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Introduction 
In vacuum environments on spacecraft, convective heat transfer is absent and con- 
duction becomes a more important heat-transfer mechanism than it is for most ter- 
restrial hardware. The heat generated by piece parts within a spacecraft electronics 
box must flow, by conduction, to the box surface, where it is either radiated away 
or conducted to a heat sink. Included in this conductive path are a number of joints 
where heat must be transferred by contact between surfaces. These joints include 
screws or Wedglock guides that attach circuit boards to an electronics-box chassis, 
and bolts used to attach the electronics box to a spacecraft shelf or heat-pipe net- 
work. Hence the thermal conductance of contacting surfaces is an important 
parameter for spacecraft thermal design. 

This chapter presents analytical tools for modeling thermal joint resistance (or 
its inverse, conductance) between contacting surfaces. Many different analytical 
models have been developed over the last 40 years that take into account the dif- 
ferent physical phenomena involved in contact heat transfer. What follows is not a 
complete survey of these models, but a look at some that can be of practical use in 
spacecraft thermal design. 

Unfortunately, no universal model exists that can enable one to predict the joint 
resistance between any two surfaces. To determine which of the available analyti- 
cal models is appropriate for a situation, the thermal engineer must assess the sur- 
face conditions, addressing questions such as" Are the surfaces flat and/or rough? 
Are oxides on the surfaces? What is the pressure distribution within the contact? 
What is the real contact area? For surfaces where these questions can be answered 
with a high degree of certainty, some of the analytical models validated by exten- 
sive lab tests can be reliably used to predict overall thermal joint resistance. 

In situations where values of the parameters required by the contact-resistance 
models are not well known, the designer might guess about the surface conditions 
and select a model to use, or try more than one model to get a feeling for the range 
of thermal behavior that a par-ticular joint might exhibit. In these situations, how- 
ever, spacecraft thermal engineers more commonly choose approximate contact- 
resistance values that have been used successfully in past design efforts. Such 
genetic design values and their use in the thermal-design process are addressed in 
Chapters 8 and 15. When none of the available models or approximate design val- 
ues fit the engineer's needs, experimentation is the best choice. 

In the material that follows, a list of the parameters influencing thermal contact 
resistance is presented, followed by a discussion of the various thermal joint-resis- 
tance models. Since a complete joint-resistance model should include a thermal- 
constriction model, a surface-geometry model, and a surface-deformation model, 
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sections will be devoted to each of those topics. Flat, wavy-smooth, and wavy- 
rough contacting surfaces are treated, and the relevant models are discussed. The 
effects of oxides or coatings on the contacting surfaces and thermal-interface filler 
materials on overall joint resistance are also explored. At the end of each subsec- 
tion, practical, easy-to-apply, and extensively used correlations are presented 
along with some experimental data. A typical experimental setup used to generate 
data for model correlation is also presented. 

Contact Heat-Transfer Background 
Analysis from the microscopic point of view reveals that all machined surfaces 
have imperfections or deviations from their idealized geometry. These imperfec- 
tions are usually categorized according to their roughness and waviness. Rough- 
ness is a low-scale imperfection and is the result of tool shape, machining process, 
casting mold, etc. Waviness is a larger-scale imperfection, a consequence of the 
heat treatment or vibrations and gaps in a vise or other machining equipment. 

Because these surface geometrical imperfections are present, only at a few dis- 
crete points do fiat surfaces actually touch when two bodies are in contact. As 
pressure between the bodies increases, the highest surface asperities deform, cre- 
ating regions where the heat flux can flow by conduction. In the regions where the 
physical contact is not effective, the heat is transferred by conduction, through the 
gas that fills the gaps, or by radiation. If the bodies are under vacuum conditions, 
the heat is transferred through the gaps only by radiation. 

The heat flux close to the interface is constricted in the microcontact regions, 
generating a microconstriction resistance, as shown schematically in Fig. 16.1. 

r I r  

Fig. 16.1. Heat conduction through contacting points (not to scale). (Courtesy E 
Milanez) 
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Macroscopically, the thermal resistance effect can be obtained by measuring the 
temperature profile of the contacting bodies along their centerline, and extrapolat- 
ing the resulting one-dimensional line to the contact interface, as illustrated in Fig. 
16.2. The contact resistance, R,, is then defined as the ratio between the tempera- 

J 
ture drop, 7~, and the heat transferred, or: 

A T j  (16.1) 
Rj - qA a 

where q (in W/m 2) is the heat flux that crosses the joint and A a (in m 2) is the 
apparent cross-section area. 

In the literature, the contact-conductance concept is many times employed 
instead of the contact-resistance concept and is defined as follows: 

1 (16.2) 
hj = R jAa  

This joint conductance is equal to the sum of three heat conductances in series: the 
conduction through the contacting points, the radiation through the gaps between 
the surfaces, and the gas conduction through the gas that fills these gaps, or 

hj = h c + h r + hg (16.3) 

The radiative heat transfer can be modeled as the heat exchange between two 
gray infinite parallel surfaces, as presented by McWaid. 161 For most space appli- 
cations, this heat-transfer mode can be neglected. Similarly, the gaps between the 
surfaces are also modeled as two parallel plates separated by a distance equivalent 
to the average thickness of the gaps. Heat transfer through the gas that fills the 
gaps is mainly a result of conduction, because the small dimensions of the gaps do 
not allow convective heat transfer to occur (Song and Yovanovich, 16"2 
Hegazy16"3). For most space applications, surface contact is in a vacuum environ- 
ment, and the amount of gas present in the gaps is negligible and so is the conductive 
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Fig. 16.2. Temperature drop in the joint. (Courtesy E Milanez) 
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heat transfer through the gaps. Therefore, for the purpose of discussion in this 
chapter, the joint conductance is related only to the heat conduction through the 
contacting points, i.e., hj  = h c. 

The contact resistance (or conductance) can be divided into two resistances (or 
conductances) in series, according to the scale of the surface imperfections. When 
at least one of the contacting surfaces has large-scale imperfections such as wavi- 
ness, the contact points are not uniformly distributed over the apparent contact 
region. They are concentrated in well-defined areas within the apparent contact 
area. Therefore the heat crossing the interface is first constricted to the macrocon- 
tact area (macrocontact resistance) and then through the contact points (microcon- 
tact resistance). When both contacting surfaces are specially machined to the point 
at which they can be considered to be fiat, only the microcontact resistance is 
encountered. 

Parameters Influencing Thermal Joint Resistance 
Whenever two real surfaces are placed in contact, intimate solid-to-solid contact 
occurs only at discrete parts of the interface, and the real contact area represents a 
small fraction (less than 2%) of the nominal contact area. Therefore the pressure at 
the real contact area is much greater than the apparent contact pressure, and it is 
related to the flow pressure of the contacting asperity peaks. The interface is ideal- 
ized as a plane, but the actual thickness of the joint ranges from 0.5 prn for smooth 
surfaces to about 60 lam for very rough surfaces. 

The process of heat transfer across a joint is complex because the thermal resis- 
tance can depend upon many geometric, thermal, and mechanical parameters, of 
which the following are very important. 
• geometry of the contacting solids (surface roughness, asperity slope, and wavi- 

ness) 
• gap thickness 
• type of interstitial fluid or material (vacuum, grease, foil, etc.) 
• thermal conductivities of the contacting solids and the interstitial substance 
• hardness or yield pressure of the contacting asperities (which affects the plastic 

deformation of the highest peaks of the softer solid) 
• modulus of elasticity of the contacting solids (which affects the elastic defor- 

mation of the wavy parts of the interface) 
• average temperature of the interface (which affects material physical proper- 

ties) 
Because thermal contact resistance is such a complex concept, some simplifica- 

tions are necessary for the development of analytical models and correlations. The 
following assumptions are made in the development of several contact-resistance 
models to be discussed later. 
• Contacting solids have isotropic thermal and physical properties. 
• Contacting solids are thick relative to their surface roughness or waviness. 
• Contact is static, so no vibration effect is present. 
• Only the first loading cycle is considered, so no hysteresis is present. 
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Relative apparent contact pressure (P/H) is neither too small nor too large 

(between 10 -6 and 10-1). 

