal contact conductance correlation
equation:

“)

ho/kmy = 1.45(P/H,)"% )

Yovanovich’ proposed a slight modification of the CMY model
with the following correlation equation, which was obtained from
fully rederived analytical expressions:

heo/kgmy = 1.25(P/H,)"* 6)
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Based on the foundationlaid by the CMY model, Mikic® derived
an elastic thermal contact model. The model assumes the case of
roughnominally flat surfacesin contact with circular contact points.
Using Hertzian contact analysis,'® he found that the elastic contact
areais exactly halfthe plastic contactarea. The Mikic® elastic model
is defined by the following equations’:

E'm,
H — b

V2
A= «/zerfc_l (2—17) ®)

e
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ky my exp(—A2/2)

L AT [1— %erfc(k/«/z)]l's

The elastic contact hardness defines the elastic area of contact as
proportionalto the load for metal/metal contacts assuming asperity
contact on a rigid flat surface where only the asperity deforms.
Again, the analytical equatons were then reduced to the following
dimensionless thermal contact conductance correlation:

h )

heo [ kgmg = 1.55(PN2)E'my)"* (10)

Other elastic deformation models reviewed by Sridhar and
Yovanovich’ were the Greenwood and Williamson'' elastic model;
the Bush et al.!? asymptotic elastic model, which is valid only when
A > 2; and the Whitehouse and Archard®® elastic model, which dif-
fers by assuming asperity peaks that do not follow a Gaussian dis-
tribution and peak curvatures that have a distribution, which are
dependent on their heights.

Metal/Polymer Contact Models

Meijers' studied the contactproblemof arigid cylinderindenting
an elastic layer resting on a rigid base. The analysis assumed plane
deformation and frictionless contact between the cylinder and the
elastic layer. Asymptotic solutions are presented for the following
two cases: when the ratio of the half-width ¢ of the contact area to
the thicknessof the layer ¢ is small and when the ratio of the contact
radius to the thickness ¢/f is large. Solutions are presented for all
values of A, /t and for a layer Poisson’s ratio between 0 and 0.5.

Chen and Engel'> conducted an impact and contact stress anal-
ysis of multilayer media. They reformulated the mixed boundary
value problem using general approximation techniques that were
solvable using numeric calculations. They compared their analysis
to other exact solutions and reported good agreement. Numerical
results were presented for surface pressure, contactradius, and pen-
etration depth for both a parabolic and circular flat-ended punch.
The authors also compared their analysis to experimental data gath-
ered by dropping a steel ball onto nylon and rubber layers over a
granite base. Again, a good agreement was found between the an-
alytical solutions and experimental results. For the analysis of the
parabolic punch, the authors assumed a spherical body of radius p,
where p > a..

Jaffar'® developed a numerical scheme for solving axisymmet-
ric contact problems involving a rigid indentor on an elastic layer.
He assumed a frictionless contact and derived solutions for both
bonded and unbonded elastic layers. He categorized the indention
of an elastic layer into two classes. The first class is defined by com-
plete contact, where the radius of the contact region is known, for
example a flat-ended circular punch. The second class is defined by
incomplete contact, where the radius of contact is not known a pri-
ori, for example a spherical punch. Jaffar presented solution plots
for the pressure distribution, penetration depth, and normal surface
displacementfor both spherical and flat-ended circular punches for
a./t in therangeof 0 <a,./t <20 and 0 <v <0.5.

Matthewson!” was able to develop closed-form solutions for ax-
isymmetric contact on thin compliant coatings. The author assumed
a thin layerbonded to arigid substrate, a frictionlesscontact, and for
the thin layer to behave linearly elastic under loading. The Young’s

modulus of the elastic layer was assumed to be small when com-
pared with the Young’s modulus of the indentor and underlying
substrate. Matthewson was able to derive solutions for the follow-
ing three cases: indention of the layer by a spherical tipped indentor,
where p > a.; indention by a blunt cone, where v = 0.5; and for an
indentor of arbitrary profile, where v =0.5. An experimental pro-
gram was conducted and data gathered for the cases of indention by
the spherical tipped indentor and blunt cone. The model seemed to
predict the data well with an average difference reported of 5%.

Metal/Polymer Thermal Contact Conductance Data

Mirmira et al.!® conducted an experimentalinvestigationmeasur-
ing the thermal contactconductanceof a wide range of commercially
available elastomeric gaskets. The experimental investigation was
conducted with the elastomeric gaskets maintained at mean inter-
face temperaturesof 20 and 80°C and over a mean interface pressure
range of 172-6900 kPa (25-1000 psi). The thermal contact conduc-
tance for the elastomeric gaskets ranged from 150 to 13500 W/m? K.
From analysis of the data, the authors concluded that the mean in-
terface temperature did not affect the thermal conductance of the
gaskets, but slightly higher conductance values were recorded for
higher pressures.

