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SUMMARY 

An ex-reactor study of the thermal gap conductance between Uranium Dioxide 
(U02) and Zircaloy-4 (Zr4) was performed under varying conditions of gas 
pressure (0.1 to 7 MPa); temperature (283 to 673 K); gas composition (He (100); 
Ar (100); He:Ar (51.79:48.21); and He:Xe (89.4:10.6)); and, average mean-plane 
separation distance Dmp = 5.9 ~m (light contact); and, Dmp = 23.1 ~m). 

In this report a description of the high pressure autoclave, specimen 
holder and associated apparatus is given together with experimental results. 
In conjunction with the experimental apparatus an assessment of determinant and 
indeterminant errors is made. Although the determinant 3a uncertainty in the 

measured gap conductance, Hg, is the same as reported in a previous topical 
report (PNL-2696, NUREG/CR-0330; April 1979), the 3a uncertainty associated 
with reproducibility of measurement was determined to be greater than 12% 
especially at high gas pressures and temperatures. As a result, the 3a uncer
tainty in the reproducibility of measurement was selected as being most repre
sentative of the overall experimental error and is calculated for each datum 
in this study. 

The Hg results are found to depend on gas pressure, temperature, average 
mean-plane separation distance, and gas composition. The following general 
features were observed: 

• 

• 

• 

Hg decreases with increasing xenon or argon gas concentration at any 
given temperature and gas pressure. 

The gap conductance initially increases very rapidly with increasing gas 
pressure (i.e. gas density) over the range between 0.103 and 1 MPa. The 
rate of increase in Hg with gas pressure over this range decreases with 
additions of xenon or argon gas or increasing gap separation for a helium 
atmosphere. For all atmospheres and gap SP.parations studied, the rate of 
increase in Hg with gas pressure over the same range increases with 
increasing temperature. 

Hg exhibits a pronounced hump at gas pressures between 0.1 and 2 MPa for 

the helium and helium-xenon atmospheres. The hump is most pronounced for 
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helium at Dmp = 5.9 ~m at higher temperatures and progressively diminishes 
with decreasing temperature and/or argon addition. No hump is observed at 
elevated temperature (473K) or with increased argon content (both 48.21% 
or 100%). The unusual behavior of H with pressure is similar to reported g 
behavior of the thermal conductivity of helium with gas pressure. Discus-
sion of a mechanism to account for the observed behavior based on the 
nature of velocity, time, and space of the gas molecules is given. 

At higher gas pressures between 1 and 7 MPa, Hg decreases with increasing 
gas pressure for both the helium and He:Xe(89.6:10.4) atmospheres at all 
temperatures. With the addition of Argon gas, however, H exhibits no 

g 
dependence on gas pressure for the He:Ar(51.79:48.21) gas composition. 
However, a linear increase with increasing gas pressure for the argon 
(100%) atmosphere is observed and is in accordance with reported increases 
in the thermal conductivity of Argon between 1 and 7 MPa. 

In this report the predicted gap conductance based on the 11 ideal 11 expres
sion Hg = Kgas/(d + g1 + g2) and assuming Dmp = d and g1 = g2, is compared to 
the Hg results and found not to be in agreement. Use of the ideal gap conduc
tance expression under these conditions is seen to under-estimate the value of 
H results. A discussion of possible reasons for the differences between the 

g 
observed and predicted behavior is made. In addition to experimental errors 
resulting from gaseous convection, a detailed examination of the ideal gap con
ductance expression reveals that the basic assumptions (upon which the ideal 
gap conductance expression is derived) are not valid for real surfaces in close 
proximity and/or contact. It appears plausible that the mechanism of heat 
transfer across an interface depends on the relative magnitudes of local areas 
where free molecular, transition, and continuum conductance occurs. If free 
molecular/transition conditions dominate then enhanced conductance can result 
from a reduction in the number of molecular encounters between molecules. If 
continuum conditions dominate then the general features of the gap conductance 
can be described by the ideal gap conductance expression. 
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Based on the results of the study recommendations are made where future 
research should be directed to elucidate the mechanism(s) of gaseous heat 
transfer between the fuel:clad interface . The need for additional gap con
ductance data at high gas pressures and reduction of the scatter in results 
are considered necessary to understand and ultimately develop models for the 
mechanism(s) of gap conductance between real surfaces . 
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LIST OF ACRONYMS AND NOMENCLATURE 

Accommodation coefficjint 
as defined by Knudsent 2) 

Specific heat at constant pressure 
(J/mole - K) 

Specific heat at constant volume 
(J/mole - K) 

Center-line average roughness for 
DU02 and Zr4, respectively (m) 

Ideal surface separation distance for 
perfectly smooth and flat surfaces 
(m) 

AveragP. mean-plane separation 
distance [arithmetic average of all 
(Dmp)i] 

Depleted Uranium Dioxide 

Mole fraction of gas species "i" in a 
gas mixture 

Temperature jump distance at the 
DU02 and Zr4 surfaces, respectively 
(m) 

Gas composition 

Fluid (gas) pressure (Pascals) 

Gap conductance in the free-molecular 
flow regime (W/m2-K) 

Gap conductance (W/m2-K) 

Total conductance across an interface 
(W/m2-K) 

Total gas conductance in t~e 
transition regime 

Interfacial surface morphology 

Thermal conductivity of DU02 and 
Zr4, respectively 
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Kgas Thermal conductivity of a gas (W/m-K) 

KN Knudsen number 

Mi Molecular weight of atomic species 
11 i 11 (Kg/mole) 

MPD Modified Pulse Design 

T 

Tgas 

T1,2 

TJD 

Zr4 

6T 

lJJR 

Temperature (K) 

Gas temperature (K) 

DU02 and Zr4 surface temperatures 
(K) 

Temperature Jump Distance 

Zircaloy-4 

Thermal diffusivity of DU02 and 
Zr4, respectively (mZ/sec) 

Temperature difference across an 
interface (K) 

Ratio of specific heats, Cp/Cv 

Local distance from optical gage 
probe tip to the surface mean-plane 
on the DU02 and Zr4 respectively 
(m) 

Arithmetic average of all 
(Yl,2);, values (m) 

Mean free path of a gas molecule (m) 

Tabulated shape factor depending on 
r1/r2 where rt and r2 are the 
surface roughness of the uranium 
dioxide and zircaloy-4 respectively 

Total fractional uncertainty in the 
average mean-plane separation 
distance = 1/JR +"'PEOF 

Fractional uncertainty in the average 
mean-plane separation distance due to 
the surface roughness 
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Thickness of the DU02 and 
zircaloy-4 specimens respectively (m) 

Fractional uncertainty in the average 
mean-plane separation distance due to 
the surface error-of-form 

Mean energy of a molecular stream 
incident on a surface 
(joule/molecule) 

Mean energy of a molecular stream 
reflected from a surface 
(joule/molecule) 

Mean energy of molecules within a 
reflected stream that had reached 
thermal equilibrium with the wall 
(joule/molecule) 
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1.0 INTRODUCTION 

The previous topical report( 1) involved an ex-reactor study of the 
effects of temperature (T), gas composition (GC), interfacial surface morphol
ogy (ISM), and mean-plane of separation distance (Dmp) on the thermal gap 
and contact conductance between depleted uranium dioxide (DU02) and 

Zircaloy-4 (Zr4). 

