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LIST OF SYMBOLS 

A = empirical constant in Eq. (8). 
A' = empirical constant in Eq. (8) with 6 = 1.0. 
A = geometrical contact area, cm2, Eq. (6). 
A = actual contact area, cm2, Eq. (6). 
H = Vickers microhardne^s (VHN) number, kg/mm2. 
N = number of materials, Eq. (4). 
R = thermal contact resistance of one interface, 
c ' 

eC cm2 V 1 , Eq. (l). 
^T. = temperature drop at one interface, Eq. (l). 
££ - total temperature drop across two interfaces and one 

metal foil, Eq. (2). 
a = radius of a circular solid-solid contact spot, Eq. (3). 
b = empirical constant in Eq. (9). 
d = empirical constant in Eq. (9). 
f = multiplication factor in Eq. (lib). May be a function of 

the root-mean-square slope, m (Appendix 8). 
g = empirical constant in Eq. (9). 
m = root-mean-square slope (see ref. 10 and Appendix B). 
n = number of solid-solid contact spots per square 

centimeter, Eq. (5). 
q = heat flux perpendicular to the test interface. 

r - thermal resistance of one solid-solid contact, Eq. (3). 
t = metal foil thickness (simulates cladding). 
a= constant in Eq. (ll). 
£ = constant in Bq. (ll). 
7 = root-mean-square surface roughness, cm. 

7\ - root-mean-square surface raighness of material 1, cm. 
6 = empirical constant in Eq. (8). 
X - thermal conductivity, W cm"1 deg"1. A = harmonic mean thermal conductivity, Eq. (4). m 
I - proportionality constant in Eq. (6). 
a « compressive stress, psi or kg/mm2, as noted. 



MEASUREMENT AND CORRELATION OF THERMAL 
RESISTANCES OF UN-METAL INTERFACES 

R. K. Williams, T. E. Banks,1 and D. L. McELroy 

ABSTRACT 

We obtained date on theraal contact resistance for 
contact interfaces between UN and several other metals in 
vacuum at about 50°C: UN-In, UN-type 1100 Al, UN-Cu, 
UW-V-15# Cr-5# Ti, UN-Mo, UN-UN, and three UN-type 302 
stainless steel interfaces. Many variables affected the 
results, and the correlation of the data shoved the rela
tive importance of stress, hardness, thermal conductivity, 
and surface topography. Tfte correlation obtained from 
the data also suggests means for reducing thermal contact 
resistance in fuel elements: these possibilities are 
discussed. 

INTROEUCnOir 

Thermal resistance associated with the interface between two struc
tural members is very important in many engineering situations.2 One 
such area is the design of high-performance plate- or rod-types of fuel 
elements for breeder reactors. In this application, carbide or nitride 
fuel has a relatively high thermal conductivity, A, but the maximum 
permissible operating temperatures are considerably lower than for con
ventional oxide fuels. For a fuel element of given geometry, the maxi
mum power density is governed by the thermal resistance of the fuel 
element and the acceptable temperature difference between the fuel cen
ter and coolant. The thermal resistance of a rod- or plate-type of fuel 
element is in turn composed of contributions from the cladding (minor) 

1Present address: University of Louisville, Louisville, Kentucky. 
2E. Fried, "Thermal Conduction Contribution to Heat Transfer at 

Contacts," p. 253 in Thermal Conductivity, vol. 2, ed. by R. P. T̂ re, 
Academic Press, London and New York, 19t9. 
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and fuel and the interface between fuel and cladding. As the X of fuels 
increases, the interfacial thermal resistance becomes an increasingly 
important design consideration, and any measures that reduce the inter
facial thermal resistance will improve the power rating. 

Conventional methods for controlling interfacial thermal resistance, 
such as liquid-metal, helium, or pressure bonding, have known limita
tions.3'4 lhe goals of our work were to determine which factors were 
most important in determining the interfacial resistance between UN and 
potential cladding materials and thus show ways of minimizing the effect. 

When two solid bodies are placed in contact, the actual area of 
solid-solid contact is usually only a small fraction of the area of 
geometrical contact.4 Heat can be transferred across the interface by 
three principal mechanisms: thermal radiation across the voids, con
duction and convection through any fluid filling the voids, and conduc
tion through the spots of solid-solid contact. Liquid-metal or helium 
bending enhances conduction and convection across the voids, and pres
sure bonding increases the conduction via solid-solid contacts. Since 
the solid-solid conduction forms an upper limit for the contact con
ductance, IT1, and since a promising method for increasing heat transfer 
is to increase th*» solid-solid part of the conductance, we chose this 
component for study. The solid-solid part of R can be studied by per-

c 
forming experiments in vacuum and restricting the temperature at the 
interface to levels at which thermal radiation can be neglected. 

Many variables are known to affect R (ref. 4), and contacts between 
dissimilar materials may be subject to additional complications.5 The 

property is related to the actual area of contact, the number of contact 
spots per unit area, and the thermal conductivity of the contacting 
members.4 Experimental studies have shown that stress, surface topog
raphy, surface deformation characteristics, corrosion films, and 
(indirectly) temperature huve significant effects on the contact ar«» 

3 J. W. Prados, private communication. 
4N. L. Minges, Thermal Contact Resistance: A Review of the 

Literature, vol 1, AFVL-TR-65-?75 (April 1966). 
5J. S. woon and R. N. Xeeler, Intern. J. Heat Mass Transfer 5, 

967-971 (1962). 
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and the density of contact spots. The results we obtained on contacts 
between UN and metals, allow an assessment of the relative importance 
of stress, thoneal conductivity, and surface deformation characteristics. 
Surface topography certainly plays a significant role,* but time did not 
permit a quantitative assessment of its importance. Test conditions 
were chosen, however, to hold the root-mean-square (rms) surface rough
ness characteristics approximately constant. 

APPARATUS 

Determination of R involves measurement of the temperature drop 
between two surfaces. £T., and the heat flux perpendicular to the inter
face, q: 

AT. 
R = - ± (deg cm2 W- 1) . (l) 
c q 

Since R is not an intrinsic property, other variables must be measured 
for a reasonably complete description: sample characteristics, com
pressive stress at the interface, pressure of gases in the voids 
(vacuum), and the average temperature at the interface. A time depen
dence is also concealed in the sample characteristics, since plastic 
flow can produce irreversible surface changes. 

The tests were conducted in a modified version of a comparative 
axial-flow thermal-conductivity device described by ifoore et al. 6 In 
this technique; AT. is obtained by measuring temperatures *.t several 
known positions along two rod samples, least-squares fitting the 
temperature-distance data to straight lines, and extrapolating to 
obtain the temperatures at the interface between the two samples. The 
heat flux is deriv<*i from the measured temperature gradients and experi
mental values for the A of the rod samples. 

6 J. P. Mocre, T. G. Kollie, R. S. Graves, and D. L. MeELroy, 
Thermal Conductivity Measurements on Solids Between 20 and 150°C Using 
a Comparative-Longitudinal Apparatus: Results on HgO, BeO, Th02, 
ThxUi-aQ2+y and AI-UO2 Cermets, 0KHL-4L21 'June 1967)! 
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Pressures of about 2 to 3 x 10" 6 torr were routinely obtained in 
the apparatus, assuring elimination of fluid conduction and convection 
through all open pores. 

A schematic diagram of the modified apparatus is shown in Fig. 1. 
Major alterations of the version described by Moore et al. 6 included 
the following: 

1. The rigidity at the mechanical loading system was increased, 
and the- 0-ring feed-through was replaced with a bellows seal. 

2. A calibrated Baldwin-Lima-Hamilton lype Ul load cell was 
inserted for determination of the compressive stress. The load cell 
was calibrated by replacing the sample column with a second calibrated 

OftNL-DWG 71-tOOI 

1 PIVOT PIN 
2 CARTRIDGE HEATER 
3 TOOL STEEL LOAD PLATE 
4 BALL BEARING 
5 POSITIONING CAP 

MOLYBDENUM ROO 
LEAD FOILS 
TEST FOI.. 
UN SPECIMENS 

10 THERMOCOUPLES «1 
If GOLD-PLATED ARMCO IRON 

METER BAR 
12 O-RING SEAL 
13 BELLOWS SEAL 

6 
7 
8 
9 

SSSKS KSSKS w 
Fig. 1. Schematic View of Apparatus for Measuring Thermal Contact 

Resistance. 
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load cell and reading both load cells at several loed levels. A correc
tion for the load from the bellows feed-through wab also determined 
exper imentaily. 