Quillet et al.'® studied the thermal characteristics of a metal/
polymer interface during injection molding processes. The exper-
imental investigation dynamically measured the thermal contact
resistance of acrylonitrile-butadiere-styrene during the injection
molding process and determined how temperature and time af-
fected the thermal contactresistance during injection molding. The
authors defined a methodology for simultaneously measuring the
thermal contact resistance and the temperature field in the polymer.
Their results modeled the transient contact resistance during injec-
tion molding. Their results are not applicable to the current study
because steady-state conditions are assumed in the current study.

Narh and Sridhar®® measured the joint thermal resistance of
polystyrene as a function of thickness at constant temperature and
pressure. The amount of data presented was very limited. The au-
thors proposed a correlation that is seemingly a modification of
CMY*® model, but it was not specified whether the elastic or plastic
contact deformation assumption a priori was employed. Also, the
model contained many material constants, which were not given.
Thus, this cannot be compared to other published data. The authors
did conclude that an important parameter in dealing with polymers
might be the temperature.

Parihar and Wright?! studied the thermal contact resistance and
total resistance of a (SS304)/silicone rubber/(SS304) joint under
lightloads (0.02-0.25 MPa of apparentstress) and differentapplied
heat fluxes. Because different polymers can be difficult to com-
pare because of their different properties, this paper also seeks to
suggest a standard procedure for the measurement of the thermal
contact resistance at the metal/elastomer interface. The paper re-
flects on some of the vast difficulties that are faced when modeling
the metal/polymer interface.

A limited amount of data was presented showing the change in
contact resistance caused by variations in temperature and mean
pressure at the interface. An important observation, reported by the
authors, was that the specimen’s surface characteristics were not
affected by the experimentally applied conditions of time, heat, and
load. They concluded that the bulk resistance could play a large
role in the joint resistance depending on the specimen’s thickness.
Also, in their measurements the authors found that the thermal con-
tact resistance varied between the hot and cold interfaces with the
hot thermal interface resistance being greater than the cold thermal
interface resistance by a factor of 1.3-1.6. The authors attributed
this increase in resistance to a high thermal rectification caused by
the heat flux lines constricting when entering the polymer but then
expanding when leaving the polymer.

Marotta and Fletcher! measured the thermal conductivity and the
thermal contact conductance of several widely available thermo-
plastic and thermosetting polymers. The thermal conductivity data
were obtained over a temperature range of 10-100°C, and the ther-
mal contact conductance data were obtained over a pressure range
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of 510-2760kPa (75-400 psi) and a temperaturerange of 20-40°C.
The authors then compared the experimentally measured data to
current thermal contact models developed for metal/metal contacts,
such as the elastic contactmodel developedby Mikic® and the plastic
contact model developed by CMY.6 The Mikic® and CMY*® models
are accepted and proven for metal/metal contacts; however, Marotta
and Fletcher! observed that a thermal model was needed for accu-
rately predicting the joint conductance of metal/polymer junctions.
The model should account for both the microscopic contact resis-
tance and the bulk thermal resistance of the polymer layer along
with polymer deformation effects.

Analytical Model

The analytical model will encompass a range of light to moder-
ate loading pressures (138-2758 kPa or 20-400 psi) at the contact
interface because this is the range of pressures where metal and
polymers are in contact in most modern engineering applications.
In dealing with the contact of a hard metal into a much softer elastic
layer, a different approach was taken than for metal/metal contacts.
To make the model as accurate as possible, the proposed model
was developed using an existing elastic conductance model modi-
fied with surface contact mechanics principles that incorporated the
polymer’s material properties.

In bare metal to metal contacts, the real contact area is always
less than the apparent contact area A,. Because thermoplastic and
elastomeric polymers have a comparatively lower modulus of elas-
ticity, the calculatedreal contactarea can actually be greater than the
apparentarea. Physically, the metal asperities will tend to have little
or no deformation while the softer polymer material will “envelop”
and wrap around the metal asperities.