• A detailed description of two developed measurement techniques [the Mod-
ified Pulse Design (MPD), a transient technique, and the Modified Longitudinal 
Design (MLD), a steady-state technique] was given along with information 
related to sample preparation, thermal property determination, surface charac
terization and determination of D . Review of previous in-reactor and mp 
ex-reactor gap conductance experimentation was made and a discussion presented 
covering heat transfer formulations, gap geometry, and selected calculational 
models for estimating the gap (H ) and solid:solid contact (H ) conductance 

g c 
contributions to the total heat transfer between the fuel:clad surfaces. In 
reference to the thermal gap conductance between DU02 and Zr4, the report( 1) 
concluded that: 1) Hg exhibits a dependence on T, GC, ISM, and Dmp; 2) the 
observed two-factor interactions between D -T, D -GC, D -ISM, T-GC, mp mp mp 
and T-ISM demonstrate that the gap conductance is not uniquely related to the 
physical separation distance when the total fractional uncertainty in D is mp 
greater than 0.1. Stated differently, the same value of .. gap conductance .. can 

result at various gap distances by virture of differences in surface roughness 
and/or error of form alone; and, 3) allowance for the imperfect thermal accom
modation between gap molecules and surfaces must be made. The latter point is 
significant in that in-pile experimentation has shown fuel relocation to be an 
operative mechanism within the fuel rod, (2-4) indicating that a smaller 
fuel:clad gap may be present. This conclusion places greater importance in 
accounting for the imperfect exchange between gas molecules and surfaces, i.e., 
the accommodation coefficient. 

Tile 11 ideal 11 gap conductance expression is given by 

( 1) 



where d = the ideal surface separation distance for perfectly smooth and 
flat surfaces (m); 

kgas = thermal conductivity of the fill gas (W/m-K); and 

g1 and g2 = temperature jump distances at the ouo2 and Zr4 surfaces, 
respectively, 

This expression assumes that Dmp = d and g1 = g2 for various definitions 
of the separation distance between two surfaces and temperature jump distance 
models (e.g., Kennard, (5) Lloyd, (6) and GAPCON THERMAL II and III(?,8)). 

Comparison of predicted and experimental Hg results showed that an under
estimated value for H would result if the GAPCON THERMAL III fuel perform
ance code(8) algorith~s for computing the gas conductivity and temperature 
jump distances were used. 

Equation (1)(a) was compared to the free molecular flow gap conductance 
expression (valid as d approaches zero). 

Hg = HFM = GP 
4 

(2R)
1
12 ( Y+ 1) 1 ( 

7T Y-1 -:vr 2 a a) (2) 

where GP = pressure (Pa) 
R = gas constant (8.31 J/mole - K) 
y = ratio of specific heats, CP/Cv 
T = temperature (K) 

a = accommodation coefficient 

Any inconsistencies in the manner of convergence appeared to be masked by 
surface roughness effects at values of Dmp less than 25 ~m (1 mil) at least 
within the determinant 3a uncertainties of Hg and Dmp· 

The objective of this study was to extend Hg measurements to gas pres
sures above atmospheric to obtain information on the effects of temperature, 
gap separation, and gas composition on Hg at varying gas pressures. In 

(a) Using the Kennard model(5) for describing the temperature jump distance. 
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addition to the need for accurate high pressure data, the determination of the 
sensitivity of H to changes in these variables would allow for further 
refinement of ox{de fuel performance codes such as GAPCON-THERMAL, (?,B) 
COMETHE, (g) FRAPCON, (10) and IAMBUS. (11 ) 
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2.0 PERSPECTIVE ON MODELING GAP CONDUCTANCE 

The process of heat transfer via conduction through a gas interface can 
be viewed from two different perspectives. From a macroscopic viewpoint heat 
is transferred from a region of higher temperature to a region of lower 
temperature in a medium (i.e., a gas) . From a microscopic viewpoint, the 
process of heat transfer can be viewed as occurring through exchange of 
kinetic energy between molecules. The contrast bet\'1een the macroscopic and 
microscopic viewpoints is reflected in the approach applied to modeling of a 
particular heat transfer problem. 

2.1 CONTINUUM 

The basic assumption in this method of modeling is that the medium 
through which heat is transferred is a continuum. This means that the mean 
free path, A, of the gas molecules is considered to be small in relation to 
all other dimensions existing in the medium such that a statistical average is 
possible, i.e., collisions between molecules in free space will be distributed 
in an irregular manner but over a sufficient period of time to include a larg€ 
number of molecular encounters so that on the average a definite number of 
collisions will occur each second. 

Gap conductance models used in various fuel performance codes(7-11 ) are 
based on the assumption that a continuum is always present in the fuel:clad 
gap, i.e., Fourier's law of heat conduction is valid. The concept of the tem
perature jump distance (TJD) has been developed(a) to account for the effects 

of imperfect energy transfer between gas molecules and the fuel and cladding 

surfaces, which become significant during fuel:clad gap closure. The TJD 
models can be summarized in the following generalized format: 

where = 1, 2 standing for the fuel and clad, respectively 
C = constant 

·(a) As tr~ated by Knudsen( 12) and subsequently defined by Kennard(S), 
Lloyd{6), and more recently Loyalkal13). 
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F = function of the thermal accommodation coefficient a;; mole 
fraction, f;; and molecular weight, M; of gas species i 
(kg/mole) 

GP = gas pressure (Pa) 
Tgas = mean gap temperature (T1 + T2)!2 (K) 
Kgas = thermal conductivity of the gas mixture (W/m-K). 

Table 1 lists the constant C and the function F for the theoretical models 
of Lloyd, Kennard, and Loyalka. In addition, the expression used in the 
GAPCON-THERMAL II fuel performance code is also listed. The latter uses the 
Lloyd model which has been modified by an empirical correction factor. 

Model 

Lloyd 

Kennard 

Loyalka 

GAPCON
THERMAL 11 

TABLE 1. Equations for Temperature Jump Distance 

Constant 
c 

0.2171 

0.2174 

0.2174 

1.8 ·Lloyd 

Function F 
For Mixed Gases 

1 
[ a.f./.IM. 1 1 V I'll 

(2-ami~ v 1 
a . E f .fM. 

m1x 1 1 

Kennard (1+0.1o2am;x) 

Lloyd 

The Function F 
For Pure Gases 

Jm!a 

Kennard (1+0.162a) 

Lloyd 

The models differ from each other in two aspects: first, in the manner 
in which they consider mixed gases; and, secondly, in the way the accommodation 
coefficient enters the expression. Thus, the value of Hg computed on the 
basis of Equation 1 will depend on the TJD model and the particular expressions 
employed for Kgas and a. It was emphasized previously( 1) that Equation 1 
is only appropriate under conditions where the correct TJD model is known and 
the Knudsen number (KN) as defined by 

(4) 
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is <0.01, and; the fractional uncertainty in the computed gap distances, (l), 
~' is <<0 . 1. The factor ~ arises due to the surface roughness and/or error of 
form associated with the surface and is defined as 

8•CLA1 + 8· CLA2 
Dmp 

(5) 

(where a is a constant having a value of 5 for a "uniformly random" surface( 1S) 
and CLA is the respective center line average surface roughness values). 

Clearly, when conditions within the fuel:clad gap are such that KN >0 .01 
and ~ ~0.1 or both, the medium within the gap (i.e gas) can no longer sustain 

a temperature gradient. Thus the basic assumption of a continuum being 
present within the fuel:clad gap is no longer valid and extrapolations based 
on Equation 1 become questionable . For example, it has been demonstrated(!) 

that use of Equation 1 (with the restrictive assumptions that Dmp = d, and 
g1 = g2) under conditions where KN ~0.01 and ~ ~0 . 1 leads to an under
estimated value for Hg when compared to the experimental results of that 
study. 

2.2 MOLECULAR 

In contrast to the continuum perspective, the microscopic viewpoint 
requires that consideration be given to the behavior of molecules on an atom
istic scale. Solving the many bodied system in both time and space involves 
dealing with mathematical difficulties , as well as the intermolecular forces 
between molecules and solid surface atoms . 