3. Two UN samples and a metal foil, wh:ch was sandwiched "between 
them, were included in the sample column. Tfcis part of the column simu
lated the interface between fuel (UN) and cladding (foil) in a fuel ele
ment. A molybdenum rod and an Armco iron bar and two thick (0.038 cm) 
lead foils were also included in the column, as shown in Fig. 1. 

4. Extra Chromel-P vs Constantan thermocouples were attached to 
the two UN samples so that two independent R calculations could be made. 
Hie two rows of thermocouples were positioned 90° apart on the samples, 
and one row was aligned with the axis defined by the load arm. Inis 
arrangement was included because an anisotropic s-tress distribution 
across the UN-foil interface was sometimes encountered. 

With the experimental arrangement shown in Fig. 1, the average con
tact resistance of one interface is given by: 

L WfWl ' 
£S. AT. 
q 2q W f o i l 

where 
t = foil (cladding) thickness, and 

AT T = total temperature drop between the UN samples. 
In these experiments, the conductive thermal resistance, tA> was 
usually 10$ or less of the total resistance (^~J» The heat flux values 
used for the calculation were obtained from the temperature gradient 
and the A for the UN samples. The q value from the Armco iron meter 
bar was used as a secondary check. The q values usually indicated a 
progressive heat loss of 5 to 10$ between the top UN specimen and the 
Annco iron meter bar; therefore, we used the average of the q values 
from the two UN samples in computing R . 

The procedure for calculating the determinant error in the R values 
was discussed by Moore et al. 6 The errors ariee from uncertainties in 
tenperature measurement, thermocouple location, heat flux, t- .- and 
^« „, 5 the total maximum determinant errors were calculated assuming foil' 
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±0.1°C, ±6.35 x 1CT3 cm, ±0.05 q, ±2.54 x 10'* cm, and ±3.15 A for 
foil 

these respective uncertainties. These calculations showed that the P. 
c 

values were usually uncertain to about ±10 to 20$ at R levels of 5 to 
10 deg cur W~ x. Error bands shown with the R data correspond to the 
calculated maximum determinant error. 

Uncertainty in the compressive stress, a, was also a source of 
error- The calibrations of the load cell showed that the loading and 
unloading curves consistently differed by about 100 psi. The stresses 
were calculated from the average of the two curves, and are, therefore, 
uncertain to at least ±50 psi. Additional uncertainty from the ca1 Ibra-
tion of the load cell amounted to about ±10 psi; therefore, the stress 
values are probably uncertain to about ±60 psi. 

SAMPLES 

The two UN samples were prepared by pressing and sintering UN powder.7 

These samples were ground to fina] size (2.54 cm long x 1.270 cm in 
diameter), and the two heat-transfer surfaces were lapped flat on a 
glass plate. The surface appearance of the UN samples is shown in 
Fig. 2. Profilometer measurements indicated an ros surface roughness 
of 1.5 to 2.0 x 10" 5 cm for ail heat-transfer surfaces. Vickers 
microhardness (VHN) tests at a 50-g load on a companion saxqpie yielded 
a value of 649 kg/ma2 (ref. 8). Measurements of immersion density indi
cated that the samples were 95.8$ of theoretical density. Other char
acteristics of the samples were presented by Scarbrough et al. 9 The 
thermal conductivity of both UN samples was determined in the original10 

comparative heat-flow apparatus; these data are shown in Fig. 3. 

7H. L. Whaley, W. Fulkerson, and R. A. Potter, J. Nad. Mater. 31, 
345 (1969). ~ 

8W. Fulkerson, private communication. 
9 J. 0. Scarbrough, H. L. Davis, W. Julkerson, and J. 0. Betterton, Jr., 

Phys. Rev. 176, 666 (1968). 
1 0J. P. Moore, T. G. Koliie, R. S. Graves, and D. L. McElroy, 

Thermal Conductivity Measurements on Solids Between 20 and 150°C Using 
a Comparative-Longitudinal Apparatus: Results on EfeO, BeO, Th02, 
ThgU^LyOa+y and A1-U02 Cermets, 0RNL-4121 (June 1967). 
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Y-ioosse 

Fig. 2. Surface of Bottom UN Sample. Oblique light. I50x. 

ORML-GW6 71-1O03 
A f J 
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0.13 

0.12 

.-4. X= 0.1294 + 1.425 x 10 T(°C) 

60 80 100 
TEMPERATURE PC) 

140 160 

Fig. 3. Thermal Conductivity of UN Samples (95.3# of Theoretical 
Density/ Used for Contact Resistance Studies. No porosity correction. 
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Characteristics of the eight metal foil (cladding) samples are 
shown in Table 1. In addition, values measured for electrical resis
tivity of tha three stainless steel foils are shown in Table 2. The 
latter results were obtained to check for a possible variation in ?* 
among the three stainless steel samples and do not indicate an impor
tant effect. The effect of load (25, 50, and 100 g) on measured micro-
hardness values was also determined for the three stainless steel samples 
and the copper foil. Hone of these tests shoved a significant dependence 
of hardness on test load between 25 and 100 g. 

Photomicrographs of the surfaces of the foil samples are shown in 
Figs. 4 through 11. Except for the copper sample, which had been etched 
in dilute HNO3, all of the foils had surfaces characterized by parallel 
ridges and valleys. Ibis type of surface is usually obtained from the 
surface imperfections on a rolling mill. The 1100 aluminum foil showed 
evidence of plastic deformation and Improvement of the surface finish 
during the R test. Counts of the relative density of ridges are 
included in Table 1. 

RESULTS 

Experimental data from nine runs are tabulated in Appendix A. These 
tabulations explain the time-temperature-stress sequence for data from 
each run. Scsie data were discarded because the mechanical loading sys
tem frequently produced an anisotropic stress distribution at the test 
interface. The failure could readily be detected by comparing the two 
independent R values, which were calculated from each set of steady-
state data. The tvo values usually agreed well (i.e., within the com
bined maximum determinant errors) at lew (3CG to 1000 psi) stresses, 
but their ratio frequently showed a systematic deviation frcsi unity as 
the stress was increased further. Data were rejected when the ratio of 
the two R values lay outside the range 0.80 to 1.20. For low (about 
300 psi) stresses, this criterion approximately corresponds to the com
bined maximum determinant error, but at high stresses, where R is 
smaller, it is much less than the calculated error. The apparent incon
sistency of discarding data for high stress, which disagree by less than 



Table 1. Properties of Materials Used in Tests of Interfacial Resistance 

Notarial 

Tbanaal 
Oonduotivlty iduotivlty Root-Maan-Squara at 30-g Loa 

at »*c Sarffoa RouatflMliJB ..—(KaVWH 
(*r OB* 1 dag"1) Bafora Aftar 

Vlckara Hardnaaa 
d Danalty of Rldgaa Thioknnaa of 

(llnaa/ca) Saapla 
Bafora Aftar Bafora Aftar ( O K ) 

rka 

Indlun 0.738' 
1100 uluMwji 2..19 
Coppar J . O 

Aaaaaiad typa 302 0.139 
atalnlaaa ataal 
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x 10"5 
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27 
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atalnlaaa ataal 

0.136 1.3 1.3 
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0.133 1.2 1.2 

UM 0.W7 1.8 

329 

649s 

30 1324 
63 
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321 
378 

438 

1122 
1161 

950 

0.01.27 
994 0.0127 

0.0107 Annaalad 2 hr at 250"C 
In Hs. Light HN0 3 

atch. 
1486 "1.0127 

876 0.0127 Argonna National 
Laboratory Mataliurgy 
Dlviaion Fabrication 
technology Group. 
Itam 282. 