In relation to the thermal contact conductance, this increase in
contact area as it approaches and then becomes greater than the
apparent contact area will cause the contact resistance to become
negligible. As the load increases,so does the real contactarea, which
causes the interface resistance to become negligible while the bulk
thermal properties of the polymer begin to dominate. This type of
contactmechanics behaviorof the interfaceis the reason a jointcon-
ductance was chosen to be included in the model. A joint conduc-
tance model will be able to incorporatethe microscopicresistance at
low loads, both the microscopic and bulk resistance at intermediate
loads, and then just the bulk resistance at the higher loads.

The present analytical investigation involves the use of four
common polymers previously studied by Marotta and Fletcher!
(delrin, Teflon®, polycarbonate, and polyvinyl chloride). These
polymers were chosenbased on their commercialimportancein cur-
rent engineering applications and the availability of their material
properties from standard chemical handbooks. The four polymers
also displayed a range of Young’s modulus between 5.52 x 10% and
4.14 x 10° Pa.

In addition, for the presentinvestigationthe mode of deformation
between the metal and the softer polymer is assumed to be elastic
during light to moderate loading. This assumption is supported by
the experimental study conducted by Parihar and Wright,2! which
measured the rms roughness and the asperity slope of the steel flux
meters and the silicone specimen before and after loading. The mea-
sured values were almost the same before and after loading, which
they concluded implies elastic deformation at the interface.

Critical Thickness

An important parameter to note is the thickness of the elastic
layert. Because the polymer layer is usually in contact with a much
harder underlying substrate, the substrate could affect the contact
mechanics of the metal/polymer joint. It is desired to know above
what critical thickness the elastic layer becomes independentof the
influence of the underlying rigid substrate.

Makushkin®? studied the influence of the underlying substrate and
the thickness of an elastic layer during spherical indentor penetra-
tion. He derived a mathematical expression for the critical polymer
layer thickness t* beyond which the substrate will not influence
the deformation of the elastic layer. The expression for the critical
thickness was defined as

~
*

o0\ ([ (E,/E)""
- 16.8<E—p> <—U2'41UA?'003 (11

Using the surface properties reported by Marotta and Fletcher,'
the critical polymer thickness, for the four selected polymers em-
ployed by them, was calculated and is shown here: Teflon, 80.0;
Delrin, 26.1; PVC, 17.2; and Poly, 28.2. It was observed that only
for very thin layers would the underlying substrate affect the de-
formation. The thickness of the polymers employed by Marotta
and Fletcher' ranged from 1.65 to 12.7 mm, which is well above
the calculated critical polymer thickness for the respective poly-
mer. The present experimental investigation will maintain all of the
specimen’s thickness around 1 mm to ensure that the underlying
substrate will not influence the deformation.

Contact Modeling of the Polymer/Metal Interface

The contact mechanics of the interface were modeled by the as-
sumption of a rigid sphere impacting an elastic layer. Finkin® inves-
tigated the determination of the Young’s modulus of rubber sheets
by the indentation of a spherically tipped indentor. Finkin’s work
is based on the assumption of a thick elastic layer where the thick-
ness is greater than the radius of contact. He based his experiments
on the analytical contact mechanics studies conducted by Vorovich
and Ustinov.?* They solved the mathematical problem of a rigid
sphere contacting an elastic layer on a rigid half-space. They deter-
mined the contact radius in terms of an asymptotic power series of
nondimensionalizedlayer thickness as

4 6
L_% —0.113<@> +0.114<@>
t t t t
a 7 a 8
+0.025<7“> —0.004(%’) (12)

where a, represents the contact radius predicted by the Hertz solu-
tion and is defined as

30p(1 —02)7?
:[P(_)] 05

4E,

The desire was to first develop a mathematical expression that
calculatedthe contactradiusin a more easily applied equation while
alsoobtaininga nondimensionalexpressionfor the appliedload. The
Buckingham Pi Theorem was employed to obtain an expression for
the contactradius as a function of polymer thickness, load, asperity
radius of curvature, and the Young’s modulus.

It was observed that the polymer layer’s dimensionless contact
radius a./t was a function of dimensionless load E,#*/pL. The
dimensionless contact radius was plotted as a function of the new
dimensionless load parameter for a range of thickness reported by
Marotta and Fletcher.! As desired, the new dimensionless load pa-
rameter produced one curveregardlessof E,, ¢, or polymer. Finally,
to verify that the equation was independent for a range of polymer
materials, four different polymers were plotted as shown in Fig. 1.
A curve fit equation was obtained and defined as

a./t= 0.857(pL/E,,t3)% (14)

Because the test specimens used by Marotta and Fletcher! were
relatively thick (1.5 mm), it is not suprising that Eq. (14) represents
the Hertzian solution from Eq. (13). The only difference between
Egs. (14) and (13) is the load term in Eq. (13), which has been
replaced by an average polymer Poission’s ratio of 0.4.