Heat flux is not too large (less than 10 8 W/m2). 

Thermal Joint Resistance Models 
As mentioned earlier, a complete contact-resistance model should include a ther- 
mal-constriction model, a surface-geometry model, and a surface-deformation 
model. Several models have been published in the literature coveting each of these 
three main components. Combining these models, one should be able to predict, 
under some conditions, the thermal contact resistance for the following types of 
metallic surfaces in contact in a vacuum environment. 
• nominally flat, rough surfaces 
• smooth wavy surfaces 
• rough wavy surfaces 

The main objective of this section is not to present a complete survey of the 
models in the literature; only those considered useful for spacecraft thermal con- 
trol are discussed here. First, a thermal-constriction model used in most of the 
thermal contact-resistance studies will be presented, followed by a surface-geom- 
etry model and a surface-deformation model. These models are then combined, 
resulting in complete models that sometimes can be presented in the form of cor- 
relations. Before selecting the model to be used in a spacecraft thermal-design cal- 
culation, the engineer should analyze the hypotheses adopted in the various mod- 
els so that the most appropriate model can be applied to the problem. 

Thermal-Constriction Models 

The conductive heat transfer that occurs through the actual contact points resulting 
from the physical interaction between two surfaces has been studied extensively in 
the last four decades. The heat-transfer models developed for this purpose can be 
divided into two main groups: microconstriction models that are usually used for 
conforming surfaces and macroconstriction models used for interactions where at 
least one surface has considerable waviness. 

Microconstriction Thermal Resistance Models 

Figure 16.3(a) shows a schematic of the points resulting from the contact between 
two rough, nominally fiat surfaces. Cooper eta/ .  16"4 demonstrated that if the sur- 
faces do not have waviness, the contact spots are randomly distributed over the 
apparent contact area. Furthermore, if the geometry and the thermal properties of 
the contacting surfaces are isotropic, all the contact points are approximately cir- 
cular, isothermal, and at about the same temperature level. Under such circum- 
stances, an elemental heat-flux tube can be associated with each contact spot, as 
shown in Fig. 16.3(b). 

The elemental heat-flux tube, of radius b, defines the influence region of the 
contact spot, of radius a, located at its center. Far from the interface, the heat-flux 
lines are considered parallel, and they converge to the contact spot as the heat flux 
approaches the interface. The temperature distribution within the tube, of conduc- 
tivity k 1, is axisymmetric. The following boundary conditions are applied: 



604 Thermal Contact Resistance 

Body 1 

Body 2 

a) Contact spot b) Elemental flux tube 

Fig. 16.3. (Fig. 8.6, reproduced here for your convenience.) Microcontacts and con- 
stricted heat flow. (Courtesy E Milanez) 

T= To= constant 0 < r < a ] 

/)T 
kl~zz = 0 a < r < b  

at z= 0 (16.4) 

/)T Q 
kl~-  ~ z ~ oo (16.5) 

rob 2 o z  

~T 
kl~rr = 0 r = b (16.6) 

The main difficulty in solving this problem is the mixed boundary condition at 
z = 0. Many different approaches were employed to obtain the analytical solution, 
and different expressions were obtained. These solutions actually led to similar 
temperature-distribution results, as presented by Mikic and Rohsenow. 165 Based 
on this work, Cooper e t a / .  16"4 proposed the substitution of the isothermal contact 
at 0 < r < a by a heat-flux condition, where the resulting temperature distribution 
is nearly constant over that area. This new condition is: 

~)T Q 0 < r < a  
k l "~z = 2 7r, a f f  a 2 - r 2 

~)T 
kl~zz = 0 a < r < b  

at z= 0 (16.7) 

The resulting expression for the microconstriction resistance for the heat-flux tube 
is: 
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V (16.8) 
R s = 4 k l a  

where the constriction parameter ~ can be approximated by the following expres- 
sion, valid for 0 < a ~  < 0.4: 

(b)l 1"5 = I 1 -  (16.9) 

Adding in series the microconstriction resistances of the two elemental tubes 
that form the contact, one gets the contact resistance of the ith contact spot: 

(1_ ~.j) 1"5 (1 _ ai'~ 1"5 ~/,j 

- + (16.10) 
Rsi - 4 k l a  i 4k2a  i 

The contact resistance is the sum of the microconstriction resistances of N con- 
tact spots in parallel. It is given by: 

N 
1 = 2 k s Z  ai Re ( a i )  15 i=1 1-~/ 

(16.11) 

2klk2 is the harmonic mean of the conductivities of the two bodies (1 where ks- kl + k2 

and 2) in contact. 
The challenge now is to quantify the number and size of the contact spots and 

the radius of the elemental heat-flux tubes. The problem is simplified if the contact 
radius a i and the tube radius b i are approximated by their mean values a and b. 

Actually, the ratio a ~, can be expressed as a function of the ratio between the real 

contact area, A r, and the apparent contact area, A a, by the expression (Yovanovich, 

1982): 

a=b A~A~ (16.12) 

For N contact spots, the contact resistance can be expressed as 

1 
Rc= N - 

1 
Z 
i= 1 

2 k s a N  
(16.13) 

and the contact conductance as 
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1 2ks Na na 
hc= AaRc = A-"-~ 1.5= 2ks 1.5 (16.14) 

( 1 - A f t )  (1-A~A~) 

N where n= ~aa is the contact-spot density per unit apparent area. 

In a study based on the Roess 16"6 analysis, Clausing and Chao 16"7 obtained an 
expression similar to Eq. (16.13) for determining the microconstriction resistance. 
They used a different constriction parameter, ~, given by: 

~(b )=1-1.40925 (b)+  0.29591 (b) 3+0.05254(b ) 5+002105(b )7+. . .  (16.15) 

This ~ expression is in close agreement to the results of Eq. (16.9) for 0 < a ~  < 
0.4 and differs by a few percent for a ~  = 0.6. 

Macroconstriction Thermal Resistance Models 

Clausing 168 observed that flat surfaces are difficult to produce. As a result of the 
fabrication process, many surfaces have waviness, and when they are put into con- 
tact, the actual microcontact spots are concentrated in well-defined regions. 
Therefore, the heat flux crossing the joint experiences two constrictions: the 
micro, as described in the last section, and the macro, where the heat-flux lines are 
constricted to the region where the contact spots are located. Clausing considered 
the thermal contact resistance as composed of three resistances in series: macro- 
constriction, microconstriction, and oxide-film resistance. Clausing and Chao 16"7 
modeled the surface waviness by means of spherical crowns on the tops of cylin- 
ders. The macroscopic contact area was determined by means of the Hertz elastic 
theory for two spherical surfaces subjected to a mechanical load. The microcon- 
tact spots were considered uniformly distributed over the macrocontact areas. 

Figure 16.4 shows a schematic of the apparent contact region between two cyl- 
inders of identical radius b L. The waviness of the contacting surfaces is repre- 
sented by spherical crowns of radius r 1 and r 2. The distances d 1 and d 2 represent 
the waviness height. For determining the macrocontact resistance, Clausing and 
Chaol6"7 assumed that: 
• the length of the cylinder is large in comparison to b L 
• the contact is perfect over the macrocontact area 
• the heat is transferred only by conduction across the macrocontact area 
• the cylinder temperature is uniform far from the contact plane 
• the material properties of the contacting solids are isotropic, homogeneous, 

and constant with temperature 
• d i < < r  i (i= 1 and2). 