From the perspective of two real surfaces in close proximity, i . e., where 
the free path of the molecules are on the same dimensional scale as the dis
tance of separation between the solid surfaces, both the spatially distributed 
molecular structure, as well as the kinetic energy exchange between solid 
surface atoms and molecules, will determine the transfer of energy (i.e. gap 
conductance) between the solid surfaces . Under these conditions the free path 
lengths of individual molecules are bounded in the lower limit by the normal 
spatial distance between solid surface atoms and in the upper limit by virtue 

7 



of the proximity of the solid surfaces. Likewise collisions between molecules 
in free space regions will be distributed in an irregular manner but over a 
sufficient period of time include a large number of molecular encounters so 
that on the average a definite number of collisions will occur each second 
i.e., classical gas theory. Thus, it is plausible that when two solid 

surfaces are in close proximity the interface can consist of localized areas 
where free molecular, transition, and continuum conditions will be present 
simultaneously within the interface. 

Given a local area at the interface where a large fraction of molecules 
can encounter solid atoms at opposite surfaces numerous times before 
encounting another gas molecule, the tran~fer of energy will be dominated by 
the energy exchange between gas molecules and surface atoms alone. The 
free-molecular conductance under these conditions does not have the same 
meaning as described by Equation 2 insofar as the physical meaning of the 
accommodation coefficient is not the same as defined by Knudsen( 12 ) nor as 
applied by Kennard(S) and Lloyd( 6) in their development of the theory of 

the temperature jump distance(i.e., as regards convergence of the ideal gap 
conductance expre5sion in the limit as d ~ 0 to a free molecular expression 

for gap conductance). 

As defined by Knudsen, the accommodation coefficient is 

where 0 ~ a $ 1 

where a1 = mean energy of the incident molecules 
aR = mean energy of the reflected molecule~ 
aw = mean energy of the reflected molecules if they were to reach 

thermal equilibrium with the wall. 

It is assumed that the incident molecules arrive from a source (i.e., 
gaseous medium) which is a continuum. (14 ) Clearly, in local areas of the 

interface where free-molecular conditions exist, this assumption is not 
valid. Examination of this point has been made by others( 19-20 ) where, 
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in particular, {20) it was shown that the translational accommodation 
coefficient, as defined by Equation 6, was found to be outside the interval 
0-1 for helium, nitrogen, and hydrogen gases on test surfaces of tungsten, 
platinum, and aluminum. Measurements of accommodation coefficients greater 
than 1 have also been recently reported( 2l) for Zircaloy-2 test surfaces. 

When the free path length of a molecule is of the same order as the 
distance between surfaces, a coupling will exist between the incident and 
reflected energy of the molecule between surfaces. Although the nature of the 
accommodation coefficient via freely translating molecules under these condi
tions is not presently know~, some insight into the behavior of the gap 
conductance can be gained by examining the velocity behavior of a molecule in 

time and space. 

The time required for a molecule to complete a round trip between two 

surfaces depends upon its velocity and total distance of travel. Assuming a 
constant velocity, the round trip time will be reduced in direct proportion to 
a reduction in the distance traveled. Thus, a molecule traveling at a 
constant velocity is capable of transmitting a greater amount of energy per 

unit time across small distances than across large distances. 

Given initially free molecular conditions within a local area at an inter
face, where the distance between surfaces is fixed and a temperature difference 

between surfaces is present, an increase in the number of molecules {i.e., gas 
density) will cause a proportional increase in the energy transmitted per unit 
time provided that the molecules do not encounter one another during the round 

trip between surfaces. With continued increases in the gas density, the number 
of molecular encounters will increase resulting in an increase in the round 
trip distance traveled by the molecules and subsequently may result in a 
decrease in the energy transported per unit time. A continued decrease in the 
energy transmitted per unit time will occur until a gas density is achieved 
whereby a sufficient number of molecular encounters results in the establish
ment of a continuum within the local area. The nature of the continuum resides 
in the directional velocities of molecules in space as a result of the differ
ent temperature regions which originate from the temperature differences 
between the surfaces. 

9 



Given two surfaces in close proximity the behavior of the gap conductance 
will, with increasing gas density depend upon whether free molecular, 
transition, or continuum conditions exist. If free molecular conditions 
dominate then the manner in which the conductance behaves as a function of 
increasing gas density will depend on the nature and behavior of the 
••coupling" between surfaces via freely translating molecules. If continuum 
conditions dominate then the behavior of the conductance would be as described 
in the previous section. 
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3.0 EXPERIMENTAL EQUIPMENT AND PROCEDURES 

3.1 GENERAL FEATURES 

The MPD technique is a modification of the classical heat pulse (flash) 
method commonly used to determine the thermal diffusivity and conductivity of 
materials. (22 ) In the MPD technique, a laser is used to supply a heat pulse 
to the front face of a DU02-Zr4 sample pair which is in light contact or 
separated by a gap. The subsequent temperature rise on the back face of the 
Zr4 sample is then monitored by an intrinsic fast response thermocouple. From 
this transient temperature and knowledge of the thermal properties of the 
respective specimens, the thermal gap conductance can be determined as a func
tion of such variables as temperature, mean-plane gap width, gas composition, 
and gas pressure. For this study an autoclave was designed and constructed to 
accommodate gas pressures up to 14 MPa in order to investigate the effects of 
high gas pressures on Hg. 

The high pressure MPD experimental test apparatus is shown schematically 
in Figure 1. The sample pair is illuminated on the front face of the DU02 
sample with a laser pulse (30 joule maximum output; 800 ~sec pulse duration); 
and, the resultant temperature transient on the back surface of the Zr4 speci
men monitored by a 25.4 ~m diameter Chromel-Constantan (type E) intrinsic 
thermocouple spot welded near the center of the disc. 

The resulting emf output of the thermocouple is amplified by a differen
tial de pre-amplifier (gain~3050) and recorded using a transient waveform 
recorder. The transient temperature curve is then displayed on an oscilloscope 
for visual inspection prior to transmission of the digitized wave form to a 
computing system for storage and analysis. 

The MPD high pressure apparatus allows for the use of assorted gases at 
various pressures from atmospheric to 14 MPa. In addition, the system also 
provides for evacuation of the test chamber for gaseous backfilling operations 
and for the removal of residual oxygen from the gas supply. The gases used in 
this study consisted of helium(100), He:Ar (51.79:48.21), argon (100), and 
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FIGURE 1. Schematic of MPD High Pressure Apparatus 

He:Xe (89 .4:10 .6) . The gases were premixed and analyzed as to composition and 
purity. A list of the gas compositions and purity analyses used in the MPD 
measurements can be found in Table 2. Due to the affinity of Zircaloy for 
oxygen at elevated temperatures, care was taken to assure removal of residual 
oxygen from the gas . An oxygen-free atmosphere was continually maintained by 
passing the gas through a zirconium gettering system before recirculating the 
gas by means of a high pressure diaphram-type pump. F~rther gettering was 
obtained within the specimen chamber by the placement of sacrificial zirconium 
sheets in proximity to the specimens and specimen holder. The gas pressure 
within the enclosure vessel was measured using a test gage accurate to 0. 5%. 

As illustrated in 
ouo2 and Zr4 specimens 
outer Zr4 support ring . 