It was now desired to know for what range of interface load and
specimen thickness would the Hertzian solution be applicable. It
was known that under a high load and/or a small layer thickness
the Hertzian solution would fail because of the high strains that the
elastic layer would experience. Figure 2 shows a plot of dimension-
less contactradius [Eq. (12)] vs dimensionlessload. As one can see,
when the dimensionless load remains above 0.7, the contact radius
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Fig. 1 Dimensionless contact radius as a function of dimensionless load for selected polymers.
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Fig. 2 Plot of Vorovich and Ustinov’s?* equation with correlation equation: dimensionless contact radius as a function of dimensionless load.

for a rigid indentor into an elastic layer can be modeled using the
Hertzian solution. The calculated critical load of the four selected
polymers assuming a specimen thickness of 1 mm is shown here:
Teflon, 1.10 x 103; Delrin, 7.14 x 10°; PVC, 8.23 x 10°; and poly,
4.73 x 10°. It was noticed that only for extremely high interface
pressures would Hertzian contact analysis not be valid.

The fact that the contact radius can be modeled by the Hertzian
solution is very important because it validates using an existing
thermal contact model that is based on Hertzian analysis. However,
a modification to the elastic hardness parameter must be made to
accommodate polymer layers.

Thermal Joint Resistance Model

The joint resistance to heat flow that incorporates the bulk prop-
erties of the polymer layer can be defined as

R; = Ruicro,1 + Rouik + Ricro.2 (15)
By redefining the resistance as
R, =1/h;A (16)
Ruicro,i = (1/ Bmicro,i A) i— 1to2 17
Rpue = 1/ hpur A (18)
Eq. (15) can be rewritten in terms of thermal conductance as
hj = 1/(1/ huicro.1 + 1/ Bourc + 1/ Picro,2) (19)

A general diagram of the modeled joint conductance terms, for
which Eq. (19) applies, is shown in Fig. 3 (modeled after that found
in Ref. 25).
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Microscopic Conductance Model

Onceithad been ascertainedthat the polymerlayer would deform
independentlyof the underlyingsubstrate,the nextstep was to define
the microscopic and bulk thermal resistance. A possible candidate
for defining the microscopic resistance was the established Mikic®
elastic model for thermal contact conductance already reviewed in
this paper.

The Mikic® model assumes elastic deformation of the contacting
asperities onto a rigid flat surface. However, this is not the case for
metal/polymer contacts. Instead, the metal/polymer interface was
modeled as a rigid indentor contacting an elastic surface. There-
fore, to incorporate Mikic’s model a “polymer elastic contact hard-
ness” (Hcp) had to be defined to replace the term H, for metal/metal
contacts.

R Rt

Re> Rz l@
Q- Te

Fig. 3 General diagram of the modeled joint conductance (after
Yovanovich et al.25).

By assuming a Gaussian distribution of asperity heights,
Greenwood and Williamson'' showed that the area of contact of
nominally flat surfaces is almost exactly proportional to the load.
They defined an elastic contact hardness that controls the area of
contactas

Hepagic = CE/mab (20)

where C is a constant found by plotting dimensionless mean pres-
sure vs dimensionlessload as shown in Fig. 4.

For metal/polymer interfaces employed in this investigation, the
constant was found to be approximately 0.433; therefore, a polymer
elastic hardness was able to be defined as

Heyp = Epmy/2.3 2D

By inserting the new polymer elastic hardness into the analyti-
cal model represented by Egs. (8) and (9), a predictive model for
the microscopic contact conductance was obtained. Figure 5 shows
a plot of the dimensionless contact conductance as a function of
dimensionless interface pressure incorporating the polymer elastic
hardness. From the plot of the analytical solution, a simple correla-
tion for the dimensionless contact conductance was obtained:

0.935
hmicro 23P
—miero? 1.49( ) (22)

ks' Myy P My

from which A ., can be calculated.

Bulk Thermal Conductance

The next step was to derive an expression for the bulk resistance
of the polymer layer that includes the compressibility effects of the
polymer.