The macroconstriction and microconstriction resistance problems are very simi- 
lar, and the left side of Fig. 16.4 is also representative of the microconstriction 
resistance. The actual contact spots are considered uniformly distributed inside the 
contour area, according to the surface waviness. Therefore Eqs. (16.13) and (16.15) 



Thermal Joint Resistance Models 607 

Microscopic 
contact areas -5 
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Contact 
plane 

Contact region 

I 
Contact plane at 
finite load, P 

2bL 

Specimens at zero load 

I 
Contact plane at P = 0 

Fig. 16.4. (Fig. 8.7, reproduced here for your convenience.) Schematic of the apparent 
contact area, according to Clausing and Chao. 1~i'7 

can be applied to determine the macroconstriction resistance, where a/b is 
replaced by aL/b L. In the next section, a model to determine aL/b L, the ratio of the 
apparent contact-area radius to the cylinder radius, will be discussed. The model 
of Clausing and Chao16"7 is applicable when the flatness deviation is several times 
greater than the roughness. Actually, the Hertz theory was developed for smooth 
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spherical contacting surfaces, and a correction factor should be applied because 
the roughness increases the contact area. Clausing and Chao ]6"7 did not account 
for the roughness effect, which is negligible for very wavy surfaces. 

Mikic and Rohsenow 165 developed a mathematical model for a physical model 
similar to the mathematical model developed by Clausing and Chao. The expres- 
sion they obtained is similar. They also concluded that the macro- and microcon- 
striction resistances are similar phenomena that can be described by the same ana- 
lytical formulation, if the appropriate characteristic dimensions are used. The 
macrocontact area is estimated using the Hertz theory. Again, Eq. (16.13) can be 
used for calculation of the macroscopic thermal contact resistance, R L, with the 
parameter given by Eq. (16.9), where a ~  is replaced by aL/b L or D/L, where D 
represents the diameter of the contour area, L is the wavelength of the spherical 
waviness (Fig. 16.5), and N = 1. This results in the following expression, valid for 
0 < D/L < 0.4: 

RL= II/ = W (16.16) 
2ksa L ksD 

Mikic and Rohsenow 16"5 also conducted analytical studies of the heat flow 
through the macroscopic heat channel, where the contour area is in the form of a 
strip. This geometry may appear as a result of some machining process. When the 
contour area is kept at a constant temperature, the constriction resistance of one 
half of the heat channel is: 

RI., = l b  1 . a  a klr2ai~= l -:fiJo(zrr,~)sin(ilr,~) (16.17) 

When the heat flux over the contour area is taken to be uniform, the constriction 
resistance can be expressed as in Eq. (16.18). 

~ ° ' ~ o  Contou / (3-0 ~3 (b / o - 0  ~° ~ / rarea 

Contour area (for case of spherical waviness) 

Fig. 16.5. Schematic of rough wavy contacting surfaces. (Mikic and Rohsenow 16"5) 
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o o  

1 (b'] 2 1 .  2{. a RL= -~3~a j Z ~sln ~,t/1;~) 
i= 1 1 

(16.18) 

In the last two equations, a represents the half width of the strip and b the half 
width of the macroscopic heat channel (see Fig. 16.6a). 

Mikic and Rohsenow 16"5 also developed the macroconstriction resistance of two 
surfaces in contact where the contour area forms a rectangle. For the case of a uni- 
form heat flux over the contour area, the constriction resistance is 

4bc I b 2 ~  sin(ib--a ) c 2 ~ sin2(~-~)] 

RL=~s~3"-~aa2i~=l i3 + b-~j--~l j'~ J (16.19) 

~, sin2(~-~) sin2(~-~) 

+ 8b2c2 V Z .2.2 ]girr'~ 2 
ks~2a2d2i__l~lj = It J ¢ ~,'ff ) +(~)2 

where a, b, c, and d are as shown in Fig. 16.6b. 

Macro/Microcontact Thermal Resistance Models 
When heat crosses an interface between two contacting surfaces, the flow is first 
constricted to the large-scale contact areas, and then it is further constricted to the 
microscopic contact spots within this macroscopic area. The thermal contact resis- 
tance of this joint, in the absence of a conducting fluid, can be represented by two 
resistances in series: the large-scale or macroscopic resistance, R L, and the small- 
scale or microscopic resistance, Rs: 

Rc= R s + R L (16.20) 

Substituting the appropriate expressions for R L and R s, one gets an analytical 
model that takes into account both the macro- and microcontact resistances. 
According to Clausing and Chao, 16"7 Yovanovich, 16"9 and Mikic and Rohse- 
now, 16"5 this resistance can be determined by: 

Rc= 2k~a-~ + k~--~ (16.21) 

where the parameter D/L may be replaced by Deft/L, to account for the influence 
of the roughness over the contacting area, using the model developed by Mikic 
and Rohsenow, 165 which will be presented in the next section. 
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2b 

a) Macroscopic heat channel for cylindrical 
waviness tn one direction 

2b 

2c 

b) Macroscopic heat channel for cylindrical 
waviness in two directions 

Fig. 16.6. Special macroscopic heat channels. (Mikic and Rohsenow 16"5) 

An alternative expression for overall thermal contact resistance is presented by 
Mikic and Rohsenow: 16.5 

1 ~t(b) ~/(D) 
= + L 

(a)~/-~ 4 (D) RcAa= "h'c 2ks ~ ~ks 
(16.22) 

One should note in this case that n is obtained from the macrocontact area 

. ~D 2 
AL= IVL--~= n~b 2 (16.23) 



Thermal Joint Resistance Models 611 

where: 

A a 
(16.24) NL= L 2 

f f m  
4 

Then, the number of microcontacts per unit apparent area is 

n= (16.25) 
rob 2 

Again, in Eqs. (16.22) and (16.25) D/L may be replaced by Deff/L. 
Other studies in macro/microcontact thermal resistance can be found in the liter- 

ature. Burde and Yovanovich 16"]0 studied the theoretical thermal resistance of 
rough wavy contacts. They considered a contact between a fiat rough surface and a 
smooth sphere. The equivalent roughness of the contacting surfaces is considered 
concentrated on the fiat surface and the equivalent waviness on the sphere. The 
authors obtained an expression for the contact resistance, but their results were 
only compared with data obtained from idealized smooth spherical/rough flat con- 
tacts. Lambert and Fletcher 1611 (1997) also studied the thermal contact resistance 
of spherical rough metals. They considered that the pressure within the contacting 
surfaces is not uniform and used an expression, developed by Mikic, 16"12 to repre- 
sent the pressure as a function of the radius. They showed that their model is in 
good agreement with the literature data, but they did not obtain an analytical 
expression for the thermal resistance. 

Geometric and Deformation Models for Flat Rough Surfaces 

The thermal-constriction models presented above demonstrate that the number of 
contacts per unit of contour area and the ratio between the apparent area and real 
contact area are important parameters. The ratio A r / A  a is expected to be very 
small when conforming flat rough surfaces are in contact under typical pressures, 
and therefore the mean pressure applied in the real contact area is much higher 
than the nominal applied pressure. The question that arises is whether the behavior 
of the contacting asperities, subjected to this high stress, is elastic or plastic. Coo- 
per et a/.16"4(1969) state that if the surfaces are imagined to be moving normally 
toward each other under increasing pressure, successive contacts are made, which 
are deformed elastically and then may flow plastically as the nominal interface 
pressure increases. 

A critical review of the elastic and plastic thermal contact resistance models 
available in the literature is presented by Sridhar and Yovanovich, 16"13 who com- 
pared several plastic models and concluded that they generally present the same 
trends and results. Because the model developed by Cooper e ta / .  16"4 requires 
fewer parameters, they selected this model. A similar study was conducted for 
elastic deformation, and Mikic's 16"14 model was selected. Sridhar 16"15 also devel- 
oped an elastoplastic model, which takes into account both the elastic and plastic 
deformation of the asperities. In this section, these three models are briefly 
described. 
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Plast ic-Deformation Model  

Independent studies by Mikic et al. 16"16 and Greenwood and Williamson 16"17 
assumed that the asperities can be represented by spherical surfaces in contact and 
that the heights of the asperities on the surfaces form a Gaussian distribution. 
They suggested that even at moderate nominal pressures, very few contact points 
are each subjected to only light pressure, so the asperities are deformed elastically. 