Figure 2, a fixed gap width was maintained between the 
by three stainless steel spacers spot welded to the 

A notched groove machined in the periphery of the Zr4 
specimen was employed to minimize thermal shunting through the spacers during 
the measurement period following the absorption of the laser pulse on the 
front surface of the ouo2. 
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TABLE 2. Compositions and Impurity Analysis for Gases 
Used in MPO Experiments 

Purity 
Gas Composition Analysis Grade (min) Impurity Content 

Helium (100) 99.99 min 

Argon (100) 99.999 
99.999 

He:Ar 51.79 
48.21 

51 . 79% He 
Balance Ar 

He :Xe 89.4 10 . 2% Xe 
10.6 Balance He 

11.0% Xe 
B-3lance He 

ALUMEL 

Ultrapure 

Ultrapure 
02 -free grade 

Ultrapure 
Ultrapure 

Research Grade 
Ultrapure 

Research Grade 
Ultrapure 

TYPE [ 
0.0025 em 

CHRQ'.IEL 

99.999 

99.999 
99.999 

99.999 
99.999 

99.995 
99.999 

99.995 
99 . 999 

1 ppm 02 
0.5 ppm 02 

Alz03 
ALIGNMENT PIN 

FIGURE 2. Schematic of Modified MPO Sample Holder Assembly 
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Heat losses to the specimen holder during the passage of the transient 
heat pulse were minimized by supporting the DU02 and Zr4 samples at the 
respective front and back faces by three equally spaced alumina pins. Heat 
losses occurring as the result of gaseous convection at the DU02 and Zr4 
surfaces were minimized by placement of a window (yttrium-aluminum garnet) 
adjacent to the front surface of the Duo2 and by packing the free space 
immediately adjacent to the back surface of the Zr4 sample with quartz wool . 
A multizone furnace w~s used to control the temperature profile across the 
sample holder to minimize temperature gradients within the confines of the 
sample holder volume. 

The ambient temperature of the specimen pair was determined by use of a 
127 ~m diameter, chromel-alumel (type K) thermocouple spot welded on the 
perimeter of the Zr4 sample. 

3. 2 DETERMINATE/INDETERMINATE ERRORS 

The errors involved in the measurement of Hg using the MPD technique 
can be divided into determinate and indeterminate errors. Determinate errors 
are associated with the measurement of quantities used in calculating a 
particular property. These errors can be determined by the inaccuracies 

associated with instruments used to measure and reproduce the quantities. The 
various determinate errors associated with the measurement of H were 
determined previously(!) and are listed for convenience in Tabl~ 3. The 

largest source of determinate error occurs as a result of the 3o uncertainty 
in the thermal property values of the DU02 and in the value of Dmp · 

Indeterminate errors arise from a system variation with assumed boundary 
conditions and from other sources that are often difficult to recognize and 
eliminate. An assessment of indeterminate errors involved in this study is 
given in Table 4. 

Thermal shunting through the gap spacers was minimized by using spacers 

of small dimensions (~1/2 mm square) and by grooving and notching the Zr4 
specimen to provide a barrier to radial heat flow. In addition, the spacers 
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Determinate Error 

T 

Temperature-Time 
Waveform 

Dmp 

TABLE 3. Determinate Errors in MPD Experiment 

% Uncertainty, 
+30 

2 

4 

12 

5 

0.5 

0.6 

7-144 

Comments 

Dependent on error of form. 
Corrected for thermal expansion 
effects. 

Measured quantities or generated 
from Cp and thermal diffusivity 
data. 

Measured results on four samples. 

Measured. 

Calibrated type K thermocouples. 

Transient waveform recorder used in 
recording and computer analysis of 
waveform. 

Dependent on uncertainties in~~values, 
and magnitude of Dmp· 

were placed in positions relative to the grooves that would maximize the 
thermal path length from the spacer to the fast response thermocouple. Heat 

losses to the sample holder were minimized by utilizing line contact supports 
on A1 203 pins. The effectiveness of these measures was demonstrated by 

the absence of any significant thermocouple output over a 10 second interval 
when a sample pair separated by a gap was pulsed under vacuum (2.67Pa) 
conditions. 

The previous study(!) concluded that thermal shunting through the 
spacers, heat losses to the sample holder, and laser-induced thermal buckling 
of the DU02 specimen were potentially the largest source of indeterminant 
uncertainty in the experiment. The high pressures encountered in the present 
study made gaseous convection the area of major concern. 
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TABLE 4. Indeterminate Errors in MPD Experiment 

Indeterminate Error Comments 

Gaseous convection Minimized by reduction of temperature gradient 
within sample holder; shield DU02 and Zr4 
specimens from convection currents. (i.e. 

Radial heat losses occurring 
during measuring period. 

Thermal shunting by spacers 
and heat losses to specimen 
holder. 

Sample deflection occurring as 
result of absorbed laser heat 
pulse on front sample. 

Extraneous radiation. 

True interface boundary 

use of optical window (YAG) in front of 
DU02 specimen, Figure 2). 

Depending on sample thickness and gap separa
tion; minimized by reducing specimen thick
ness and maximizing specimen diameters. 

Minimized by groove and notching of Zircaloy 
sample. Also, each sample is supported on 
Al203 pins. 

The effect on Hg was found to be negligible. 

Reduced by radiation shielding. 

Dependent on sample surface deviation from 
averaged interfacial planes of separation. 

The effects of gaseous convection were minimized by using a multi-zone 
furnace and modifying of the sample holder assembly. An assessment of the 
effectiveness of these design features was made on the basis of the following 

system performance observations: 

• Of concern was the effect that convection currents about the DU02 and 
Zr4 specimens may have on the temperature-time history curve, occurring 
solely from the degree to which specimen temperatures departed from the 
sample holder temperature. An experiment was performed where Hg was 
determined as a function of the maximum temperature rise on the back 
surface of the Zr4 specimen (obtained via variation in laser intensity 
level) at various gas pressures covering the range examined in this 

study. Figure 3 shows that Hg is independent of the laser intensity 
within the +12% determinant error of experiment. 

• The effects of convection current at high temperatures and gas pressures 

was assessed by monitoring of the base-line temperature at the back 

16 



1.4 

l.Z 

1.0 

y 
~ 
>< 0.8 
"" . 

N 
E 

'! 0.6 

0.1 

0.2 

0 

:3.0MPa ! HEliUM 8.0MPa t 
HELIUM 

--- ~ -o tl~ - 1-o---a--~ 

I -o--o 0 "HEll UM 
HELIUM I 7.0MPa 

0.102 MPa I 
I 
I 
I 
I 
I 

U()z-40 : Zr4-2S 

ISM II 

TEMPERATURE • 283 K 

3<T Hg ·+I~ 

!-TYPICAL TEMPERATURE Rl SE -1.5 K 

ARGON 
0--------<:>-----t-----------o 0.102 MPa 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

TEMPERATURE Rl SE ON BACK OF Zr4 SPECIMEN IKI 

FIGURE 3. Hg Versus Maximum Zr4 Specim~n TempPrature Ris~ 
(l.e. laser Intensity) and Gas Pressure 

surface of the Zr4 sample prior to each measurement. A typical example 
of convection current noise at 693 K in an atmosphere of helium at 
5.~ MPa is shown in Figure 4 where base line temperature fluctuations at 
the back surface of the Zr4 sample are plotted versus time. The total 
time for firing the laser and capturing the temperature-time curve varied 
from approximately 0.5 to 2.0 seconds depending on experimental condi 
tions. However, the analog to digital recorder was capable of pre-trigqer 
recording, making it possible to capture the prefiring noise for a visible 
inspection prior to analysis. The purpose of the visual inspection was 
to eliminate from analysis any curve whosP temperature base line prior to 
firing of the laser showed a temperature variation greater than 0.02K (as 
compared to a typical laser-induced temperature transient of approximately 
l.SK, Figure 3). No attempt wa~ made to collect data at temperatures and 
gas pressures when the ore-trigger base line temperature variation was 
greater than 0.02K. 
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The effectiveness of the preceding data acquisition procedure was deter
mined during the course of subsequent experimentation. Under conditions of 
both high gas pressure and temperature the reproducibility in Hg (3crR) was 
greater than the 3cr determinatP. error in H . Inspection of the H results g g 
in Appendix A will show that the 3crR error increases with both increasing 
temperature and gas pressure. This result indicates that the effects of 
gasPous convection may not have been totally eliminated from the experiment. 
To account for the influence of g~seous convection, tre 3crR error was 
selected as being more representative of the degree of measurement uncertainty 
at each final expPrimental condition of temperature, gas composition, gas 
pressure and mean-plane of separation. 