The bulk thermal conductanceof a polymerlayercanbe defined as

e = K, /17 (23)

Because the polymer is modeled as an elastic and compressible
layer, the thickness would be a function of load. The change in
thickness can be defined as

At =ty —t, 24)

Applying Hook’s law and the assumption of linear elasticity, there
is only stress in the vertical direction, and this stress is equal to the
applied pressure P, which implies that

¢, = P/E, (25)
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Fig. 4 Dimensionless mean pressure as a function of dimensionless load for selected polymers.
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Incorporation of Eq. (25) into the expression for the final layer
thickness (24) results in the following expression:

ty =1t(1—-P/E,) (26)
It was observed that only for polymers with low Young’s modulus
(<2.5 x 107 Pa) and high pressures (>3.0 x 10° Pa) will the final
thickness change by more than 12%. By substituting Eq. (26) into
Eq. (23), an expression for the bulk conductance Ay, was defined
that included the one-dimensional, compressibility effects of the
elastic layer.

how = k,/1(1 — P/E,) 27

Thermal Joint Conductance Model

Now that an equation has been derived for both the microscopic
and bulk conductance,a final joint conductance model was defined
as

hj = 1/[1/hmicro.l + t()(l - P/Ep)/kp + l/hmicro.Z] (28)
where A picro,; Was defined by Eq. (22). The proposed joint conduc-
tance model predicts that the contact resistance will be dominant
at lower pressures and that the bulk resistance will dominate at the
higher pressures.

Experimental Investigation

Once a model had been developed, it was desired to validate the
model by comparing the predicted values with experimentally gath-
ered thermal joint conductance data. Because very little data have
been published on the joint conductance values of metal/polymer
joints, it was decided that a new experimental program should be un-
dertaken. The purpose of the experimental program was to validate
the new joint conductance model by obtaining new experimental
data, especiallyin the range of light to moderate interface pressures.

Experimental Facility

To obtain experimental data on the polymers of interest, an ex-
perimental program was conducted similar to that of Marotta and
Fletcher.! A diagram of the experimental apparatus is shown in
Fig. 6.

The experimental apparatus was housed in a vacuum bell and
maintained at a low pressure of 1 Pa (1 x 103 bar) using a Welch
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Fig. 6 Experimental facility.

Duo-Seal® rotary vacuum pump. The pressure was monitored using
a pressure transducer connected to an Alcatel TA111 indicator.
The experimental apparatus consists of a vertical stack that con-
tains three vertical stainless-steel columns mounted with two mov-
able Teflon plates on linear bearings. An applied load to the experi-
mental stack was controlledusing a Bimba Flat- 1® air cylinder, and
the applied load was measured using an OMEGA LCHD-1K low
profile load cell wired to an OMEGA DP41-S high-performance
strain gauge indicator. Uniform loading of the test section was en-
sured by the use of two hardened stainless-steelballs that transferred
the load from the vertical column to the source/sink assemblies.
The experimentalstack consisted of an upper flux meter, polymer
specimen, and a lower flux meter. A diagram of the experimental
stackis showninFig. 7. Both stainless-steeland A1 6061 flux meters
were used. Each flux meter was housed in a fabricated source/sink
holder. A Watlow Thinband® 500-W band heater encompassed the
upper source holder. The lower sink holder was cooled by a gly-
col/water solution supplied by a constant temperature chiller. By
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Table 1 Material characteristics

Parameter UPPER Al flux meter Delrin 1 Delrin 2 Poly pPvC
tp, mm R 1.274 1.322 1.440 1.313
o, m 5.11x 1077 2.13x 107° 2.23x 1076 6.32x 1077 5.35x 1077
mp, rad 0.2667 0.6257 0.5696 0.4227 0.3997
k, W/m-K 183.02 0.382 0.382 0.222 0.172
E,Pa 7.20 x 10'° 3.59 x 10° 3.59 x 10° 2.38 x 107 4.14 x 10°
*Marotta and Fletcher.!
4.000 To measure the jointconductance,a polymerspecimen was placed
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/ Sholeseg. sp. 0.25 opart

Polyneric Speciren —\

—+--——--——o-—seeserllereseoe———o -1

[ T l
\——M Flux Meter

|
L = —J
2250

' \

Axial Distance

[
»

Fig. 7 Schematic of the experimental stack with polymeric specimen.

controllingthe voltage to the band heater and the temperature of the
chiller solution, a desired specimen average temperature could be
achieved. A radiation shield also surrounded the experimental stack
to minimize radiation losses and ensure one-dimensional conduc-
tion through the experimental stack.

The thermal conductivity of the 6061 Al flux meters was cal-
ibrated by using National Institute of Standards and Technology
(NIST)ironsamples. A 1-in. specimen was machined from the same
bar stock the flux meters were machined and tested to obtained the
thermal conductivity as a function of temperature.