1033 0.0076 
1201 0.0127 

891 0.0076 

Proc 
Ha^ioiial 

*N. Bariaonl, R. K. WilliaM, and D. L. McBlroy, "Pbyaloal Propartlaa of Xndiua from 77 to 330 K, " PP. 279-292 ir. Tharmal Conductivity. 
. 7th Conf. Oaltharabura. atoftand. Hoy. 13-16. 1967. Wat. Bur. 8td. toac. Publ. 302. ad. by D. R. Flynn and B. A. Paavy, Jr., 
onal Buraau of Standard*, VaabTagton, D.C., SaptaaJbar 1968. 

ftaaad on data for V-20 -ft % Ti, R. J. Dunwortĥ  Annual Prograaa Raport for 19631 Matallurgy Dlvialon. ANL-7155, p. 36. 

°W. Foikaraon, Oak Rldga Rational Laboratory, prlvata coauaunloatlon. 
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Table 2. Electrical Resistivity Date and Thersal Conductivity 
Estimates for TVpe 302 Stainless Steel Saiples 

Designation ^ ^ 

Average Estimated 
Electrical Thermal 

, Resistivity Conductivity 
, x e s (uQ-cm) (W cm"1 deg"1) 

Remarks 

Annealed 1 
Half hard 2 
lull hard 3 

70.5 
72.85 

74.8 

0.159 
0.156 
0.153 

Weakly ferromagnetic 
Ferromagnetic 

aAverage cross-sectional area obtained by weighing sample, 
suring total length (2.5 to 5.0 cm), and assuming a density of 
7.9r g/cm3. 

bCalculated from A = ^ 1 + 0.056, where L 0 = 2.443 x 10"* V' deg~2; 
T - teoperature, kelvins; P = fl-cm. 

Pig. 4. Surface of 1100 Aluminum Sample Before Testing. Oblique 
light. 150x. 
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t i f f . : % § ' £ Y-100992 

P 

f ig . 5. Surface of 1100 Aliudnua Sej^le After Testing. Oblique 
light. 150x. 

Y-100990 

Fig. 6. Surface of Etched Copper Sco$le After Testing. Oblique 
light. 150x. 
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Y-100995 

Fig. 7. Surface of Annealed Type 302 Staicless Steel Sample After 
Testing. Oblique light. 150x. 

&* 

. ' • ' 

n 

T'" 

i 
** Y-100996 

ft 

4-
m 

Fig. 8. Surface of V-15# Cr-5^ Ti Saiqple After Testing. Ubiique 
light. 150x. 
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Y-100997 

150X. 
Fig. 9 . Surface of Molybdenum Sa^>le After Testing. Oblique l ight . 

* . • 

*l\ -" 

r ^ 

100993 

Fig. 10. Surface of Half-Hard Type 302 Stainless Steel Sample 
After Testing. Oblique light. 150x. 
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Fig. 11. Surface of Full-Bard Type 3G2 Stainless Steel Sample 
After Testing. Oblique light. 150x. 

the combined experimental errors, is removed by considering two facts. 
First, the deviations nearly alvays cock place gradually and alvays in 
the same nonrandom fashion as the stress vas increased. This observa
tion indicated nonuniform heat flow at the test interface. Second, 
since the R values obtained at high stresses (R ~0.5 deg en 2 V* 1) 
were uncertain by nearly ±100% they added little to the study-

The test temperatures should have had some effect on the B valuta, 
either through a small amount of radiation transfer or softening of the 
cladding. Several attempts (for interfaces of 01 with In, Al, Cu, 
annealed type 302 stainless steel, ¥-15$ Cr-5$ K , and U») were made 
to determine the effect, but test time (stress hysteresis) effects 
usually intervened. Also, the time response of the test column vas too 
sluggish to allow experimental adjustment of all data to a rn»mm tem
perature. Fortunately, all tests indicated that temperature effects 
were small; and, in any case, most of the data were taken within 
±20 deg of 50°C, so only small corrections for temperature effects 
were required. 
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The R data for all of the interfaces and at all stress levels c 
were corrected to 50'C by means of data obtained on the interface of 
UH with annealed type 302 stainless steel. These results are shown 
in Fig. 12. These data were obtained by running the cartridge heaters 
(Fig. l) at their power limits and adding additional radiation shieldi% 
around the load a n . Since it was necessary to replace several thermo
couples after this series of tests, ire did aot consider r^eaoli^ the 

in the extended tei^erature rasge «ith other foil? ***** at 
other stress levels to be justified. The data shewn in Fig. 12 indi
cate a temperature coefficient of about -0.7%/deg near 50CC; ve sssuned 
this coefficient to be valid for our computations of all of the R 5 0 C 
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Fig. 12. Effect of Interface temperature on Rj. of Interface Between 
\m and Annealed Type 302 Stainless Steel at 1000-psi Compressive Stress. 
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values shown in Appendix A. Figures 13 to 21 show the R 5 0 c values for 
individual runs plotted as a function of compressive stress. Ike error 
bands included for representative points are the maximum determinant 
error calculated from a conventional error analysis.11 

X 1J. P. Moore, T. G. Kollie, R. S. Graves, and D. L. McELroy, 
Thermal Conductivity Measurements on Solids Between 20 and 150°C Using 
a Comparative-Longitudinal Apparatus: Results on MgO, BeO, 1^02, 
TfoyUi-y02+y and AI-UO2 Cermets, ORNL-4121 (June 1967J. 
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Fig. 13. Thermal Contact Resistance Data (50°C) for Interface 
Between U1I and Indium. 
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BISCUSSICM 

The principal goal of this study was to determine the relative 
importance of several variables that probably affect the thermal con
tact resistance of UH-metal interfaces. As previously mentioned, thess 
variables include stress, surface deformation characteristics, surface 
topography, and thermal conductivity. Minges 1 2 gave a clear descrip
tion of how these parameters enter the picture. A single solid-solid 
contact is the basic unit of heat transfer for an interface, and the 
resistance to heat transfer across this unit, r , can be written as 

rc - 25£ ' 0) 
where 

a = contact radius, cm, and 
A = the therm*! conductivity of the solid. 
For the case of contacts between dissimilar materials, A is usually 

replaced by the harmonic .lean conductivity, A : 

r1
 s i r A: 1 , u\ 

a H i i ' v*) 

where H is the number of materials. This procedure is equivalent to 
computing the average thermal resistivity of a contact and thus assumes 
that the 5.ndividual contacts are composed of equal amounts of the two 
materials. This assumption would not be justified if one of the two 
surfaces was quite rough while the other was very smooth. 

To illustrate the effects of the variables, consider a simplified 
hypothetical interface with n uniform contacts per unit area. The 
thermal resistance per unit area, A , is R , and the heat flow is through 
n contact resistances acting in parallel: 

i=i 

l 2M. L. Minges, Thermal Contact Resistance; A Review of the 
Literature, vol 1, AFML-TR-65-375 (April 1966J. 
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The actual contact area, A , is a fraction, I, of the geometrical con
tact area, A (l cm 2): 

\/A, = I - (6) 

Also, 

I = n*a2 , (7) 
and 

B - £~, • (7) 
m 

Equation (?) illustrates the fact that R depends on both the actual 
contact area, t, and the number of contact spots per unit area, n. All 
other variables except corrosion films enter the problem because they 
change n and I. 

Application of a stress can increase the sire of existing contacts 
and can create new ones; the deformation charactEristics of the surface 
determine how effective a given stress level will be in creating and 
enlarging surface contacts. Surface topography controls the initial 
number and size of the contact spots and also influences the number cf 
new contacts formed when a larger stress is applied. Thus, the problem 
of determining R is very complicated, and there is a strong likelihood 
that the variables will interact. Also, since the interfaces examined 
in this study represent a wide range of conditions, it seems unlikely 
that a simple, semiempirical correlation would describe all of the 
effects. There is no single, general correlation to which all of the 
data can be compared, but published work does provide a useful guide 
for determining the probable effects of the variables. Therefore, it 
seems logical first to examine some of the individual* variables. 