3.3 SAMPLE PREPARATION AND CHARACTERI?ATION 

The depleted uo2 and Zircaloy-4 spPcimens employed in this study were 
the Interfacial Surface Morphology-II (ISM-II) specimens (DU02-4o and 
Zr4-25) described previously. (l) The DUO? and Zr4 surfaces were produced 

by grinding with 400 grit silicon carbide power in a nondirectional manner. 
Talysurf-4 profilometer measurements of surface roughness yielded center line 

average (CLA) values of 1.6 ~ 0.7 ~m and 0.4 ~ 0.2 ~m for the DU02 and Zr4 
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specimens, respectively, at an instrument wavelength cutoff of 760 ~m. The 
respective specimen thermal diffusivity, conductivity, and thermal expansion 
values at various temperatures were determined previously. (1) 

The mating surface macrotopology of the ouo2 and Zircaloy-4 specimens 
were detPrmined from a point-wise topographical surface map obtained using a 
point-wise optical height gauge measurement technique. (1) The surface 
characterization of the ISM-II specimens are describerl in Appendix B. 
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4.0 RESULTS AND DISCUSSION 

The MPD experiments have been conducted on an ISM-II sample pair as a 
function of temperature (283 to 673K), gas composition (helium; He:Xe(89.4:10.6); 
He:Ar(51.79:48.21) and argon), mean-plane width {5.9 and 21.3 ~m), and gas 
pressure (0.1 MPa to 7.0 MPa). All the H data meeting the base line tem-g 
perature criteria (see section 3.2) and averaged results are listed in tabu-
lated form in Appendix A. As the repeatability of measurement under certain 
experimental conditions was found to be greater than the absolute determinate 
3a uncertainty(1) in Hg (i.e. ~ 12%), the 3oR error was selected as being 

more representative of the overall uncertainty at each condition of experiment. 

The mean-plane separation distance (D ), and surface characterization mp 
information on the ISM-II specimens can be found in Appendix B. 

4.1 GAP CONDUCTANCE RESULTS 

The dependence of Hg on gas pressure is shown in Figure 5 through 11 by 
plotting the dependent versus independent variable. In Figure 5 the averaged 
Hg data is plotted versus gas pressure for a helium atmosphere at 283, 466, 
and 673K for the ISM-II sample pair in light contact with a determined value 

of Dmp = 5.9 ~m. The error bars represent the 3oR uncertainty in the 
repeatability of measurement about each average value of Hg. The solid lines 
shown in Figure 5 serve to illustrate general trends and exhibit the dependence 
of H on gas pressure. At 283K an increase in H wi~h increasing gas pres-

g g 
sure between 0.1 and 0.8 MPa is observed with H decreasing thereafter wit~ g 
increasing pressure to 7 MPa. At 466K H exhibits an increased dependence 

g 
on gr~<; pressure between 0.1 and 1 MPa with a prono1mced maximum in Hg occur-
ring at 1 MPa. At gns pressures above 1 MPa H decreases in a manner similar 

g 
to the observed behavior at 283K. At 673K H again increases with increasing 

g 
gas pressure up to 1 MPa exhibiting a maximum at 1 MPa and decreasing there-
after with increasing gas pressure. 

It is noted that the 3aR error bars increase wi+.h both increasing 
temperature and gas pressure with the largest uncertainty in repeatability of 
measurement occurring at 673K and high gas pressures. 
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In Figure 6, the average Hg data is plotted versus gas pressure for a 
He:Xe (89.4:10.6) atmosphere. The solid lines serve to illustrate the general 
trends in the results. Hg increases with increasing gas pressure from 0.1 to 
1 MPa with dependence of Hg on pressure being more pronounced at 473K than 
at 287K. A maximum in H

9 
is seen at approximately 1 MPa with Hg decreasing 

slightly with further increases in gas pressure to 6 MPa. A decrease in the 
absolute value of H is also observed to occur upon increasing xenon content, g 
as comparison of Figures 5 and 6 will show. 

The effect of argon on Hg is shown in Figures 7 and 8 for atmospheres 
of He:Ar (51.7q:48:21) and argon (100), respectively. Although the observed 
dependence of Hg with gas pressure between 0.1 and 1 MPa for He (100) and 
He:Xe( 89.4:10.8) is similar to that observed in Figures 7 and 8 for 

He:Ar(51.79:48.21) and Ar (100) (i.e. increasing Hg over the range from 
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0.1 to 1 MPa), a different behavior at gas pressures above 1 MPa is apparent. 
For the He :Ar(51.79 :48.21) atmosphere at 283K (Figure 7) , Hg appears inde
pendent of gas pressure; whereas, for the argon (100) atmosphere at 283K (Fig
ure 8) very small increase in Hg with increasing gas pressure is apparent . 
At 473K Hg appears to be independent of gas pressure between 1 and 7 MPa for 
both the He:Ar (51.79 :48.21) and argon atmospheres. 

The effects of gas composition on H with increasing gas pressure is 
g 

sho,<Jn in Figures 9 and 10, where Hg is plotted versus gas pressure for var-
ious gas compositions at 283 and 473K, respectively. In Figure 9, the general 
features discussed previously (Figures 5-8) can be seen : (1) a decrease in the 
absolute value of H will occur with decreasing helium content at any given g 
gas pressure; (2) Hg exhibits a strong dependence on pressure between 0.1 and 
1 MPa increasing with increasing temperature being more pronounced for helium 
than for argon; (3) H decreases with increasing gas pressure between 1 and g 
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7 MPa for the He(100) and He:Xe(89.6:10.4); and (4) Hg becomes independent 
of gas pressure above 1 MPa with increasing argon content at an atmosphere of 
He:Ar(51.79:48.21) with a slight increase wi~h increasing gas pressure in an 
atmosphere of 100% argon. 

The effects of increasing temperature are shown in Figure 10 where the 
combined H results at 473K are plotted. In addition to the general features g 
noted at 283K (Figure 9), a slight shift from approximately 0.8 to 1 MPa in the 
maximum value of H with pressure occurred for the helium and He:Xe(89.~:10.4 ) g 
atmospheres. Also noted is a distinct maximum in the Hg versus pressure 
curve for the helium atmosphere. 

The effects of changing gap separation on Hg can be seen by comparing 
H results (Figures 1 and 11) in a helium atmosphere under light cont~ct 

g 
(D = 5.0 ~m) and D = 21.3 ~m gap separation, respectively. Comparison mp mp 
of results at 283K show that at D = 5.9 ~m a maximum in H occurs at mp g 
1 MPa and exhibits a slight decrease with increasing gas pressure to 7 MPa . 
At D = 21.3 ~m, however, no maximum in H is seen, and H exhi bits an mp g g 
increase with increasing gas pressure between 0.1 and 7 MPa. Comparison to 
results at 673K show that the dependence of Hg with gas pressure over the 
range from 0.1 to 1 ~Pa is greater at Dmp = 5.9 ~m than at Dmp = 21.3 ~m. 

In addition both the Dmp = 5.9 ~m and Dmp = 21.3 ~m results exhibit a 
maximum at approximately 1 MPa . 