Sample Preparation

The flux meters and the polymer specimens were all cut to a
diameter of 2.54 cm (1 in.). The Al flux meters were equipped
with six and the stainless-steel flux meters were equipped with five
30 gauge “special limit of error” T-type thermocouples that were
placed at the centerline.

The polymeric specimens were first machined into 2.54-cm-
diam rods. A Buehler ISOMET 2000 cutting tool was used to cut
specimens to approximately 2-mm thickness. To ensure a nominally
flat surface, both surfaces of the specimens were then polished us-
ing an EXAKT grinding wheel. The thickness of the specimens was
measured at five different locations to ensure an uncertainty in the
thickness of +0.005 mm.

The surface characteristics (rms roughness and average asperity
slope) of the flux meters and polymeric specimens were measured
using a WYKO NT-2000 noncontact surface profilometer with a
magnification of 50x. Measurements were taken at five different
positions on the surface and then averaged to ensure uniformity of
the values. Material characteristics for the Al flux meter and the
polymeric specimens are shown in Table 1.

Experimental Procedure

Joint conductance values were measured between the flux meters
and the polymer specimens over an interface pressurerange of 138~
2758 kPa (20-400 psi). The average specimen temperature of the
polymeric specimens was maintained at 40°C (£1°C) throughout
the experiments.

between the two flux meters. Air was allowed into the air cylinder
until the experimental stack (upper flux meter, specimen, lower flux
meter) was vertically aligned with the specimen in light contact
with both flux meters. Because only the microscopic resistance at
the upper face of the specimen was considered, Dow Corning 340
heat sink compound was applied between the lower flux meter and
the lower specimen interface. This allowed the contact resistance at
the lower specimen interface to be neglected.

Once the experimental stack was correctly aligned, air was al-
lowed into the air cylinder until the desired starting apparent pres-
sure of 138 kPa was acting on the polymer specimen. Next, the
chiller was set to 5°C, and the voltage supplied to the band heater
was increased until an average temperature of 40°C was achieved
between the interface of the polymer specimen and the upper flux
meter. The temperatures through the flux meters were measured and
recorded using a National Instruments (NI) SCXTI hardware and NI
Lab View data acquisition setup.

Because it was desired to know the joint conductance values as a
function of apparent pressure, the pressure on the polymeric spec-
imens was varied. For each specimen the joint conductance was
measured at 68.9 kPa (10 psi) increments from 138-689 kPa (20—
100 psi), 138 kPa increments (20 psi) from 689-1379 kPa (100-
200 psi), and 345 kPa (50 psi) from 1379-2758 kPa (200-400 psi).
The average temperature across the upper specimen interface was
also monitored through the entire process to ensure a value of 40°C.

To obtain a joint conductance measurement, the specimen was
allowed to settle at the desired pressure until steady state had been
reached. Steady state was considered to be achieved when the aver-
age temperature of the interface did not change more that +0.2°C
over a 30-min period. Once sufficient time had been allowed for the
system to reach steady state, the data acquisition was stopped, and
the joint conductance values were averaged over the 30-min period.
Next, the pressure inside the air cylinder was increased until the
next desired pressure was reached. The process was repeated until
the final apparent pressure of 2758 kPa was reached.

Calculations

The thermocouples placed in the Al flux meters were used to
calculate the heat flux into and out of the polymer specimen. The
temperature at each thermocouplelocation was then recorded, and a
sum of least-squaresmethod was used to extrapolatethe temperature
at the interface of each of the flux meters. The temperatures were
then averaged to obtain an average temperature across the upper
interface.

The joint conductance was calculated by defining the joint con-
ductance [Eq. (29)] and Fourier’s law [Eq. (30)]:

qtlux (29)

(30)

The thermal conductivity kg, Was calculated by averaging the
six thermocouples in the flux meter and inputting the calculated
average temperature into the thermal conductivity equation of alu-
minum (Al) as a function of temperature. To reduce the experimen-
tal uncertainty, the temperature difference term ATg,x was defined
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by the difference in the temperature between the thermocouple at
location one and the thermocouple at location six. Finally, Axgu
was defined as the distance between the thermcouples at location
one and six, respectively.

Uncertainty Analysis

The techniques set forth by Kline and McClintock?®® were used
to determine an overall experimental uncertainty of the measured
joint conductance values. The uncertainties of the various values
used to calculate the joint conductance were combined to determine
an overall experimental uncertainty. A complete explanation of the
uncertainty analysis was presented by Fuller.?’

The uncertainty of the experimentally measured joint conduc-
tance values consisted of the uncertaintyin the thermal conductivity
of the 6061 Al flux meters, the temperaturesrecorded within the flux
meters, the measured distance between the thermocouplelocations,
and the calculated interface temperature of the upper and lower flux
meters.