Stress 

Compressive stress, a, has a strong influence on thermal contact 
resistance. Consideration of single solid-solid contacts leads to the 
predictions12 
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R * l/v1'3 (elastic compression) c 

R * l / o 1 ' 2 Aplastic compression) . 

As shown in Figs. 13 to 21, f i t t ing the R values to the equation 

R =A/<r& (8) 
c 

produces exponents of 0.83 to 1.38. This type of behavior is usually 
explained by assuming that the number of contact spots per unit area 
increases with increasing load (i.e., that new contact spots are 
created as the stress increases and the old spots enlarge). Obtaining 
a larger stress exponent would also suggest that most of the deforma
tion would be plastic. If this were true, the R values should depend 
on the hardness or tensile strength of the softer saterial rather than 
on elastic zoduli. Tie differences between exponents, 6, obtained for 
various interfaces are probably not significant because the data for R 
at high stress were not very accurate, and the stress range for the 
data seemed to influence the value of the exponent (Figs. 16 and 19). 
Thus, representation of the R data by Eq. (8) Mist be viewed as only 
a convenient method for smoothing data for a limited range of stress. 
A corollary of this observation is that use of a single exponent to 
describe the stress dependence for all the interfaces would probably 
be ji*stified. 

Time at Stress 

For some of the softer materials, the R curves shifted after pro-
longed application of high stresses, probably because of the deformation 
characteristics of the surface material. This behavior is illustrated 
by the 12# decrease in 10 aays found for indium (Appendix A) and the 
major hysteresis noted with copper and 1100 aluminum foils. The da^a 
for the UN-Cu interface (Fig. 15) show that prolonged application of 
5350-psi stress reduced R by about a factor of 2 and also seemed to 
alter the dependence on stress. These changes are presumably due to 
creep at the solid-solid contacts, which would tend to increase the 
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size of the individual contacts. Further reductions in R sight, there
fore, be expected if the creep rate were increas i through increases in 
temperature or stress level. 

The data for 1100 aluminum (Pig. 14) show a similar effect. Jn 
this case, loading and unloading did not change the curve for R versus 

c 
<r, but R increased when the foil was moved relative to the two UN 
specimens. Ibis increase in R was then removed and the original curve 
for R^ versus a was reestablished when the sancle was held at a stress c 
of 5700 psi for 23 days. Data for surface roughness and metallographic 
examination of the 1100 aluminum (Table 1 and Figs. 4 and 5) surface 
indicate that a considerable amount of plastic flow took place during 
the tests; the sample appeared smoother after the tests. The observa
tions for 1100 aluminum are rationalized as follows: 

1. The creep rate of 1100 aluminum was higher than that of copper; 
this permitted more rapid plastic deformation at the solid-solid con
tacts. The initial 300-psi load may even have caused a considerable 
amount of plastic flow. Under these conditions the loading and unloading 
curves would be expected to superimpose. 

2. When the samples were moved, the asperities on the UN samples 
were indenting cold-worked material, and the surface match created by 
the first load cycle was lost. T M s increased R (decreased the are« 

c 
of solid-solid contact), but the increase was removed by further plastic 
deformation at 5700 psi. 

3. The fact that the data obtained after the stress cycle fell on 
the original curve for R versus a suggests that the surface characteris-
tics of the UN controlled the contact area. 

The data for the interface between UN and In also seem to show some 
time dependence, and, furthermore, the R values were considerably higher 
than expected. The latter point is illustrated by comparing the value 
for R at 300 psi, 3.2 deg cm 2 W" 1, with values obtained by Moore et al. 1 

for interfaces between Fe and In, 0.C6 deg cm 2 VT 1, and the value quoted 
1 «T. P. Moore, T. G. Kbllie, R. S. Graves, and D. L. McELroy, 

Thermal Conductivity Measurements on Solids Between 20 and 150°C Usin^ 
a Comparative-Longitudinal Apparatus: Results on MgO, BeO, Th0 2, 
Thyy1ll3C02+y and A1-U02 Cermets, 03NL-4121 (June 1967;. 
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by Bauerle et al.1* for indium soldered surfaces, 0.05 deg CM 2 W 1 . If 
the R value for soldered surfaces is taken to represent "complete" solid-
solid contact, then extrapolation of the data would indicate that a stress 
of about 16,000 psi would be required for total solid-solid contact at 
the UN-In interface studied. The relatively high R value obtained for 
the UN-In interface also makes it difficult to apply the data to some 
existing, semi empirical R correlations.15 These correlations generally 
predict that R is a product of several factors, one of -which should 
approach zero as the material becomes very scft. The lcck of agreement 
with the data of Jfcore et al. 1 3 is not a serious problem, since their 
Armco iron surfaces were much smoother taan the surfaces of the UN 
specimens and since the difference in A between Armco iron and UN also 
favors a lower value for R [Eq. (7)j. Also, the errors are large for 
both sets of data, and the stress levels determined by Moore et al. 1 3 

were considerably more uncertain than the present values. 
A time dependence for the area of individual solid-solid contacts 

does not offer a reasonable explanation of the high R values. For 
indium, 50 °C is a very high temperature, and plastic flow is quite 
rapid. Both the hardness and tensile strength (360 psi) (ref. 16) of 
indium are only about 3^ of the values for 1100 aluminum. With this 
situation, the plastic flow obtained after an increase in stress should 
take place long before the thermal steady state is reestablished (10 to 
12 hr), and no time dependence should be noted. Also, since the com
pressive stresses employed were greater than the ultimate tensile stress, 
full plastic flow should be initiated for all stresses. Unfortunately, 
since the run was catastrophically terminated before R values for the 

U J . E. Bauerle, P. H. Sutter, and R. W. Ure, Jr., "Measurements of 
Properties of Thermoelectric Materials," p. 285 ±n Thermoelectricity: 
Science and Engineering, ed. by R. R. Heikes and R. W. Ure, Jr., 
Interscience, New York and London (l96l). 

1 5 C L. Tien, "A Correlation for Thermal Contact Conductance of 
Nominally-Flat Surfaces in Vacuum," pp. 755-759 in Thermal Conductivity, 
Proc 7th Conf., Nat. Bur. Std. Tech. Publ. 302, ed. by D. R. Flynn 
and B. A. Peavy, Jr., National Bureau of Standards, Washington, D. C., 
September 1968. 

16Metals Handbook, 8th Edition, 1961, p. 120. 
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unloading cycle could be obtained, ve do not know if hysteresis would 
have been obtained. However, if ve judge on the b*sis of the behavior 
of 1100 aluminum, this does not seem to be a likely possibility. 

The most likely explanation of the hig}i *, values for the XJSh-ln 
interface is that something prevented plastic flow of the indium into 
the valleys between asperities. This could have been caused by trapped 
air or possibly a reaction between UK and indium. Indium forms a good 
vacuum seal, and assembly of the test column was carried out in air asi 
involved application of stresses of about 1000 psi; air might have been 
trapped in the crater-like (fig. 2) surfaces of the UV. Also, the high 
self-diffusion coefficient of indium night have promoted formation of 
an amalgam-like product with TOT Hovever, cursory examination of the 
indium foil after the test did not reveal any obvious reaction product. 
Long-range plastic flow and extrusion of Indium out of the interface 
probably gave rise to the small time dependence. This process would 
have the effect of moving the indium parallel to the OT surfaces and 
thus might be expected to have created some additional area of solid-
solid contact by a smearing action. 

Time also seemed to have an influence on R values for the least 
c 

plastic, highest R interface studied, that between \M and IM. Data 
obtained during the first 10 days of the run show R 5 0 c decreased 20+ 
at 300 psi. The column was then unloaded to replace the bottom lead 
foil with indium, and the two specimens were reassembled. After this 
alteration, the R of the interface at 309 psi returned to the original 
value. This variation was presumably due to thermal cycling, since the 
largest change too': place when the temperature of the interface was 
altered. Presumably, differential thenml expansion or vibration could 
have permitted the two mating surfaces to move slightly and to provide 
a greater area of contact. 