Mikic et al., 16"16 Cooper et al., 16"4 and Yovanovich 1618 employed a Hertzian 
elastic analysis to determine the stresses as a function of the interference and 
deduce the interference at which elastic stress is exceeded and behavior becomes 
plastic. They assumed that the contacts are all plastic and that, at each contact, the 
pressure is equal to the maximum that can be sustained by the softer of the two 
materials when plastically deformed. 

Each surface in contact can be characterized by several sample profiles taken 
from the surface, from which statistical properties can be deduced. The surface 
profile y(x), illustrated in Fig. 16.7, can be considered a random stationary pro- 
cess, meaning that the group of profiles is invariant. Furthermore, the probability 
density of height and slope are assumed to be independent, and the surface height 
is assumed to be normally distributed, with the probability density function 

y2 

p(y )_  e 2~2 
(16.26) 

where tJ represents the standard deviation for height (or root mean square devia- 
tion), specified by the relation 

~= y2dx = y2p(y)  (16.27) 

and readily obtained from the profilometer. 
In analysis of the geometry, the conforming surface contact is modeled as the 

interaction between two surfaces--a rough, rigid, nominally fiat surface, which 
is pressed against the other one, a perfectly fiat and smooth surface that is Y dis- 
tance away from the mean plane of the rough surface. As the surfaces are pressed 

y(x) 

VW ] W ' ""× 

Fig. 16.7. Contacting surface profile. (Courtesy E Milanez) 
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against each other, the asperity peaks penetrate into the smooth surface, which 
experiences a plastic deformation. This physical model is represented schemati- 
cally in Fig. 16.8. The details of this geometric analysis are described by 
Mikic 16"5'16714'16"19 and by Cooper eta/. 164-These hypotheses lead the problem to 
a geometric analysis of the interference lengths, which are converted to areas, 
yielding the following important results. 

The contact conductance parameter: 

N 
1 1 m 

A L ~1 ai= e -x2 
i= 4 " ~  ~ 

The relative real contact area: 

(16.28) 

A r ~2= ~a = (b)2= 1 r2erfc(x) (16.29) 

The contact-spot density: 

l ( r n ]  2 e -2x2 
n= 16k, O) erfc(x) (16.30) 

The mean contact-spot radius 

a= ~-~eX2erfc(x) (16.31) 
~rtm 

Y Y where x= ~ and o- is called the relative mean plane separation. The surface 

parameter m is the effective absolute surface slope. 
The hypothesis adopted when two rough surfaces are in contact is exactly the 

same as the one presented in Fig. 16.8, i.e., that a rough, rigid surface, with equiv- 
alent roughness and slope, penetrates a perfectly fiat and smooth surface. Equations 

Fig. 16.8. Asperities-deformation model of a rough, rigid, nominally flat surface 
pressed against a smooth flat surface, Y distance away from the mean plane of the 
rough surface. (Courtesy E Milanez) 
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(16.28) to (16.31) are valid, with the mean planes considered Y distance apart and 
with the roughness and slope given by 

132= 132 + 132 (16.32) 

and 

m2= m 2 + m~ (16.33) 

where the indexes 1 and 2 refer to the contacting surfaces. 
An important observation is that the only parameter left is the macrocontact 

area, whose determination is not made by means of a statistical treatment of the 
surfaces, but through a deformation analysis. 

Yovanovich 16"18 proposed a correlation, which compared within __.1.5% with the 
complete theory, including the thermal, geometric, and deformation aspects, for 

2< Y- <4.75" 13 

hc-~ 1.25 (16.34) 
: ( p )0.95 

k s m k-H'c) 

Hegazy 16"3 observed that the surface microhardness H c is not constant with depth. 
The regions close to the surface are harder as a result of the work-hardening pro- 
cess. He proposed a method for determining the appropriate contact hardness, 
based on the Vickers microhardness measurement. This method was improved by 
Song and Yovanovich, 16"2 who proposed the following expression for the nondi- 
mensional contact pressure, where C 1 and C 2 are the Vickers correlation coeffi- 
cients, given in Table 16.1, and 13/rn is given in pm. 

1 

{ I ( ~n/lC2} 1÷0"071C2 P P~ C1 1.62 
I--I c 

(16.35) 

This expression can be inserted in Eq. (16.34) for any level of contacting pressure, 
improving the precision of the results. 

Table 16.1. Vickers Microhardness Parameters (Hegazy 16"3) 

Material C 1 (MPa) C 2 

Ni 200 
SS 304 
Zr-Nb 
Zr-4 
A1-6061 

6.3 -0.264 
6.27 -0.229 
5.88 -0.267 
5.677 -0.278 

1.11 -0.00487 a 

aNh o 16.21 
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The experimental data obtained by Hegazy 16"3 provide ample evidence that the 
preceding conforming rough-surface contact-conductance model is accurate. Data 
were obtained under vacuum conditions for a variety of metals, including SS 304, 
Zr - 4, and Ni 200. Each interface consisted of a relatively smooth, lapped surface 
and a rough, bead-blasted surface of identical material. The surface roughness 
parameter o/m was 8.2 Ftm to 12.4 btm for the smoothest interfaces and 38.3 pm to 
59.8 btm for the very rough interfaces. The mean interface temperature ranged 
from 99°C to 178°C. For apparent contact pressures ranging between approxi- 
mately 0.45 MPa to 890 MPa, the measured contact conductance obtained by the 

P 
Eq. (16.34) correlation, where Hc is determined by Eq. (16.35), shows very good 

agreement with data. In the plot shown in Fig. 16.9, the dimensionless contact 
conductance is shown as a function of the dimensionless contact pressure, and the 
correlation and data are compared. 
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Fig. 16.9. Comparison of contact-conductance theory against test data for clean, bare 
surfaces in vacuum. 
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Elastic-Deformation Model 
Mikic 16"14 derived an expression for an asperity in contact with a flat surface in 
elastic deformation. The asperity is considered to be hemispherical, and the con- 
tact area is related to the displacement using Hertzian theory. Mikic showed that, 
at the same separation of the mean contacting planes Y, the contact area for purely 
plastic deformation for any specific asperity is twice the contact area in elastic 
deformation, or: 

Ar, elastic= 1 (16.36) 
Ar, plastic 2 

Therefore, using the expressions obtained for plastic-deformation contacts, one 
obtains the following expressions. 

Contact conductance parameter: 

N 
1 ~1 1 me_x2 

"~'a i = a i= " ~  ~ 
(16.37) 

Relative real contact area: 

A 1 ~2= relastic Aa - ~erfc(x)  (16.38) 

Contact-spot density (same as plastic deformation): 

l (m~ 2 e-2X2 (16.39) 
n= 16k.o] erfc(x) 

Mean contact-spot radius: 

a= ~~eX2erfc(x) (16.40) 

Mikic 16"14 derived an expression for the ratio of real to apparent area for two 
isotropic rough surfaces undergoing elastic deformation: 

A---£r = "f2P (16.41) 
A a E'm 

where 

E'= E1E2 (16.42) 
E2(1 -V2) + El(1 -v2)  

and where E is modulus of elasticity, v is Poisson's ratio, and m is given by Eq. 
(16.33). 