The uncertainty of the thermal conductivity of the 6061 Al flux
meters was comprised of the following uncertainties: the thermal
conductivity of the NIST iron flux meters (3% above 280 K), the
temperature gradient within the NIST flux meters (2%), the temper-
ature gradient within the Al test specimen (5%), and the measured
distance between the thermocouple locations within both the NIST
flux meters and the Al test specimen (1.6%). The uncertainty of the
thermal conductivity of the 6061 Al flux meters was calculated to be
6.6%.

The total average uncertainty of the experimental joint conduc-
tance valueswas 17%. The experimentaluncertainty was largely due
to calculation of the temperature gradient through the Al flux me-
ters (15%). Also contributing were the uncertainties of the thermal
conductivity of the Al flux meters (6.6%), the measured distance be-
tween the thermocouple locationsin the flux meters (0.8%), and the
extrapolatedtemperatureat the upper and lower specimeninterfaces
(0.6%).

Results and Discussion

Data were obtained on five polymer specimens, previously stated
in Table 1, over a pressurerange of 138-2758 kPa. It was desired to
see how well the proposed joint conductance model predicted the
experimental data.

Results from Experimental Program

The data were gathered with thermal grease applied to contact
surface 2 and vacuum conditions. The thermal grease allowed for
almost total area contact between the polymer and the metal thus
causing the 1/hyic02 term to be negligible. Therefore, the joint
conductance model can be reduced to the following expression:

I’lj = 1/[1/hmicr0.l +t0(1 - P/EP)/kl’] (31)

Equation (31) was employed for comparison of the thermal joint
conductance model to the experimental data.

The joint conductance as a function of interface pressure for the
polycarbonatespecimenis showninFig. 8. The specimenhad anom-
inal thickness of 1.44 mm, and the thermal conductivity of polycar-
bonate was measured by Marotta and Fletcher' to be 0.22 W/m-K.
The glass transition temperature for polycarbonate is 145°C>. Be-
cause the specimen was maintained below the glass transition tem-
perature, the Young’s modulus should not be a strong function of
time.

The joint conductance for the polycarbonate specimen follows
the predicted trend. The joint conductance is lowest at the lowest
pressures and is a function of the interface pressure until the bulk
conductance becomes dominant. It appears from the plotted data
that 800 kPa (~120 psi) is the approximate threshold pressure be-
yond which the microscopic resistance is negligible and only the
bulk resistance is apparent. Therefore, after the apparent interface
pressure reaches 800 kPa the joint conductanceis no longer a func-
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Fig. 8 Experimental joint conductance data.

tion of the interface pressure and remains constant with increasing
pressure.

Two Delrin specimens were also tested. They were both prepared
from the same stock and varied in thickness and surface properties.
Marotta and Fletcher' measured the thermal conductivity of Delrin
to be 0.38 W/m-K. The glass transition temperature of Delrin is
—85°C?, which implies that the Delrin specimen could exhibit vis-
coelastic behavior (Young’s modulus could be a function of time).

The joint conductance as a function of interface pressure for the
first Delrin specimen tested, Delrin 1, is also shown in Fig. 8. The
specimenhad a nominal thicknessof 1.27 mm. The data for Delrin 1
falls in the midrange where both the microscopic and bulk resis-
tances are important. Throughout the pressure range the joint con-
ductance for Delrin is a function of the interface pressure. The data
indicate that after 2000 kPa (/300 psi) the joint conductance may
reach an asymptotic line.

The joint conductanceas a function of interface pressure for Del-
rin 2 is shown in Fig. 8. The specimen had a nominal thickness of
1.32 mm. The experimental data for Delrin 2 follow the predicted
trend of an increasing joint conductance with pressure and then lev-
eling off to a bulk value. As expected, the data show a leveling of
the joint conductancevalues at 1100 kPa (=160 psi) after which the
joint conductance value was independentof pressure.

The joint conductance as a function of interface pressure for the
polyvinyl chloride (PVC) specimen is shown in Fig. 8. The speci-
men had a nominal thickness of 1.14 mm, and Marotta and Fletcher'
measured the thermal conductivity to be 0.17 W/m-K. The glass
transition temperature of PVC is 175°C>. Like polycarbonate, be-
cause the average specimen temperature was kept well below the
glass transition temperature of PVC, the specimen is outside of
the viscoelasticrange. Thus, the PVC specimen’s Young’s modulus
should not be a function of time.