The hysteresis effects noted above clearly show that time at mtresB 
and/or the mttvimna stress level would have to be included in a general 
correlation that would describe all of the data that have been presented. 
In principle, this could be accomplished by including a mathematical 
description of the time-dependent deformation of surface asperities, 
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but the problen appears tc be quite formidable. A simpler alternative 
is to eranrlnp the beherior of the more-or-less stable R values obtained 

c 
after high stresses had been applied. A correlation based on these data 
should still show the effects of short-tine defomation (hardness) and 
thermal conductivity of the mating surfaces. However, t>e available 
surface data (Table l) are probably rather weak, since profiiometer n s 
roughness values do not give a full surface characterization.17 Also, 
since the variables are expected to interact, 1 8 discussion of tb? effects 
of single paraneters cannot be continued; a more general approach is 
indicated. 

Correlation Via lien's Method 

C. L. Tien 1 5 (see Appendix B) proposed a seniempirical correlation 
for nominally flat, random surfaces in vacmst that night apply to data 
obtained in this study. The correlation, which employs three dimensicn-
less groups, can be stated as 

i- - bm* ̂ -Y 
F . - _ . „ , , CM 

7 = rats surface roughness, 
- Jr\ * ri for random surfaces (ref. 15), 

b, g, d s constants, 
m = m m slope (ref. 15), and 
H = hardness. 

The parameter m is included to account for the effect of contact density 
[Eq. (7)] on R . Tien 1 9 showed that this correlation wormed reasonably 

1 7H. £. Bennett and J. 0. Portens, J. Opt. Soc. Am. 51, 123 (1961) 
l8tL L. MLnges, Thermal Contact Resistance: A Review of the 

Literature, vol 1, AJHV-TR-65-375 (April 1966). 
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well for iC"5 < 7/R * < 3 x 10" 3 and lCT* < - O x 10" 2 and proposed 
CD n 

for the constants 
b = 0.55, 
g = 1.0, end 
d = 0.85. 

Although the a&iumption of a random surface is suspect, data from this 
study can be used to test the hypothesis 

- • & • 
7 
C at 

The appropriate plot is shown in Fig. 22, but values for the interface 
between UF e.M In were omitted because a reliable value for the surface 
parsasrter y-L <:cni£ not be obtained for indium. The correlation is 
roughly equivalent to that shown in Tien's Pigs. 1 and 2 (ref. 19), 

19 C- h* ?5en» "A Correlation for Thermal Contact Conductance of 
ffom*i»ny*Fl*t &aritces in Vacuum" pp. 755-759 in Thermal Conductivity, 
Proc. '?*.£ Cs&d:** &±. Bur. Std. Tech. Publ. 302, ed. by D. R. Flynn 
and B. A. Per*j*t Tr.9 National Bureau of Standards, Washington, D. C , 

Fig. -.'- Tien's Correlation Applied to Data for Interfaces Between 
IH and a Metal. 
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and the dimensionless variables calculated for data frja our study lie 
in tbe same range as the results considered by Tien. 

This correlation is really not very satisfying or useful, for it 
produces a family of roughly parallel lines, and the offsets mist be 
explained by invoking an unmeasured quantity, a, the ras slope. Further-
more, if the average ridge densities are combined with the data fox 
surface roughness (Ta'cie l) to yield relative values of the ras slope, 
a, for the foils, Table 3 shoirs that the a values do not correlate with 
the offsets shown in Fig* 22. 

Table 3. Offsets of Curves Shown in Fig. 22 a 

Interface */H at 
7/R cXB = 5 x io- 5 " f o i l 0 

x 10° x 1<T2 

j . 23 1.09 

1.44 
1.56 1.77 

1.70 2.88 

2.80 
3.12 0 .90, 

UK-type 302 stainless steel 
(full hard) 

UH-UB 
UH-type 302 stainless steel 

(half hard) 
U*-type 302 stainless steel 

(annealed) 
U!M -̂15* Cr-5* Ti 
U!f-*to 
llf-Cu 
tm-uoo AI 

5.40 
12.3 i.39 

l i e n ' s correlation (ref. C. L. Tien, "A Correlation for Iheraal 
Contact Conductance of Boainally-Flat Surfaces in Vacuum,n pp. 755-759 
in Thermal Conductivity. Proc. ?th Conf., Wat. Bur. Std. Tech. Publ. 
302, ed. by D. B. Flynn and B. A. Paavy, Jr. . Rational Bureau of 
Standards, Washington, D.C., September 19C8.) 

ship 

where 

Relative a values for the foils were computed from the relation-

is • ?D , 

y * ras surface roughness, cm, and 
D • relative density of ridges (labia 1), lines/cm. 
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Further exaarination of Fig. 22 and Tabl? 3 suggests that the off
sets are related to the hardness of the interface Materials. Since this 
trend also holds for 11 of the 12 sets of data used by Tien 1 9 (Figs. 1 
and 2 of Appendix B), further examination of the variation is warranted. 
Rearranging Tien's correlation equation yields 

The experimental data f*tm\ this study can be described by equations of 
the form 

R c « A A 6 (8) 

where 0.8 s 5 s 1,4. Tien's correlation assumed the exponent d to be 
common to all interfaces; therefore, a co—on, vulue for 5 aust be chosen 
before proceeding. As previously mentioned, the differences between 
empirical 5 values are not very significant; therefore, for simplicity's 
sake, ve assume b * 1.0 for all interfaces. A new A value tor each foil, 
A', [£q. (8)} can then be calculated, and the variation in A' should be 
consistent with Tien's correlation. Since the most accurate R data 

c 
are the values for low stresses, we computed the A' values for the 
loves i stresses available for each run. Substitution of Eq. (8), with 
o • 1, into Eq. (9a) yields 

Af * -2— (H) , do; 
©A sP 
m 

and, since V and 7 values are available for most foils, ve would expect 
m 

A'X . 

The most important feature shown in the hardness plot in Fig. 23 is that 
the data roughly follow the equation 

A'X 
• — i - Of • 9H . ( l l ) 
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The presence of an intercept -was also consistent with the results for 
the OT-In interface, which indicated that R did net approach zero for 
a very soft foil. 

Individual points are scattered about the line for the least-squares 
fit, 

A'X 
= 21.53 (320,5 + H) (lla) 

by as auch as +55$, but Bq. (9a) indicates that this difficulty migfct be 
due to neglecting the ras slope factor, m. The relative m valves for 
the foils shown in Table 3 can be used to test this hypothesis. Expressing 
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the deviations for individual points in teras of a Multiplication 
factor, f (m), 

A'A 
-y-S = f (a) (a + 3H) , 

we would expect 

(lib) 

f « i 

where g * 1.0 (Tien). Figure 24 shows that for five of the s ix interfaces 

f = 4.107 x 10"2 aT°-750 

'ibis observation indicates that the density of contact points is an 
important parameter for UN-metal interfaces, and the exponent g is 
reasonably close to Tien's estimate. 

(12) 
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Data for the sixth interface, that between ON and full-hard type 302 
stainless steel, do not follow this trend. This anomaly might possibly 
be related to additional contact area caused by elastic deformation. 
This work-hardened foil was also very smooth (Table l), and, under these 
conditions, plastic flow might not have been responsible ror all of the 
contact area. 

However, a modified form of Tien* a correlation gives a reasonable 
description of most of the data: 

R = 0-55* 7(320.5 * H.) y ( 1 3) 
c A m 0-™ a 

m 
where <r is in kg/mw2. The value of b (0.884"1) [Eq. (9)] is just over 
a factor of 2 larger thar the b obtained by Tien (0.55), but inclusion 
of a second constant for in Sq. (ll)] tends to offset this difference. 
Hie two correlation equations would thus be in good numerical agreement 
for hardness values around 300 kg/mm2, and this agreement means that the 
R data for UN-metal interfaces are also roughly consistent with the 
results of the experimental studies used by Tien. 

Deviations of the smoothed R data from Eq. (13) aie shown in 
c 

Fig. 25. Relative nas slope values were not available for the inter
faces of UN with indium, copper, and UN, but data from these runs are 
also roughly consistent with Eq, (13). Values of 7/m0*75 for the three 
interfaces were calculated from Eq. (l3) and found to lie within the 
range of 7/m 0* 7 5 for the other six interfaces. 