Thermal Joint Resistance Models 617 

This theory was correlated through the relation 

hc6 1 fP 4/-2"x0"94 
ksm= .55L~--~m ) (16.43) 

Mikic 16"14 observed that h c is a very weak function of m. Taking m = 0.1, which is 
the average value for blasted surfaces, one gets the following expression, which 
can be used for most metallic contacts under elastic deformation: 

k f P "x0.94 
hse = 1.9~L~-;) (16.44) 

Sridhar and Yovanovich Elastoplastic Deformation Model 
Sridhar and Yovanovich 16"2° developed a single deformation model for asperities 
of a flat rough surface experiencing partially elastic and partially plastic deforma- 
tion. They combined the plastic model of Cooper et al. 1~'4 (1969) and the elastic 
models of Mikic 16"14 and concluded that the ratio of the actual to the apparent area 
is equivalent to the ratio of the contact pressure to the elastoplastic hardness Hep 
of the material. That is: 

Ar P 
m= (16.45) 
Aa Hep 

They also obtained the following expressions. 
Contact conductance parameter: 

N 
1 x "  1 m _x  2 t 

-~aa i =~ a i= 4 ~2 "~ e ~/ 3" ep (16.46) 

Relative real contact area: 

Ar f-~erfc(x (16.47) 

Contact-spot density: 

l ( m )  2 e -2x2 

n= 16k,6) erfc(x) (16.48) 

Mean contact-spot radius: 

( ~  X 2 a:  f~epme erfc(x) (16.49) 

wherefep is obtained by the expression 
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{ 1 + [6.5/(4.61 ~ k,~pep)[(E'm~ 2 -2)] 2 } 1/2 

f eP = 111.2 
{1 + [13/(4.61 ~k.~pep)-[(E'm~2 2)]1"2} 

(16.50) 

and the nondimensional contact pressure is obtained by 

09272____   
0.429 C2 Hep Cl(1.62mfep ) J 

1 + 0.071 C 2 
(16.51) 

The microhardness parameters C2l 1 and C 2, presented in Table 16.1, were 
obtained by Hegazy 163 and Nho, 1 for conforming rough surfaces. To deter- 
mine P/Hep, one must use an iterative procedure involving Eqs. (16.50) and 
(16.51). 

With the objective of getting a correlation for their elastoplastic model, Sridhar 
and Yovanovich 162° proposed an index 1"1, given by 

Ep 
rl = 1.67~fm (16.52) 

where Sf is the material yield or flow stress, given by 

1 (16.53) 
Sf= 2.76 [ 1 2 

4H2p (E'm) 2 

which specifies whether the asperities deformation is elastic (0 < 1"1 < 5), plastic 
(400 < 1"1 < ~), or elastoplastic (5 < r I < 400). For the elastic regime, their model 

16 14 reduces to the Mikic • correlation, which is given by Eq. (16.43). For the plas- 
tic regime, their model reduces to the Yovanovich plastic correlation, given by Eq. 
(16.34) with Eq. (16.35). For the elastoplastic regime, they proposed the following 
correlation: 

hsep(~-1.245(1 46690"2~1/30( P ~ 0"94811/(1+2086"~~)]1/6°° 
k" m- + 112.48 ) k,n-ee p) (16.54) 

Equation (16.54) together with Eqs. (16.52), (16.53), (16.49), and (16.50) consti- 
tute the Sridhar and Yovanovich elastoplastic model. Its evaluation requires an 
iterative process, but the convergence is fast, because fe. varies between 0.5 and 1. // 16 3 16 22 Sridhar 1615 used data from Hegazy • and Antonetti • in addition to his own 
to compare with his elastoplastic model, coveting a wide range of thermal, mate- 
rial, and surface properties. The pressure ranged from 0.4 MPa to 8.9 MPa. The 
elastic modulus varied from 96 GPa for the zirconium alloys to 207 MPa for the 
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Ni 200 and SS 304. The data also covered a wide range of surface roughness (6 
lam < o / m  < 60/zm), mean interface temperatures (108 < T c < 175°C), and thermal 
properties (10 < k s < 77 W/m.K). Figure 16.10 shows good agreement of all data 
with the two theoretical extremes, using the elastoplastic model: a full plastic and 
a full elastic asperity deformation. All the experimental data are expected to be 
within these two extreme curves. 

Geometric and Deformation Models for Wavy Smooth Surfaces 
Clausing and Chao 16"7 and Mikic and Rohsenow 16"5 modeled waviness as spheri- 
cal caps of radii r 1 and r 2, as shown in Figs. 16.2 and 16.3. They assumed that the 
waviness is not too pronounced, i.e., d/L << 1. For the determination of the macro- 
contact area, they assumed that a perfect contact exists over the macroscopic con- 
tact area, i.e., R s << R L. They considered the deformation to be elastic and used 
the same Hertzian solution as before for the contact area of two spheres. The 
radius of the macrocontact area a L is 

I - ~ / 1 - V 2  + 1 -V2 / (1  + 1)-11 
aL= E 1 E 2 )k ,~  

1 / 3  

(16.55) 
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For most metals, where v2= v2= (0.01)2, the ratio aL/b L, which is equivalent to 
the ratio of the macrocontact area diameter to the length of the waviness (D/L) 
(see Fig. 16.3), is shown to be 

Pa bL 1/3 
az,_bL__ D_=L 1"285 [(Ess](~tt~ Lk )k )J (16.56) 

2EIE 2 
where d t = d 1 + d 2 and E s- E1 + E2 is the harmonic mean of the moduli of elastic- 

ity for the materials in contact. 

Geometric and Deformation Models for Wavy Rough Surfaces in Contact 
If the wavy surface in contact is also rough, one can anticipate that the contour 
area is larger than what is predicted by the Hertz theory and that the density of the 
contacting spots is not uniformly distributed, but decreases as the radius increases. 
Mikic16"5-assumed a uniform distribution inside the contour area and obtained the 
following expression for the effective contact area, assuming that the mean surface 
deforms elastically: 

1 

~,eff = ~,2 + 2!exp{-~)~2g(~H)I2'~x + dt~,2,,(~-~--'~q}~,d~,~ H6~,~,H,] ~ (16.57) 

where~,eff= ~ XH= D 2r ( ~ )  ' L '  )~= T '  r is the contact radius axis, and g is 

g(~H)= (~H)2~' - 2{ 1--11(2--~)sin-l(~-)11: ~,H fl k, H j + (-~2 H - 1)1/21 } (16.58) 

The parameter that appears in Eqs. (16.29), (16.38), or (16.47) is a function of~,, 
where 

_!fff(e) 1/2 ~= ~ (16.59) 

Obviously Xeff is determined through an iterative process involving Eqs. (16.57) 
and (16.58), one that is expected to converge very quickly. 

Clausing and Chao, 16"7 considering the contact resistance as consisting of the 
macro- and the microresistances in series, obtained the following correlations for 
the macro- and microconductances respectively: 

Pa bL 1/3 
ks 2" 1"285 [(~ss)(~tt)l a L for < 0.65 (16.60) 

hL=-b-L 1.285I(Pa)(bL)]l/3} -~t ~ 
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2Pak s 
h~= (16.61) 

lr,~Ha~(;) 

where the factor ~ was suggested by Holm16"23 to account for the elastic deforma- 
tion of the asperities that is often assumed to be unity (plastic deformation). Fig- 

ure 16.11, from Clausing and Chao, ]6"7 compares the theoretical prediction with 
experimental data for brass, magnesium, stainless-steel, and rough aluminum sur- 
faces, showing the good agreement obtained. Note that it is not an easy task to 

bL 
measure the parameter ~ that is obtained from the study of the profile of the con- 

tacting surfaces from a profilometer reading. 

Empirical  Correlations 

Two main types of correlations are found in the literature: those between the 
semiempirical correlations based on theory (presented previously) and experimen- 
tal data, and the fully empirical correlations based only on experimental data. 
Usually, the expressions resulting from the correlations are simple and easy to use, 
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Fig. 16.11. Comparison between the Clausing and Chao 16"7 wavy rough contact corre- 
lation and data. (Courtesy of NASA) 
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as they require few input parameters. However, they are valid for a limited range 
of contacts. Fully empirical correlations can be applied only to contacts similar to 
those from which they were generated. Semiempirical ones can be applied to a 
larger range of contacts, especially when the user is aware of the theory behind the 
correlation. 

Lambert and Fletcher 16"24 presented a review of the correlations available in the 
literature for thermal contact resistance. They made an interesting comparison of 
these correlations with the experimental data of Hegazy. 16"3 They concluded that 
the correlations that include gap conductance (which is negligible in vacuum con- 
ditions) do not compare well With vacuum data. 