Again, the joint conductance for the PVC specimen follows the
anticipated trend. The joint conductanceincreaseslinearly and then
asymptotically with increasing interface pressure to a bulk conduc-
tance value. From the plotted data it appears that the joint con-
ductance of the PVC specimen is almost constant after 1400 kPa
(21200 psi).

Next, the experimental data were compared to the proposed joint
conductance model with plots of the experimental joint conduc-
tance data of the Delrin, polycarbonate, and PVC specimens with
predicted values. The dimensionlessjoint conductanceis plotted as
a function of the dimensionless pressure is shown in Fig. 9.

Although the average temperature of the Delrin specimens was
maintained within the viscoelasticrange for the polymer, there was
not a noticeable deviation from the predicted values. Presently, the
proposed joint conductance model does not account for viscoelastic
behavior, yet at least for Delrin it does not seem to have a large
influence.

The jointconductancemodel seems to predictreasonably well the
experimentally gathered data, and only a few points deviate from
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Table2 Selected percent difference of predicted vs measured joint conductance values

Specimen Exp. 30 psi, W/m?> K Pred. 30 psi, W/m> K % Diff. Exp. 400 psi, W/m? K Pred. 400 psi, W/m> K % Diff.
Delrin 1 71.8 85.1 —-16.9 251.6 244.0 3.1
Delrin 2 93.0 83.0 11.4 256.0 234.9 8.6
PVC 67.2 70.9 —5.4 146.8 135.9 7.7
Polycarbonate 97.0 97.3 —-0.3 162.2 145.6 10.8
1029
7
[}
5
4
3
2
1033 -
7
6
5
4
hjo-rms 3
kgmab 2 —— Polycarbonate; predicted
--------- Delrin1; predicted
T s B Delrin2; predicted _
o <l PVC: predicted
z 0 Polycarbonate; exp. data
5 o Delrin1; exp. data
4 |~ a Deirin2; exp. data
8 o PVC; exp.data
2
1050 : :
1050 2 3 4567 4540 2 3 45674530 2 3 4567 4920

2.3P

Epmab

Fig. 9 Dimensionless joint conductance as a function of dimensionless pressure; predicted values with experimental data.

the predictive curves. Table 2 tabulates the difference between the
predicted and experimentally measured joint conductance values
for pressures of 206 kPa (30 psi) and 2758 kPa (400 psi) for the
polymer specimens employed in the study. All tabulated values for
the difference between model prediction and experimental data are
within the computed experimental uncertainty of 17%. Therefore,
the model agrees quite well with the experimental data.

Areas for Future Study

The proposedjointconductancemodel and experimentalprogram
were a good first study of the joint conductance of a metal/polymer
joint; however, there are still many areas that could warrant further
research and study.

It is desired to have an empirical expression relating the Young’s
modulus of a polymer as a function of time. Vettegren et al.”® and
Bronnikov et al.>® developed an expression that relates the time
and temperature dependent Young’s modulus to the material prop-
erties of a polymer before loading. Once validated, the empirical
expression could be easily incorporated into the joint conductance
model, and then the joint conductance model would account for the
viscoelastic behavior of polymers.

Another area warranting further study is the pressure distribution
at the metal/polymer interface. The current model assumes a uni-
form pressure distribution across the interface. In many electronics
applications, because of mismatched coefficients of thermal expan-
sion, a nonuniform pressure distribution may be created across the
interface. Once a contact geometry can be defined, it is possible to
define the pressure distribution as a function of the distance from
the centerline and then incorporate that function into the joint con-
ductance model.

The thermal joint conductance model was developed for vacuum
conditions, which is the case for satellite and space applications.
A final area of study would be investigating a metal/polymer joint

under atmospheric conditions. The presence of air at the interface
would provide a second avenue for heat flow through the interface.
An additional conduction term could easily be added in parallel to
the microscopic resistance. The decreased total would account for
the heat flow across a gas-filled gap.

Conclusions

An analytical thermal conductance model has been developed,
and an experimental investigation has been conducted. A thermal
joint conductance model was developed using contact mechanics
principles and basic material properties to predict the thermal con-
ductance of metal/polymer joints, and an experimental program was
conducted. The data were compared to the joint conductance model,
and good agreement was found between the data and predicted
values.

A thermal joint conductance model has been developed and ver-
ified for predicting the joint conductance across metal/polymer
joints. The model was developed using limiting assumptions to
make an initial model practical and verifiable. This joint conduc-
tance model should form the foundation for future and expanded
research on the heat flow through metal/polymer joints.
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