Once a correlation that describes most of the ?. data has been 
obtained, it Is instructive to consider cow much the various factors 
affee ̂  the H of UN interfaces. If we choose the interface of UN with 
UN as a basis for ccsrpariŝ xi, *« «=- Ll^t satGrisl varieti«™« r*juld change thf; A and H factors. Maximun improvement ratios from these sources would m 
\yi 

A : n -uv, = 1.93 m 0.137 

for copnpr and UN and 
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for indium and UN, for a mwxlmum hypothetical materials factor of 5.8. 
The surface factor is more complicated. Beta for the interface of UH 
with UH indicate 7/m 0* 7 5 s 6.55 x 10"*. TWo mating surfaces irith 
7 = 1.27 x 10" 6 cm and m = 0.1 (ref. 20) vould produce r/*0'7* « 1.0 x 10" 5 

or an improvement by a factor of 65. Surface modifications thus appear 
to offer a more promising method for reducing R %, but routine production 
of high-quality mating surfaces vould not be cheap or easy. 

CONCLUSIONS AND RECOHffHDATICNS FOR FUTURE WORK 

Analysis of the experiments performed in this study leads to the 
following conclnsions. 

" C. L. Tien, 'A Correlation for Thermal Contact Conductance of 
Nominally-Flat Surfaces in Vacuum," pp. 755-759 in Thermal Conductivity, 
Proc. 7th Conf., Nat. Bur. Std. Tech. Publ. 302. ed. by D. R. Flynn 
and B. A. Peavy, Jr., National Tjureau of Standards, Washington, D- C , 
September 1968. 
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1. Thermal contact resistance decreases as the compressive stress 
at an interface is increased. Over Limited stress ranges, the decrease 
can usually be described by an empirical equation: 

R =A/cr 6 

c 

where 6 s 1.0. Data obtained over a larger range of compressi\ stress 
would be useful for testiiig thii: equation, since the results of this 
study suggest that the exponent o decreases at high stresses. 

2. At the temperature levels used in this study. R decreases 
slowly with increasing temperature Further investigation of the tem
perature dependence is needed, and it would be particularly interesting 
to obtain R data at the knee of curves for hot hardness versus tempera-
ture. Such an experiment could most readily be carried out by choosing 
a foil material that softened rapidly near room temperature. Tin, lead, 
and their alloys are likely candidates for this study. 

3. Hysteresis was found to be significant for the 1100 aluminum 
and copper foils; the R values decreased with time at stress and maxi
mum stress level. A more quantitative understanding of these changes 
is greatly needed if successful R, prediction* »re required. 

4. Other factors that affect R seen to be roughly consistent with 
Tien's correlation, tut a broader range of experiments would be useful 
in determining the range of validity of this correlation. In particular: 

(a) The observation that R did not approach zero for the softest 
foils should be investigated further. Factors that prevent complete 
solid-solid contact are obviously important for practical applications, 
and identification of those factors might lead to significant improve
ments in the performance of fuel elements. 

(b) Thermal conductivity does not appear to be a very critical 
parameter, but this observation should be checked by additional experi
ments on low A interfaces such as those between UF aad Teflon or UN and 
glass. The validity of the A average should also be investigated, since 
X may not apply when surfaces with significantly different rms rough
nesses are involved. 
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(c) Surface characteristics see* to play an important role and 
should be investigated on a •ore quantitative basis. In particular, the 
large improvements in R values suggested for high raw slope (m) sur
faces should be checked experimentally, and, if these are confirmed, 
practical methods for producing high m surfaces should be developed. 
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Table A-l. Th< i Contact Resistance Data fbr Interface 
of UN and Ihdiua 

a 

Olaya) 
Taaperaturc B O / - * ^ 

(*C) B c c 
s 

idag * T ! ) 

Coapraaaivr 
Sti 
pal.' 

1 

3 

5 

6 

7 

17 

19 

21 

34.52 1.16 
44.00 1 . ^ 

60.24 1.07 

43.92 1.09 

47.71 1.02 

47.78 1.00 

49.27 
52.72 

0.98 
0.82 

3.04 

2.9€ 
3.33 
1.98 
1.72 

1.40 
0.659 

3.5* 

3.2C 

3.20 

1.95 

1.70 

1.39 

0.671 

2* * 
; * * • 

2**» 
436 
429 

llaali*?«*£ cols 
loaded t « i W pa! 
bafor* taJtls* data. 

1 2 . f * 

fj?am beginning of run load f lrat applied 

Bar i o of two Independent R values. 

Tatte A-2. Thei •ami Contact Resistance Data for Interface 
of UH and HOC Aluadiwa 

Tiae 
(**P») 

laaperatnre 
CO *°e/*l° (dag cs»* I T 1 ) (dag o r V 1 ) 

oagreeelve 
Stress W w n a i 
(p»i> 

1 42.25 1.20 3.92 3.87 296 R? n ig * strsaMS prior 
to tn is aaaniiaaawf • 

7 53.73 0.96 1.60 1.64 462 

8 50.59 0.84 1.41 1.42 544 

9-24 Stress raised to 
7100 pal and released. 

25 58.89 1.01 0.421 0.448 233? 

28 57.83 1.10 0.^59 0.590 164? 

29-41 Straaa raised to 

42 48.57 1.01 

49 51.23 0 99 

50 53.93 0.97 

52 57.73 0.34 

53-76 

77 58.38 1.03 

78 57. 53 1.15 

91 51.40 1.12 

92 61.95 1.19 

94 34.16 1.06 

6200 pal and released; 
•pee ls** saved s l ig l i t ly 
a l t a r a l l load 

5.02 

3.20 

2.64 

1.69 

0.739 

0.960 

2.65 

2.27 
2.10 

4.97 

3.23 

2.71 

1.78 

0.783 

1.011 

2.68 
2.46 
1.90 

296. 

462 

73* 
1335 

1489 
1100 

296 

296 

296 

Straaa raiaad to 
5700 pai and released. 
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Table A-3. *herml Contact tetistanet Data for Interface 
of UK and Copper 

Tim 
CO % ' • » ; 

? * « o r W * } 

r t-e 
<*« ex i T ; ) 

I ±:2i i . - **. *-/ ".*"« ;-•* 

/. * } . * • » . > ». »' »•?# 

i ' J . O ! . X ». 3* J.4* » « 
t 4 i . < * 1.02 • • w >» ? * . 

7 ••c.a '-. 45? 1 . ^ * I.*' -<» 

i L i * - 1 . * # . i : 'h>- ' 
» 48 . 4 i . * l ; . - * ?.^> vst 

1© A \ 8 £ 
. • * • i . * . ? . *« 4l*T 

14 44.1L 1.11 i . « * 4 .4# »»' 

U 4« .?r ' - .<* ; . a t J . " * <& 

14 *£.C5 1 .1 J * . * 2 *.*>2 r*> 
U ' A « > *% l.<~? 1.74 7?1 

2*. '•O.tfJ :. V 1.7C 1.70 u« 
2fr-3* 

H d r put M i r t k M i l 
•»7 '«. . '«* W 3 .4 *3 S.«14 12»* 

38 «/).«>7 i . o » l . l ^ l . X *-**• 

y» *«4.*.' l . * 7 A. 1*? S.<* 2 ^ 

42 *2.f* •V-o X 9 l * ».«A i ! 7 

43 4 1 . *•«• a . *» 1 .01 o.***» * 7 7 

A*. V7.1'* O.te-J 0.«^4 <X*13 I H 7 

4fc-4£ 
« G 0 ptt t * 8 r e l * * * * * . 

fc7 •O.Ctf r>.g*> o.r*. 0 . ^ 5 14*3 

70 f«0.27 1 . 1 ) G . % * 0.««4i 1034 

73 ^ » . 2 * M * 0.«oQ a. T O j 8*S 

74 *>«.«? 1.17 o . S l * C8£4, 

77 4*», * , 1 . 1 * 0 . ^ . ' $ . * ? 7 720 

75 •V3.Q4 1.20 1.34 1.37 *A# 

8S f i . l s ! . * > 2 .78 2 . 9 9 333 

86 50.3£ L i * 3 . 20 3 .21 2 * 

87 e i . A i 1.20 1.21 3.A7 r* 
88 W.-J8 i . l * J.44 5 .71 YX, 

<*l 34. U l . U 2 .73 2 . 4 7 «-«S« 

92 48.13 1.27 3.30 3 , 2 * 2%. 
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Table A-4. Itieraml Contact Resistance Dtta for Interface 
of UH and Annealed Type 302 Stainless Steel 

' «kyt 
T i f invert 

» . - > : ! 