The authors also have shown that most of the Russian correlations are approxi- 
mate to Hegazy's data only for very rough surfaces. Rough surfaces are relatively 
unworked, since they are not strain-hardened from machining processes. The Rus- 
sian researchers assumed that the contact hardness is approximately equal to the 
bulk hardness. As explained earlier in this chapter, Mikic, Yovanovich, Hegazy, 
and many other investigators believe that the microhardness is a much more 
appropriate contact-deformation parameter. Lambert and Fletcher (1996) verified 
that, among the Russian correlations, Popov's correlations perform well for both 
smooth Ni 200 and rough SS 304. The Popov correlation expression was obtained 
for 80 data points for a variety of materials, for nominally flat rough surfaces 
where ~ is assumed to be 30 lam. The relation is: 

4 {C1P~0"956 
he= 2.7x10 ks[Wr-- | (16.62) 

\oo  U] 

CI= 12/(~l, max+ O2, max) for 1/~m___ ~l, ma x + 02, max < 5/.tm (16.63) 

Cl= [20/(~l,  max+ ~2, max) ]0"63f °r  5#m<ffl ,  max + ff2, max < 10~/m (16.64) 

CI= [30/(~l,  max+ ff2, max) ]°'4f Or 10~tm< ffl, max+ ff2, max< 30~tm (16.65) 

where S U is the ultimate strength of the softer metal. 
Lambert and Fletcher 16"24 also observed that the O'Callaghan and Probert 

(1974) empirical correlation agrees well with Hegazy's data for rough surfaces at 
, r6 25 low contact pressure. The O Callaghan and Probert • expression, obtained for 

344 aluminum data, for flat, rough surfaces, is: 

hc= 3.73ksA(P" A~ 0"66 
Iv~ZH ) (16.66) 

Typical Experimental Setup 
Experimental measurements of thermal contact resistance for use in spacecraft 
thermal analysis must be obtained in vacuum. Basically, all the data presented in 
this section were measured with an experimental setup very similar to the one 
described here and depicted in Fig. 16.12. A detailed description of a sample setup 

n I621 ca be found in Nho. • In this case, the test column is enclosed within a Pyrex 
bell jar and a base plate. The test column consists of the heater block, the heat 
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meter, the upper and lower test specimens, the heat sink, and the load cell. The gas 
pressure within the bell jar is controlled by a vacuum system, which is a mechani- 
cal pum[~ connected in series with an oil-diffusion pump. A vacuum level lower 
than 10 -~ torr should be achieved. The heater may consist of two cartridge-type 
heaters embedded into a brass block. A closed-loop thermobath should be used to 
cool the aluminum cold plate. The load is applied to the test column with the aid 
of a diaphragm-type air cylinder. A calibrated load cell is used to measure the 
applied load. The mechanical loads, heater levels, and data acquisition can be con- 
trolled with a personal computer. 

The Effect of Oxidation on Thermal Contact Resistance 
Bare surfaces may oxidize when in contact with air, creating a very thin layer of 
low-conductivity material. The presence of oxides usually increases the thermal 
contact resistance because the oxides are harder and have lower conductivities 
than the substrate material. 

Yip 16"26 studied, theoretically and experimentally, the effect of oxide films on 
thermal contact resistance. His model showed good agreement with his data and 
with another model, developed by A1-Astrabadi et al. 16"27 Only the latter model is 
presented here because it requires less computational effort. Figure 16.13 shows a 
schematic of the contact between nominally fiat, randomly rough, and oxidized 
metallic surfaces. 

The model of A1-Astrabadi et  a/. 16"27 uses a stochastic representation of the 
surface microtopography and assumes a uniform oxide film of thickness t. The 
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Fig. 16.12. Thermal contact conductance measurement experimental setup. 
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Fig. 16.13. Idealized contact of oxidized surfaces. 

microcontacts are of two typesmmetal-to-metal bridges, surrounded by contact- 
ing annular oxide areas, and oxide-to-oxide bridges. All the microcontact regions 
are taken to be circular, and the asperities are assumed to be circular cones that 
deform plastically. The effective thermal conductivity of the oxide-to-oxide 
microcontact is given by the harmonic mean of the conductivities of the oxide and 

2kink o 
metal, k c o -  k m + k  ° , while the effective thermal conductivity of the metal-to-metal 

contact surrounded by an annulus of oxide is given by the arithmetic mean of the 

k m +  k ° .  In these equations, the sub- conductivities of the oxide and metal, k c m -  2 

script m refers to metal and o to oxide. The total resistance consists of two thermal 
resistances in parallel: the oxide-to-oxide resistance Rco and the metal-to-metal 
resistance Rcm, given respectively by 

Rco = ~II and Rcm = W (16.67) 
2a o no k c o A a 2am n m k cm A a 

Then, the total contact resistance is 

Rc = 1 + (16.68) 

The value of the parameter V is given by Eq. (16.15), where a/b represents the 
ratio of the mean radii between the microcontact spot and the heat-flow channel to 
the parameter b, which is determined by Eq. (16.23). The total number of contacts 
per unit apparent area n t, including oxide-to-oxide n o and metal-to-metal n m, is: 

ntat  = nma m + noa o (16.69) 



The Effect of Oxidation on Thermal Contact Resistance 625 

On the other hand, the stochastic asperities-distribution model results in the fol- 
lowing expression for the determination of the total number of contacts: 

nt= I~ ~-Ymze-~(~)z)lq~ ) 

For the number of metal-to-metal contacts: 

(16.70) 

nm= g ~ + 8  m2e -~ ~ (16.71) 

In Fig. 16.13, t is the oxide thickness in the slope direction of the surface, S is its 
vertical projection, and 13 is the lateral spread of oxide surrounding each metal-to- 
metal contact spot. Values for 8 and 13 are given by: 

8= t and [~= t 
13 cos (Iml) 13 sin (Iml) (16.72) 

The number of oxide-to-oxide contacts per unit apparent area is: 

no= n t -  n m (16.73) 

The overall mean radius of the microcontact spot, a t, is: 

213 (16.74) 
at= y 

~ m -  
13 

The metal-to-metal mean radius, a m , is: 

213 
am= + 1313 (16.75) 

rcm(Y + 8) 

Finally, the normalized Y/c and/or the mean plane separation Y are determined by 
the solution of this transcendental equation: 

1 1 - ~ ( ~ + 8  I 1 e-~(~+~5)2_~e-~t.~ ) 
~ - ~ e  + [ ~ n  ~ =  (16.76) 

A1-Astrabadi et al. 16.27 conducted experiments to verify their theory using mild 
steel (EN3B) specimens with surface roughness ranging from approximately 0.12 
to 2 ~tm, asperity slopes between 0.04 and 0.19 rad, and an oxide film thickness of 
0.055 to 0.118 ~tm. The comparison between data and model was quite good. 
They noted that oxidation of the surfaces had a minimal effect on the surfaces' 
topography. They stated that the following three ratios influence the contact resis- 
tance: the ratio of coating to substrate hardness, the ratio of coating to substrate 
thermal conductivity, and the ratio of coating thickness to surface roughness. They 
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postulated that, if the coating is much thicker than the roughness, then the resis- 
tance increases with increasing coating thickness. Provided that the coating thick- 
ness is on the order of, or less than, the roughness, the resistance will decrease if 
the coating is much softer than the substrate. 

Lambert et al. performed an experimental investigation of the thermal contact 
conductance of different anodized coatings. They concluded that the overall con- 
ductance of anodic coatings is greatly affected by coating thickness. They tested 
coatings with thickness greater than the average surface roughness of the underly- 
ing substrates, prior to anodization. 

The Effect of Interstitial Materials on Thermal Contact Resistance 

For space applications, low-resistance junctions are designed to provide a good 
thermal coupling between a heat source, such as an electronics box, and a heat 
sink, such as a shelf or radiator. Several techniques can be applied to decrease the 
thermal resistance of the contacting surfaces of these joints, including insertion of 
a soft foil between the contacting surfaces or application of a coating on one or 
both of the contacting surfaces. Several coating materials can be applied: vapor- 
ized metals, ceramics, diamondlike films, plastics, etc. 