In the previous studv( 1) it was shown that an interaction between D. -ISM, mp 
D -gas composition (GC), D -temperature (T), T-GC; and, T-ISM existed. mp mp 
This finding is also applicable to the results of this study in that the gap 
conductance is not directly related to the physical separation distance between 
two surfaces when the thermal resistanc~ due to the imperfect exchange of 
energy between molecules and the surface is nearly equal to or greater than the 
thermal resistance in the bulk gas. The two-factor interactions between Dmp 
and ISM, GC, T, and gas pressure indicates that the gas pressure, surface 
roughness, gas co~position, and temperature are factors that must be accounted 
for when relating the gap conductance to the physical separation distance. The 

manner in which the factors of GP, GC, and T interact are examined i~ the next 

section. 
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4.2 COMPARISON OF H TO THE IDEAL GAP CONDUCTANCE EXPRESSION 

The dependence of H on temperature, gas composition, gap width, and g 
gas pressure can be calculated from the relationship 

where Dmp is substituted for the "ideal" separation distance and g1 and g2 

(7) 

the respective TJD at the DU02 and Zr4 surfaces. The temperatures used in 
calculating Equation 7 are taken as the mean temperature of the experiment 
since the MPD technique involves transient temperature measurement where ~T is 
no more than a few degrees Kelvin (Section 3.2). If the accomodation coef
ficients at the DU02 and Zr4 surfaces are considered to be equivalent, 
Equation 7 may be approximated as 
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( 8) 

where 

The quantity g can be determined from various TJD models (Table 1). The 
thermal conductivity of the gases and mixtures can be determined from the 
MATPRO relationships( 16 ) for calculating the thermal conductivity of a non

atomic gas and gas mixture. The temperature dependence of the accommodation 
coefficient can be expresspd( 1?) as 

aHe = 0.425 - 2.3 x 10-4T 

axe = 0.749 - 2.5 x 10-4T 

(9) 

(10) 

where T is the average interface temperature (Kelvin). Calculation of a and 
a; for other gases (i.e., argon) are computed using a linear extrapolation 
hetween aHe and aXe based on molecular weight . The effective molecular 
11/eight of the gas mixture is: 

.Lf .M. (11) 
1 1 1 

where fi is the mole fraction of species i. Justification for this 
procedure is given in Reference 18 . 

Equation 8 predicts that an increase in H will occur wi t h increasing g 
gas pressure as a result of proportionate decrease in the TJD . At 
sufficiently high gas pressures when 2g <<Dmp' Equation 8 predicts that the 
gas conductance will be independent of gas pressure insofar as Kgas is 
dependent on {as pressure alone. The reader should note that the MATPRO 
relationships 1, 16 ) for predicting the thermal conductivity of a gas or gas 
mixture do not, at this time , contain any term that takes into account the 
pressure dependence of the gas thermal conductivity. 
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Using the expression derived by Kennard for the temperature jump distance 

and Equation 8, the gap conductance was computed as a function of gas pressure 
for both helium and argon atmospheres. Comparison of Equation 8 to Hg is made 
in Figures 12 to 14 for helium (Dmp = 5.9 ~m), argon (Dmp = 5.9 ~m), and helium 
(0 = 21.3 ~m) atmosphere, respectively. At 283K (in Figures 12-14} agreement mp 
between Equation 8 and H is seen only for helium (Om = 5.9 ~m) at pressures g p 
above 3 MPa {Figure 12) and for helium (Dmp = 21.3 ~m) between 1 and 7 MPa 
(Figure 14). At temperatures above 283K no agreement between Equation 8 and 

Hg is obtained. At 283K the Hg results, above 1 MPa for argon (Figure 13) 
and helium (Figure 14}, show an increase of approximately 15% and 5%, respec
tively, between 1 and 7 MPa. This is in accordance with the reported( 23 , 24 ) 

increase in the thermal conductivity of argon (12%) and helium (2%) over sim
ilar ranges of pressure. It again should be noted that the MATPRO relation
ships for the thermal conductivity of a gas and gas mixture do not account for 
an increase in the thermal conductivity of the gas with increasing gas pressure. 

The difference between the Hg results and the predicted gap conductance, 

as seen in Figures 12 to 14 especially across the range of pressures from 0.1 to 
2 MPa, may be as a result of the following: 

• The possibility of an indeterminate error influencing the H results is g 
not precluded. Gaseous convection may be a factor influencing the test 
results insofar as the 3oR uncertainty was found to increase with both 
increasing gas pressure and temperature. However, if only the results at 
283K are considered, the general features (as described in Section 4) are 

still observed although not as pronounced as at the elevated temperatures. 
The presence of a hump in the H v~rsus pressure results is similar to 
results reported by Ho and Leid~nfrost( 24 ) on the thermal conductivity 
of helium gas versus pressure. In this study "an unusual behavior" was 
observed for the pressure dependence of the thermal conductivity of 
helium below 2 MPa. The thermal conductivity data of Ho and Leidenfrost 
(shown in Figure 15) are similar to the dependence of H on pressure g 
insofar as an apparent enhanced conductance/conductivity is observed over 
similar pressure ranges. The differences in magnitude between observed 
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Hg (helium) and Kgas (helium) humps may resul~ from the fundamental 
differences associated with the measurement techniques to ascertain 

the fine structure of conductance/conductivity versus pressure is 
concerned (i . e., MPD: a transient-time dependent technique versus the 
steady-state thermocouple technique employed by Ho and Leidenfrost). 

Given the behavior of Hg to gas pressure and temperature shown in 
Figures 5-14, can the results be explained on the basis of existing 
theory of the temperature jump, i.e., Equation 9? Adjustment of D mp 
and/or the accommodation coefficient to various arbitrary values was 
found not to result in a combination of parameters consistent with 

the H results. The H results in Figures 5-14, however, appear 
g g 

consistent with conditions at an interface that include local areas 
of relative free molecular, transition, and continuum conductance . 

• 
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• 

• 

The response of Hg to changes in pressure will depend on the relative 
contributions of the various conductances to the overall gas conductance. 
This can be observed in Figures 12 and 13 by noting that the mean free 
path for argon gas molecules is approximately an order of magnitude less 
than for helium gas molecules at the same temperature and pressure. The 
behavior of H with pressure for argon gas (Figure 13), appears con-g 
sistent with the theory of the temperature jump. Whereas (in Figure 12) 
the theory of the temperature jump does not appear appropriate to explain 
the Hg behavior with changes in the helium gas pressure. 

The presence of a hump in the Hg versus pressure behavior for the He(100) 
and He:Xe(89.4:10.6) atmospheres may result from the fact that the inter
face region consists of local areas where free molecular and/or transition 
conditions will be dominant as in the case of a helium atmosphere at lower 
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gas pressures. Under these conditions a rapid increase in Hg with pres
sure (i.e., gas density) is a manifestation of the increased number of gas 
molecules capable of direct transport across the interface. As the gas 
density is increased further the number of encounters between gas mole
cules will increase resulting in an increase in the distance that a 
molecule will travel during a round trip between surfaces. A reduction 
in Hg would result by virtue that the round trip distance traveled by 
the molecules will increase faster than the number of molecules, i.e., 
gas density. H would continue to decrease with increasing gas density 

g 
until the number of molecules within local areas is such that a continuum 

is established. When continuum conditions are established within a 
sufficient number of local areas, the overall behavior of the gap 

conductance can then be described as if a continuum were present in the 

interface. 
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It is also necessary to appreciate that under free molecular conditions a 
redefinition of the physical meaning of the accommodation coefficient is 
necessary since a molecule incident upon a solid surface atom does so with the 
reflected energy it received during its encounter wi~h the solid surface atoms 
at the opposite surface. This effect can be significant if the molecules are 
specularly reflected both in velocity and direction by their encounter with 
the solid surface atoms. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

The gap conductance between a DU02 and Zircaloy-4 sample pair (ISM II) 
was measured under light contact (Dmp = 5.9 ~m) and small gap (Dmp = 21.3 ~m or 
0.9 mil) conditions using the MPD technique. The Hg results show a dependence 
on gas pressure, gas composition, temperature, and gap separation. 