'aw es ; / * ) 'a* « : v^ 
* :-A> - . » ; .«l> ' . i i «ox 

I • I - ' * .#*- :*.*«# • •* 

H A . -W • . • * - . # * . ;-. -»;? i * 
1< ' >. * > --. * 1 . >^ •Pit 

I" « * . *'- : . % > . # • : * . > *.*» 

2* A*, at : , * | \ r l " ~. *9r * 

r « l . > .fc : , < ! < O? * * 7 » 

>i " . »J - . « :. »l» :^v - l**?* 

V. * * . * • « . . # : 1. "* * * 
*(Wf. 12) 

k* # . 2 * ^ * > 1. * l i ^ 
12) 

A * u:. - ". «t i . r I'JfcC 
e f f t f . IX) 

* *' i r \ < : I . * i . ; t * 3 * 
*crif. l » 

Table A-5. Tteiml Contact Resistance Data for Interface 
of UN and V-15* Cr-5* Ti Alley 

C) 
I w 

(••t) 
44,. A* 1.0* 11. XI. ^ » * 

J <.#.«6 o.at \i.**t? ^.?«* *V55 
X *n. u 1.12 1.11 * ^ 1 
J* < « • j*rf ; .2o 1- .** U It 2 ^ 
43 *i.r? l . 00 1.52 i .11 ?«r? 
41 

a J-».*J 1.9! *-*> 

A3 j f . t s !,*> li.oe. 2% 

4? ^ . • v ; , *.2J U.Jfc 2% 

u. **.*7 1.22 10.?? 2% 

rtl»«rf to 
5J00 pti '*tf K l M M i 

<*00 psi M 4 r t l w m i 

•d ) 

« «• t « s * r « t w 
c ( N * U * t ) 

II v» t *e *n» or* 

' ( t t tmt) 
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Table A-6. Theraml Contact Resistance Data for Interface 
of UM and Half-Hard Type 302 Stainless Steel 

(*»•) f*ci c' e e e 
(dote.* ir») {**€•' ir1) (ni) 

1 9lr«M iv iMd t o 
9100 jMi and r t l M N d 

2 *2.3* o.m 0.620 0.8*1 rm 
3 72.44 l . U 7.91 9.30 29* 
J *2.f7 1.03 1.15 1.17 1792 
4 91.2* a n 0.167 0.87* 1291 

Table A-7. Theraal Contact Resistance Data for Interface 
of UH and Molybdenum 

(*«•) CO e e 
(etc « * W l ) (Sag •»*»-') (*•!) 

1-2 9traaa raltad to 
«600 pi and r*laa*ad. 

3 64.46 o.*9 0.997 0.6C* 3)60 
9 51-2? 1 . 1 * f .94 9.01 296 

10 VI. id. 1.07 1.61 1.69 1213 

n 9S.S0 o.*9 1.08. 1 12 1743 
12 60.49 o.a 0.ISA 0.920 223* 

Table A-8. Theraal Contact Resistance Data for Interface 
of UK and Full-Hard type 302 Stainless Steel 

{ * * • ) CO I * / * * 9 

(dag ea* I T 1 ) (< 

|1«-C i r t 

( f» i ) 

iK?*-** ralaad to 
3900 pci and i t l m t d . 

2 S3.79 l . U i . l i 1.16 1S<»8 
3 94.91 0.*2 1.01 l . U 2010 
4 70.40 o.» 6.<»9 8.09 296 
7 ^ . 7 * 1.17 1.76 1.81 1399 
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Table A-9. Thermal Contact Resistance Data for Interface 
of UN and UN 

Tiat 
CO c c W*1) («*« cm*\rl) 

CaHpreMive 
Street 
(p«i) 

1 50.62 1.07 31. 52 31.66 296 
2 50.99 1.06 31.43 31.63 296 
6 31. <>9 0.86 34.66 30.94 296 
7 50.02 1.03 26.86 26.86 296 
8 59.98 1.09 25.13 26.92 296 
9 59.99 1.05 24.77 26.52 296 

10 47.85 0.97 26,56 26.20 296 
13 AS, 29 0=99 25,50 25.21 296 
14 49.16 6.90 16.20 16.11 390 
15 5a 61 0.86 11.23 11.28 543 
i : 50.36 0.86 11.32 11.34 534 

Saaligncd t o s t coluan; 
rosoated spociaeat. 

l 45.33 1.11 32.57 31.59 296 
2 47.20 1.10 32.90 32.29 296 
6 51.91 0.86 9.73 9.84 565 
7 53.58 0.89 7.59 7.77 800 
8 55.56 0.P5 4.76 4.94 1217 
<* 57.91 0.17 2.94 3.10 1618 

12 58.85 0.83 2.36 2.51 2036 
13-22 8tr«tt rmiMd t o 

5300 p«i 
23 64.08 0.91 1.82 2.01 5192 

24-29 8tr«M la—rid t o 
2300 p t i 

30 59.34 0.84 1.78 1.90 2602 
33 58.64 0.88 2.04 2.17 2128 
34 57.57 0.95 2.44 2.57 1642 
36 56.49 1.01 3.31 3.46 1243 
37 55.06 1.09 4.15 4.29 1052 
38 53.62 1.15 5.17 ?.30 867 
41 51.76 1.20 7.46 7.^5 626 
42 50.50 1.10 13.84 13.88 402 
43 48.28 1.16 29.09 28.76 296 
44 62.16 1.18 a . 85 23.77 296 
«0 48.90 1.12 25.23 25.05 296 
49 47.7? i . 0 0 «7.95 27.54 296 

- * - . -xjt*Mi0*s 
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A Correlation for thermal Contact Coadoctance of 
moadaally-Flat Srrface* la • Vacuo* 

C. L. Tlaa1 

University of California 
Berkeley, California 96720 

A »aal~«apificai correlation for tha tharaal conductance of aoalna?ly-flat 
surfaces la a vacuum haa baaa proposed la taraa of Chraa dioeaeloaleae grouse, which 
characterise, respectively, rba tbaraal contact conductance, tha contact pressure, 
9v4 t*m surface irregularities. The proposed correlation i s shown to br supported 
quantitatively by previous aaalytlcal aad experimental lavastlgatioas. 

1. Introduction 

Ibe problcn of thermal contact conductance haa received considerable attention in recant years* 
aurrays of lite*«ture on the aubject can ha found in refereaeae [l t2 t3f«*^« In particu

lar, eig&ificar.t prograaa has bean ajada toward a quantitative analysis of thermal contact coaduetaace 
in a Tacuun wwliuuaant. lo t only la the study of theraml contact conductance In a vacuum cf grant 

la the thermal design of epaeecrafte, but also i t eenras as a logical starting point for tha 
Ls of tha sore complex problem involving interst i t ial fluids. Indeed, lamreealve analytical 

been laid down by Clausing and Chao l l , 5 l for eacroacoplc conatrlctlon realataaca due to 
surface vavlaeaa or flatness deviations, and by Yowaaovich and Paaaeh [6] aad NLkle aad aoheenov (7] 
for alcroccplc conatriction resistance due to aurfaea roughaesa of nominally-flat eurfacee. Secant 
analytical stt iaat« also considered tha combined effect of aurfaea roughness aad wariness upon tha 
ovarall tharaal contact realstaaee l7,8}< On the other band, a vast amount of experimental information 
haa become available la recent year a. while further aaalytlcal and experlsaOal works are needed, tha 
present state of kaovladge seams to have reached such a stag* that a workable engineering correlation 
could be constructed for tha tharaal contact conductance in a vacuum* 

Sat prveeat paper la to eetacllah a correlation for the tharaal contact conductance of nominally* 
f lat metallic aarfaees la a vacuum environment. Aeeordlagly tha effect of surface wavlness of flatness 
deviations l s neglected. Ibe correlation, which i j based oa aiaple diaaaaional consideration, coaslats 
of three aiamalonlaas groups characterizing reapectlvely tha tharaal contact conductance, tha contact 
preesure, and the surface lrregularltiea. I t la chows that tha proposed correlation la la quantitative 
agreement with previous analytical and experimental reaults. 