Modeling the contact resistance of such a junction is a difficult task, because the 
model must take into account the material of the coating and the substrate and 
their thermophysical and geometric properties. Some theoretical models can be 
found in the literature for the determination of the thermal contact resistance of 
these joints. They are not general; i.e., they are valid only for specific coatings and 
substrates. This section presents only the models that are easy to employ. 

Foils 

Any interstitial substance that is softer than the contacting surfaces will signifi- 
cantly increase the contact-spot density and also increase the contact-spot radius, 
thereby decreasing the joint resistance. The interstitial spaces are partially filled, 
and the result is an increased contact area. Yovanovich 16"28 has shown that the 
thermal performance of a foil depends primarily on the ratio of the foil's thermal 
conductivity to its microhardness. The higher this index, the better the foil's per- 
formance. The thickness of the foil is also critical to the performance, and for a 
given material an optimum foil thickness exists. Yovanovich tested Armco iron 
contacting-surface samples where lead, tin, aluminum, and copper were inserted 
in the joint. Figure 16.14, which is typical for all foil materials tested, shows the 
joint resistance of the tinfoil mounting as a function of the foil thickness for the 
joint subjected to five different levels of contact pressure. The joint resistance con- 
sists of two contact resistances and the foil material resistance in series. Chapter 8 
discusses interstitial materials commonly used in spacecraft thermal control and 
provides general conductance values for such thermal joints. 

Metallic Coating Model 
16 22 Antonetti • and Antonetti and Yovanovich 16"29 provided a complete treatment 

of the thermal and mechanical problem associated with thermal contact resistance 
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of coated surfaces. The model presented in this subsection is valid for conforming 
rough surfaces. 

Figure 16.15 shows a schematic of a contact between a fiat smooth surface 
coated with a soft metallic layer of high conductivity and a fiat rough surface. The 
prime parameters in the following equations are associated with the contact con- 
ductances for coated surfaces. The general expression for the contact conductance 
of this joint operating in vacuum is 

{H'x°'93F kl + k2 1 
hc'= hc~-~, ) LCk 1 + k2_] (16.77) 
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Fig. 16.14. Effect of the metallic foil thickness on joint resistance. 
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where H' is' the effective microhardness of the layer-substrate combination and C 
is a constriction-parameter correction factor that accounts for the heat spreading in 
the coated surface. 

As can be seen from Eq. (16.77), the coated contact conductance is the product 
of three quantities: the uncoated contact conductance, h c, a mechanical modifica- 

( / . / ~ 0 . 9 3  
tion factor, k.H') , and the thermal modification factor, which is displayed in 

brackets. The uncoated conductance can be determined by evaluating Eq. (16.34). 
Therefore, for a given joint, the only unknowns are the effective microhardness, 
H', and the constriction-parameter correction factor, C. They are the key to solv- 
ing contact problems with coated surfaces. 

Mechanica l  Mode l  

The best way to obtain the effective microhardness is to perform the Vickers mea- 
surement of the combination layer (coating)-substrate. This measurement will 
result in a plot of the effective microhardness as a function of the relative layer 
thickness (ratio between thickness of the layer and equivalent Vickers indentation 
depth, t/d), similar to that of the silver layer on a nickel substrate, as shown in 
Fig. 16.16. 
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Fig. 16.16. Vickers microhardness measures for silver layer on Nickel 200 substrate. 
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When Vickers microhardness measurements are not available, for a first 
approximation, one assumes that the general form of the plot for the particular 
layer-substrate combination under consideration is similar to that shown in 
Fig. 16.16, and the following equations can be used to estimate the effective 
microhardness. For t/d < 1.0 (Antonetti16"22): 

H'= H 2 ( 1 - d ) +  1.81HL(d) (16.78) 

where H L is the microhardness of the layer and H 2 is the bulk microhardness of 
the substrate, both obtained from the Vickers microhardness test. For 1.0 < t/ 
d < 4.90: 

H'= 1.81H L - 0.21HE( d - 1) (16.79) 

where the relative thickness t/d is determined from: 

t t t" p "x -0-097 
1.04-|~,,] (16.80) ~= 

O k , / / . /  

When t/d > 4.90, the effective microhardness is equal to the layer microhardness 

HL. 
As t/d depends upon the effective microhardness and t/d must be known to 

determine the effective microhardness, an iterative approach is required. If the 
arithmetic average of the layer and substrate microhardness values is used as the 
initial guess, the convergence is rapid. If the substrate surface has been work-hard- 
ened, then use of the substrate bulk hardness is incorrect. Yovanovich, Hegazy, 
and De Vaa116"30 proposed a method to determine a proper value of the effective 
microhardness. 

Thermal Model 
Antonetti 16"22 solved Laplace's equation for the temperature distributions within 
the layer and substrate subjected to the perfect contact boundary condition at their 
common interface. For the constriction resistance as defined in Eq. (16.8), the 
constriction parameter for a coated surface is shown to be: 

2 1 J1 (~'n b ~ ) V'-  1___66 ~ (~n~[nf) n 
lr, E" (~,nb')3j2(~,n b" ) 

n= 1 
(16.81) 

The first term to the fight of the sigma in Eq. (16.81), the term in brackets, rep- 
resents a dimensionless constriction parameter for an uncoated contact (consider- 
ing uniform heat-flux conditions at the contact area); the second, ~n, accounts for 
the influence of the layer; the third term, Yn, accounts for the contact temperature 
basis used to determine the constriction resistance; and the fourth, Pn, accounts for 
the contact-spot heat-flux distribution. The eigenvalues ~'n are the roots of the 
equation Jl(b'~,n)= O. For adjoining surfaces, the contact spots are assumed to be 
isothermal. The modification factors in this case are )'n = 1, 
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and 

[i -K)e-2Z'"a"r']' 
~n = K ( l l + K ) _ ( 1  + K ) + ( 1 - ~ j  (16.82) 

sin(~nb'e) (16.83) 
Pn = 2Jl(~nb'E)' 

t where x= --; is the relative layer thickness and K is the ratio of the substrate to a 

layer conductivities. The constriction-parameter correction factor, C, is defined as 
the ratio of the constriction parameter with a layer [Eq. (16.81)] to that without a 
layer [Eq. (16.9) or (16.15)], for the same value of the relative contact-spot 
radius.For isothermal contact temperature, typical values are presented in Table 

16.2. A more complete table for this factor can be found in Antonetti. 16"22 
Antonetti 16"22 also developed an alternative contact-conductance model, based 

on the Yovanovich 16"18 correlation [Eq. (16.34)]. Based on the expression on the 
left side of Eq. (16.81), considering that there are two constriction resistances in 
series (surfaces 1 and 2), for N contact spots in parallel, one finds the contact con- 
ductance for a coated contact: 

h" c- 2a'k" (~.~--a) - V(e') (16.84) 

where k' is based on Eq. (16.77) and is defined as 

2klk 2 
k'= (16.85) 

C2k l + k2" 

Equation (16.9) can also be used to determine the constriction parameter. The 
average contact-spot radius parameter can be determined from 

p 0.097 
a'= 0.77(m)(~- 0 . (16.86) 

Table 16.2. Thermal Constriction Resistance Parameter Correction Factor 

e 1/K t/a C 

0.005 2 0.01 0.9842 

0.200 2 0.50 0.6218 

0.500 50 0.05 0.0260 
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By means of a force balance at the joint, the total number of contact spots per unit 
apparent area can be estimated by 

N' 1 (~, )  
A----~ = ~(a,)2 . (16.87) 

Although Eqs. (16.77) and (16.84) differ algebraically, they yield the same 
numerical results. The advantage of Eq. (16.77) is that it permits the researcher to 
appreciate how the various parameters contribute to the coated contact conduc- 
tance. 