The response of H to changes in gas pressure, gas composition, and tem-g 
perature is consistent from a perspective that the interface region between two 
surfaces in close proximity and/or contact consists of localized areas where 
the mechanisms of free molecular, transition, and continuum heat transfer 
occur. The response of Hg to changes in gas pressure, gas composition, tem
perature, gas separation, etc., therefore depends on the dominant heat transfer 
mechanism within the interface. This conclusion is supported by the observa
tion that the response of Hg to changes in the gas density (i.e., pressure) 
for the He(lOO) and He:Xe(89.4:10.6) atmospheres is different than for the 
He:Ar(51.79:48.21) and Ar(lOO) atmospheres at the same interfacial gap condi
tions; and, that the mean free path length for argon molecules is approximately 
an order of magnitude less than the mean free path for helium molecules. Thus, 
the Hg response to changes in pressure for a He:Ar(51.79:48.21) and Ar(lOO) 
atmosphere is what would be expected if transition to continuum conditions 
dominated the gap conductance; and, the Hg results in the He(lOO) and 
He:Xe(89.4:10.6) atmosphere as if free-molecular to transition conditions alone 
dominated. 

The study also concludes that the currently applied temperature jump for
mulas (developed to account for the imperfect energy transfer between molecules 
and the fuel and clad surfaces) are not theoretically appropriate for estimat
ing the gap conductance under fuel/clad conditions when KN >0.01 and~.l. The 
reason for the inappropriateness arises from the assumption that only a conti
nuum will be present. Clearly, when fuel/clad gap closure occurs, local areas 
of free molecular, transition, and continuum conductance are all present. In 
the local areas where free molecular and transition conditions are present, 
Fourier's law of heat conduction is not valid. As the proportion of free
molecular/transition conductance increases with fuel/clad gap closure, 
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estimation of the gap conductance using the ideal gap conductance expression 
becomes questionable. However, the study concludes, as in the previous 
report, (1) that the ideal gap conductance expression, as currently used in 
fuel performance codes such as GAPCON THERMAL III, (B) underestimates the gap 
conductance. 

The underestimation of the gap conductance is assumed to result from 
failure to account for an enhanced conduction which arises from a reduction in 
the number of molecular encounters within local areas where free-molecular 
transition conditions are prevalent. This conclusion is supported by the 
observation that Hg exhibits a hump at a pressure of approximately 1 MPa for 
the He(100) and He:Xe(89.4:10.6) atmospheres. This observation is similar to 
a reported(24 ) "unusual behavior" for the thermal conductivity of helium 
versus pressure between 1 and 2 MPa. The presence of an enhanced gap conduct
ance due to a reduction in the number of molecular encounters appears plausible 
if consideration is given to the nature of the velocity of gas molecules in 
time and space. 

On the basis of the results obtained in this study(a) the following 
areas of additional research are recommended: 

• Definition of typical fuel:clad surface morphologies with respect to the 
relative free molecular, transition, and continuum contributions to the 
overall gap conductance. A study of this kind would aid in modeling 
relative contributions of local areas of free molecular, transition and 
continuum conductance for various mating fuel/clad surface morphologies 

• Theoretical treatment in time and space and experimental measurement of 
free molecular and transition heat transfer processes between two surfaces 
in close proximity is needed in order to redefine the physical meaning of 
the accommodation coefficient and the nature of the velocity distribution 
of gas molecules. 

(a) The reader is referred to the previous report {1) for additional 
recommended areas of study. 
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APPENDIX A 

MPD EXPERIMENTAL DATA 



Contents: 

Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Compositions: He (100%) 

Ar (100%) 
He (51.79%):Ar{48.21%) 

He {89.4%):Xe(10.6%) 
Temperatures: 283, 473, 673K 

omp 5.9 _: 3.3 )1m (3a) 

21.3 + 4.1 )1m (3a) 

The chronological order of data aquisition can be ascertained from 
the "Data I.O." symbol which consists of the magnetic tape cartridge 
letter and run number stored on a particular tape, e.g., A-1, A-2, 
-----, B-1, B-2, 

A.l 



Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition: HE (100%) 
Temperature: 283K 
Dmp: 5.9 + 3.3 ~m (3o) 

~ 1300 N/m2) (Specimens in light contact: 

Gas H Avg H 3oR 3oR Pressure Data 2 g -4 2 g -4 (w/m2-Kxl0-4) (MPa) I. D.* (w/m -KxlO ) (w/m -KxlO ) (%) 

0.102 A-1 2.277 2.086 0.391 18.7 
A-2 2.255 
A-3 2.075 
B-24 2.212 
D-25 2.153 
D-26 2.107 
F-33 2.100 
F-34 2.161 
F-35 2.107 
I-43 1.929 
I-44 1. 918 
I-45 1.943 
I-46 1.890 

0.20 A-4 2.615 2.568 0.292 11.4 
A-5 2.456 
A-6 2.633 

0.30 A-7 2.592 2. 776 0.478 17.2 
A-8 2.866 
A-9 2.870 

0.40 A-10 2. 775 2.858 0.732 25.6 
A-ll 2.697 
A-12 2.740 
B-23 3.221 

0.60 A-13 2.899 2.946 0.250 8.5 
A-14 2.896 
A-15 3.042 

0.80 A-ll) 2.451 3.238 0.894 27.5 
A-17 3.217 
A-18 3.546 

1.00 A-19 3.210 3.102 0.283 9.1 
A-20 3.039 
A-21 3.056 

A.2 



Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition: HE (100%) 
Temperature: 283K 
Dmp: 5.9 + 3.3 ~m (3cr) 

(Sp~cimens in light contact: ~ 1300 N/m2) 

Gas H Avg H 3oR 3oR Pressure Data 2 g -4 2 g -4 (w/m2-Kx10-4) (MPa) I. D.* (w/m -KxlO ) (w/m -Kx10 ) (%) 

1.50 A-22 2.997 3.080 0.252 8.2 
B-1 3.165 
B-2 3.077 

2.00 B-3 2.796 2.996 0.521 17.4 
B-4 3.104 
B-5 3.089 

3.00 B-6 2.8211 2.878 0.232 8.1 
B-7 2-920 
B-8 2.801 
B-22 2.965 

4.00 B-9 2.637 2.758 0.842 30.5 
B-10 2.558 
B-11 3.079 

5.00 B-12 2.739 2.802 0.166 5.9 
B-13 2.823 
B-14 2.843 

6.00 B-15 2.821 2.662 0.414 15.6 
B-16 2.575 
B-17 2.590 

7.00 B-18 2.942 2.557 0.723 28.3 
B-19 2.608 
B-20 2.766 
B-21 2.583 
F-1 2.358 
F-2 2.367 
F-3 2.278 

* Data are listed in chronological order of aquisition according to file 
(A-1, A-2, A-3, ---, B-1, B-2, B-3, ---). letter and run number, e.g., 

A.3 



Pair Code: DU02-40:Zr4-25 
ISM: I I 
Gas Composition HE (100%) 
Temperature: 466K 
Dmp: 5.9 + 3.3 ~m (3o) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas H Avg H 3oR 3oR Pressure Data 
(w/m2-K~l0-4 ) (w/m2-K~l0-4 ) ( 2 -4) (MPa) I. D.* w/m -Kx10 (%) 

0.102 F-29 3.186 3.183 0.443 13.9 
F-30 3.034 
F-31 3.329 

0.29 F-26 4.893 4.564 0.895 19.6 
F-27 4.311 
F-28 4.488 

0.65 F-23 5.580 6.372 2.264 35.5 
F-24 7.083 
F-25 6.453 

1.03 F-20 6. 779 6.963 0.664 9.5 
F-21 6.902 
F-22 7.209 

1. 55 F-17 5.122 5.617 1.29? 23.0 
F-18 5.82'1 
F-19 5.905 

2.17 F-14 5.163 5.181 0.476 9.2 
F-15 5.348 
F-16 5.032 

4.33 F-11 4.556 4. 567 1.017 22.2 
F-12 4.233 
F-13 4. 911 

6.03 F-8 4.537 4.368 1.202 27.5 
F-9 4.866 
F-10 3.700 

7.00 F-4 5.558 4.576 2.744 59.9 
F-5 3.618 
F-6 4.003 
F-7 5.124 

A.4 



Pair Code: DU02-40:Zr4-25 
ISM: I I 
Gas Composition HE ( 100%) 
Temperature: 673K 
Dmp: 5.9 + 3.3 llm ( 3a) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas H Avg H 3aR 3aR Pressure Data 2 g -4 2 g -4 ( 2 -4) (MPa) I. D.* (w/m -Kx10 ) (w/m -Kx10 ) w/m -Kx10 (%) 