2 . Ueeneloaal Qonal deration 

Consider two slailav aatals of coolnally-flat, rough aurfacea la contact in a vacvua. Per dies la l -
lar aatalf, i t i s cuatoaary to proceed as la the ease of alallar metals except for tha replacaajaat of the 
a e t a 1 1 < : physical property by the harmonic aaaa of these of the dissimilar aetele. I t l s possible, 
however, to hare other complications such aa directional effects (9) la tha case of dlsalallar metals. 
for tola reason, dlacuaalona la the preeent paper wil l be raatrlctad to the ease of similar aatalc. 
Iha rough surfaces uadar soaslderatloa are nominally-flat so that there "xlste no large-scale wavtae?-

^ a o c l a t e Professor of Nachaalcal Engl near las 
f igure* in brackets indicate tha literature references at tha aad of this paper. 

755 
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or flatatM orrtatlono. *irtaor»oro, tao owfaea lrrogHlorltloo aro oaoaaat to bo otatlotlcally 
and of aauaoloa typo (10,11). lalo to a i « • Mtuajlion for aoot oaalyont lavotolat roapa part 
*» atceribo wt i a raw* surfaco rooairoo only two atotlotloal paroaotoro, l .o . , tao ran rowabnooo • 
a ^ \ a f a u L J o W l a o T l a ^ n . * too two caaroetnrlottc laagtM aro rolatot to tat » alopo a ay 
tat following relation (UJ: 

3t* • t V (1 

anon two iL i i l iL ln l l j Uiltmwltnt rown* eurfacoo aro put ta contact, too two oaoraetorlotlc loagtat 
doflaoi by 17): 

9* • o , 2 • o,» (») 

* ( • , * * •,*> - •*!•!» • •,»} (J) 

n onoula bo aotoi that, whoa o t • <i, oat a, - o^, o • / T o j • 4 T o, oat a • ^ T i , • ^ " " a , , bo* a t lU 
aoa • a V . 

to porfom a ntaonolnatl malynlt ay aat of tao Pi taooran 111), i t roanlrao ?4rot tao iaontlfl 
tloa of prlaaiy pnyalcal pnraaotoro la tao pbynleal problna i t U antwrnl to bavo taoronl TTttort 

•wo a ant ilmaal contaetlvlty 1 ao two of tao prlaory poroaotoro. fna two onorntttrlotlc 
o aat a for ooataet onrfaeo Irrtgalarltloo oaot aloo ao tatlntoo. Si natulan, tao 

practical intoroot, i t bat bona anoan K ) tant tao atfttrantlon U la tao plaotlo roar* —* 
toriotie notarial property I t tao alnr natron n I , anion aay ao muwoaloallj ronrooaatot by 
tao toaollo yiolA strooo, ! • • . , • • JF^« 

<&) • a (t)* (|> ik) 

tat umanoato a, c, oat 4 art to at 
(X), tao atom ooavtion amy bo Marraanot ae 

<£> - ftf* (|) 4 (5) 
Moot, aa oaaatloa of tola typo ait booa nntolatt by MfeU oM Mbaaaow l?J tarooab tanlr 
aaalyoU of tao anyaioal probloa. ffJbHv rolotloa %l*w t • 0.», g • I, aat a • W W . I t antont W 

aapliootiono, tao'valUlty of tao mlaftlon (%) or (5) . aat tfeo volant of tto 
by tat «aot aaoaat of onporloantol onto otollnblo la tar 111 

)• Oorrolatlon of onpiitaniml Data 

on** oo aot tnatola onfrloioat loJonaaUoa to oonclaalvoly otttraJat tot 
riatloa. la anrUoalar, aaacpt for tao work of lb? * * • # , laforoatloa ra in m a t • • * a 

i» totally atatlai. rnrtaornoro, a l l omotla* on • m m mi of t oaf. a art of iowbtfal aoftwo, tlaro 
*aty aro baoat oa profUanotor rooalano. Baaaott aat Nrtowo (111 novo aat only i i a i r t t u i i woo o»ft* 
eloney la oaoa raatUco, aat alio iml iayi i ox Ubjtaloao aptloal attaat M r tao • m w n i M i of • aM 
a> mo look of laforaatloa oa o aat m, aoaiwtr, aaoo aot protoat a 
rolatloaoblp botaaaa (a oA) oat (F / l ) . aaaaarlaal la foalo 1 sco 
^^baaaa f t l aMbaaa>aaa«* oa«a«aame_ava>â 0kAA l a t a J u « * * . , * a ^ - . * 
••aarJoTloamV VHoavoaoTv VvaaaKav^oBBBV VHPtojt avDa* aTosaTAflaaJ^ASr̂ oJoKlaVoTk asaVflLaVvaV t t t A\ %J 

^ • ^ H ^ L J ^ J f ? * " T J r ' a * " ! " U troator taoa oat taata of 0*Tt#toTriiiatao o t ^ o t i i r ^ 
1SZ U - ! 1 ^ ! 20* •?* * * **"* • » * " • (•»«»** »3U»ya3 • talaa ftla») art UaUoloft. tetaal 
iota potato fraa tartow loyootlgatloao aro aaam »̂ ftowvo 1 aat 9 U torao of (at / i ) aat (rA}> 

Xa viov of «ot wiot raaat of ooatUloco (prooowro, toaparatwro, oorfaro oat aatorial) «Mar 
oata wort oataiaat by varioao lovootl^atort, figaroo 1 oat t latloa&t oalto oaaviatlaaly/lf atit 
oloa&woly, taat a povor rolatloa aooTwTot a T ^ ^ MOUOKO oaito oawnatiafiy. »r » M 

<^> • (J)* (a) 
aabt. ilSfUSTS^!:199 m^orrlatio, , * awjaiiaaalol oata froa C«> at loo walwto of it/t) pro
bably rtoult froa tao aarlaooo offoot* waloit aoooaao ooataaat at low i to i in proataroo. lav t l i j a t 

? U 
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varlatlo. of data trend a i l w e m M of (P/H) In ao« series of data (notably, « A and FA) could be 
dueto "chea* of deforantion characteristic fro. plastic to elastic range [61. 

V M . t**ir analysis I?] . Okie and F**aenowbeve obtained g - i in (>)• Ibis power dependence on 
« . . E s f t s ^ S e d i n good apeeaeut with their eaperiaental date. This functional for. -ay also be 
chacaaTaiilltallTiTr free the data presented in figures 1 and 2. Assuniag g « 1 and d « O . o ^ i t 
foUowa JatTaU iniestigetions e*eept fOr CC. hart aurface. with a « e slope a in the «nge fro . 0.01 
t o o ! S » i n \ e r a T o f T L l e , fro. 1/2 to 10*degreee. Ibis seens to agree qualitatively with other 
a w ^ ' e n « e t e ^ t i o n 7 t u d i « s (19)- * • ™*m of • for CCA data i s extreaely . . a l l (• « 0.0001), 
and tela could be caused by an error in their estiaate of o . 

With elven values of g and d, the cprrelsttou can now be established fro . the experimental infor-
m t i < m . fi i , thus proposed the following correlation for the themnl contact conductance of noninally-
flat aetallic surface in a vacuum 

(*£) - o.55 - (J) (?) 
m> above correlation differs slightly fro. the analytical result of mklc and Roheenov [7 ] , but appears 
to fee i s better aareeaent with existing experiaental inforaation. 
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Figure 1. Therwal contact conductance for 
nominally-flat surfaces in a vacuuu 
(data group 1). 
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Figure 2 . Tbernel contact conductance for 
aondaaUy-flat surfaces In a vacuo* 
(data group 2 ) . 
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