16 22 Antonetti • demonstrated that the bare conforming rough surface model of 
16 4 16 1'8 Cooper et al. • that was correlated by Yovanovich • can be used to correlate 

the contact with coated surfaces: 

h'ct~ f p ~0.95 
k'm - l'25tH;) (16.88) 

Antonetti16"22 and Antonetti and Yovanovich16"29 experimentally verified their 
model, performing thermal tests with Nickel 200 specimens. One of the speci- 
mens was coated with a thin layer of pure silver and the other was bead-blasted to 
different levels of roughness. The authors verified that the joint conductance was 
increased approximately by a factor of 10 when the layer is around 6/,tm thick, for 
a surface having a roughness of 1.28 pm. The good agreement between the theory 
and data can be observed in the plot of the dimensionless thermal conductance, 

hc't~ P H' 
defined as mk-----7 against the relative pressure ~ [ is given by Eqs. (16.78) and 

(16.79)], presented in Fig. 16.17. 

Experimental Data 
Several publications deal with experimental measurements of the thermal resis- 
tance of contacting surfaces, where at least one of the surfaces is coated. In most 
cases, the coating is applied with the objective of enhancing the overall thermal 
conductance of the joint. Some of these experiments, which can be useful for sat- 
ellite applications, are presented here. 

Metall ic  Coatings 

Kang et al. 16"31 studied the contact conductance of Aluminum 6061-T6 surfaces, 
where metallic coatings were vapor-deposited. Lead, tin, and indium were evalu- 
ated using four different coating thicknesses: 2.0 to 3.0 #m for indium, 1.5 to 2.5 
/zm for lead, and 0.2 to 0.5/2m for tin. The enhancement factors for the thermal con- 
tact conductance were found to be on the order of 700, 400, and 50%, respectively. 

Chung et a/. 16"32 (1993) studied the thermal contact conductance of a phase- 
mixed coating layer applied over metallic surfaces using a transitional technique 
that consists of a plasma-enhanced deposition onto a cold surface. Their experi- 
mental study was restricted to a relatively low ratio of the contact pressure to the 
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Fig. 16.17. Dimensionless contact conductance versus relative contact pressure for sil- 
ver layer on nickel substrate. 

P ) ,  where very few data exist. They coated Alu- microhardness 10 -4 < ~ < 6x10-4 

minum 6061-T6 surfaces with pure copper, pure silver, a phase mixture of copper 
and carbon, and another of silver and carbon. Actually, the pure layers yielded 10 
to 30% higher values of the contact conductance when compared with the carbon 
mixtures. The researchers justified the use of phase-mixed coatings by the 
improvement of the mechanical properties of the coating. 

16 33 Howard and Peterson • studied the effect of multiple layering on the thermal 
contact conductance of vapor-deposited metallic coatings. They concluded that 
oxidation and thermal cycling intrinsic to the mechanical coating process cause 
poor layer adhesion that resulted in a significantly smaller enhancement factor 
than that occurring from single-layer coatings with an equivalent thickness. 

16 34 Lambert and Fletcher • observed that the literature models are valid for opti- 
cally flat idealized surfaces, which are hard to find in engineering. They collected 
and correlated a large body of conductance data of contacts involving wavy and 
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rough engineering surfaces, obtained from different laboratories, resulting in the 
expression: 

h'cC~=k'm 0"00503 (~ ' )  0"455 (16.89) 

This correlation presents a significantly smaller (~ , )exponen t  (0.455)than that 

predicted by Antonetti and Yovanovich 1635 [0.95, Eq. (16.88)], indicating that 
nonflat wavy surfaces are less sensitive to contact pressure than the optically fiat 
surfaces. 

Li et al. 16.36 experimentally investigated four coating materials" tin, copper, alu- 
minum, and silver. Two methods of coating were used, electroplating and filtered 
arc vapor deposition, and the experiments verified that optimum coating thickness 
varies according to the selected material. This thickness is determined by the hard- 
ness: the harder the coating material, the thicker the coating needs to be for better 
performance. Therefore, the authors suggested, the parameter k/H could be used to 
rank the coating material. They also concluded that the maximum enhancement of 
contact conductance is obtained when both contacting surfaces are coated. They 
observed that the enhancement factor, which ranges from 4 to 21, is a function of 
the contact pressure. 

Other experimental conductance measurements of contacts where the surfaces 
are metal-coated can be found in the extensive literature review made by Lambert 
and Fletcher. 16.37 They also compared and ranked the thermal performance of the 
coating materials. 

Nonmetallic Coatings 
Marotta et al. 16"38 made a literature review of experimental data available for the 
thermal contact conductance of nonmetallic coatings, which they classified in four 
groups: oxides, carbon-based coatings, ceramics, and polymer-based coatings. 
The oxide films were already treated. Carbon-based coatings, such as polycrystal- 
line diamondlike films, offer excellent thermophysical properties, which make 
them attractive coatings. The deposition temperatures of polycrystalline diamond- 
like films (770-900 K) limit the deposition of these films to metals that can with- 
stand high temperatures without loss of mechanical properties. Ceramics 
generally exhibit good structural and thermal capabilities at high temperatures. 
They resist oxidation, erosion, and corrosion, and they wear more than most met- 
als. Some of the ceramics tested are: titanium nitrite (TIN), titanium carbide (TIC), 
and silicon carbide (SIC). They can be applied to complex shapes. Impregnation 
coatings (synergistic) combine the properties of two or more materials to provide 
a surface with permanent dry lubricity, added wear, corrosion resistance, and high 

16 39 chemical inertness. Marotta and Fletcher • presented many experimental data 
obtained from their own experimental work on thermal contact conductance of a 
ceramic coating deposited on aluminum 6061-T6 and copper CCl1000,H03. 
Marotta et al. 16740 (1996) also conducted experiments on thermal contact conduc- 
tance of diamondlike films deposited over these same materials (aluminum and 
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copper). Their studies confirmed and completed the information gathered from the 
literature. 

The experimental work presented in this section for contact with nonmetallic 
coatings was intended for terrestrial applications. This technology is promising for 
space but should be tested accordingly before being applied. 
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Nomenclature 

contact-spot radius 
contact area 
elemental heat-flux tube radius 
geometry parameter as defined in Fig. 16.4(b) 
ratio of the constriction parameter with a layer to that without 
a layer 
Vickers correlation coefficient, correlation parameter 

Vickers correlation coefficient 

geometry parameter as defined in Fig. 16.4(b), height of the 
waviness represented by a spherical crown, Vickers 
indentation depth 
diameter of the contour area 
modulus of elasticity 
elastoplastic factor 

contour area function 
conductance 
surface microhardness 
Bessel functions 

conductivity 
ratio of the substrate to layer conductivities 
wavelength of the spherical waviness 
surface slope 
number of microcontacts per unit apparent area 
number of contact spots 
probability density function 
contact pressure 
heat flux 
radius 
thermal resistance 
flow stress 

ultimate strength 

thickness 

temperature 
relative mean plane separation 
surface profile height 
mean plane separation height 
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N o m e n c l a t u r e - - C o n t i n u e d  

z axial direction 

Greek Letters 

£ 

~n 

Pn 

lateral spread of oxide 

oxide layer thickness vertical projection 

relative real contact area 

uncoated contact dimensionless constriction parameter 

layer influence parameter 

elastoplastic index 

contour area, eigenvalue 

contact-spot heat-flux distribution 

standard mean height deviation (root mean square deviation) 

relative layer thickness 

Poisson's ratio 

elastic deformation factor 

constriction parameter 

Subscripts and Superscripts 

a apparent 

c contact 

c m  metal-to-metal 

co  oxide-to-oxide 

e elastic 

eft effective 

ep elastoplastic 

g gas 

H bulk 

j joint 

L large, layer 

m metal 

max maximum 

o oxide 

r radiation, real 

s microconstriction, 
harmonic mean 

t total 

0 initial 

1,2 surface 

coating 
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