0.102 J-28 2.795 2.708 0.229 8.5 
J-29 2.680 
J-30 2.618 
J-31 2.739 

0.200 J-25 3.987 4.172 1.016 24.4 
J-26 4.566 
J-27 3.q72 

0.308 J-22 5.043 5.024 0.054 1.1 
J-23 5.007 
J-24 5.022 

0.518 J-1Q 5.345 6.093 2.298 37.7 
J-20 6.058 
J-21 6.876 

0. 742 7.986 2.531 31.7 
J-17 7.391 
J-18 8.584 

0.935 J-13 10.120 9.460 4.394 46.4 
J-14 10.480 
J-15 7.782 

1.16 J-10 7.882 8.046 1.454 18.1 
J-11 7.665 
J-12 8. 592 

1. 50 J-7 9.079 8.888 2.285 25.7 
J-8 9.536 
J-9 8.049 

2.02 J-4 7.999 8.814 2.339 26.5 
J-5 8.890 
J-6 9. 553 

A.5 



Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition HE (100%) 
Temperature: 673K 
Dmp: 5.9 + 3.3 ~m (3o) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas H Avg H 3oR 3oR Pressure Data (w/m2-K~l0-4 ) {w/m2-K~l0-4 ) (w/m2-Kx10-4) (MPa) I. D.* {%) 

3.00 J-1 7.709 8.492 3.089 36.4 
J-2 9.659 
J-3 8.110 

3.96 I-47 8.301 8.293 4.017 48.4 
I-48 6.950 
I-49 9.628 

A.6 



Pair Code: DU02-40:Zr4-25 
ISM: I I 
Gas Composition AR (100%) 
Temperature: 283K 
Dmp: 5.9 + 3.3 llm (3cr) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas H Avq H 3crR 3crR Pressure Data 2 g -4 2 g -4 ( 2 -4 (MPa) I. D.* (w/m -Kx10 ) ( 1-1/m -Kx10 ) ~/m -Kx10 ) (%) 

0.103 C-30 0.488 0.4°?. 0.018 3.7 
C-31 0.489 
C-32 0.499 

0.30 C-27 0.516 0.527 0.036 6.8 
C-28 0.526 
C-29 0.540 

0.60 C-24 0.545 0.543 0.006 1.1 
C-25 0.544 
C-25 0.'541 

1.00 C-21 0.1542 0.536 0.018 3.4 
C-22 0.536 
C-23 0.530 

2.00 C-18 0.527 0.541 0.046 8.5 
C-19 0.557 
C-20 0.538 

3.00 C-1'> 0.575 0. 572 0.045 7.9 
C-16 0.584 
C-17 0.555 

4.00 C-12 0.558 0.568 0.078 13.7 
C-13 0.598 
C-14 0.548 

5.00 C-9 0.552 0.559 0.021 3.8 
C-10 0.566 
C-11 0.559 

6.00 C-6 O.'l82 0.601 0.051 8.5 
C-7 0.614 
C-8 0.607 

A.7 



Pair Code: 
ISM: 
Gas Composition 
Temper ature: 
Dmp: 

Gas 
Pressure Data 

(MPa) I. D.* 

7. 00 C-1 
C-2 
C-3 
C-4 
C- 5 

DU02-40:Zr4-25 
II 
AR (100%) 
283K 
5.9 + 3.3 ~m (3o) 
(Specimens in light contact: ~ 1300 N/m2) 

H 
2 g -4 

(w/m - Kx10 ) 

0.606 
0.600 
0.634 
0.608 
0.579 

A.8 

Avg H
9 

(w/m2-Kx10-4) 

0.605 

3oR 3oR 

(w/m2-Kx10-4) (%) 

0.059 9.7 



Pair Code: DU02-40:Zr4-25 
ISM: I I 
Gas Composition AR (100%) 
Temperature: 473K 
Dmp: 5.9 + 3.3 ~m (3o) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas H Avg H 3oR 3oR Pressure Data 
( \\1/m2 -K~lO -4) 2 g -4 (w/m2-Kx10-4) (MPa) I. D.* (w/m -Kx10 ) (%) 

0.102 G-20 0.630 0.623 0.020 3.1 
G-21 0.619 
G-22 0.020 

0.25 G-16 0.814 0.727 0.176 24.2 
G-17 0.687 
G-18 0. 710 
G-19 0.698 

0.45 G-13 0.754 0.758 0.017 2.3 
G-14 0.756 
G-15 0.765 

0.64 G-10 0.767 0.784 0.064 8.1 
G-11 0.808 
G-12 0. 777 

0.80 G-7 0.854 0.813 0.131 16.1 
G-8 0.767 
G-9 0.810 

0.09 G-4 0.877 0.901 0.064 7.1 
G-5 0.917 
G-6 0.911 

1.54 G-1 0.831 0.894 0.178 19.9 
G-2 0.903 
G-3 0.949 

4.03 F-49 0.899 0.805 0.181 22.5 
F-50 0.741 
F-51 0.873 
F-52 0.798 
F-53 0.751 
F-54 0.769 
F-55 0.806 

A.9 



Pair Code: 
ISM: 
Gas Composition 
Temperature: 
Dmp: 

Gas 
Pressure Data 

(MPa) I. D.* 

7.11 F-42 
F-43 
F-44 
F-45 
F-46 
F-47 
F-48 

DU02-40:Zr4-25 
II 
AR (100%) 
473K 
5.9 + 3.3 ~m (3o) 
(Specimens in light contact: ~ 1300 N/m2) 

H 
2 g -4 

(w/m -Kx10 ) 

0.855 
0.838 
0.837 
0.870 
0.878 
1.004 
0.820 

Avg H 
(w/m2-K~l0-4 ) 

0.872 

A.lO 

3oR 3oR 

(w/m2-Kx10-4) (%) 

0.186 21.2 



Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (51.79%):Ar(48.21%) 
Temperature: 283K 
Dmp: 5.9 + 3.3 ).Jm (3a) 

~ 1300 N/m2) (Specimens in light contact: 

Gas H Avg H 3aR 3oR Pressure Data 2 g -4 (w/m2 -K~10-4 ) ( 2 -4) (MPa) I. D.* (w/m -Kx10 ) w/m -Kx10 (%) 

0.102 C-33 1.093 1.046 0.130 12.4 
C-34 1.053 
C-35 1. 061 
D-22 1.086 
0-23 1.080 
D-24 1.069 
H-3 0.999 
H-4 0.982 
H-5 0.992 

0.20 C-36 1. 919 1.180 0.02S 2.5 
C-37 1.174 
C-38 1.174 

0.30 C-39 1.182 1. 214 0.085 7.0 
C-40 1.236 
C-41 1.224 

0.40 C-42 1.268 1.240 0.104 8.3 
C-43 1.253 
C-44 1.199 

0.60 C-45 1.261 1.243 0.057 4.6 
C-46 1.246 
C-47 1.223 

0.80 C-48 1.208 1.257 0.130 10.3 
C-49 1.290 
C-50 1.274 

1.00 C-51 1.232 1.238 0.025 2.0 
C-52 1.244 

1. 50 0-2 1.250 1.262 0.038 3.0 
D-3 1.261 
0-4 1.275 

A.ll 



Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (51.79%):Ar(48.21%) 
Temperature: 283K 
Dmp: 5.9 + 3.3 ~m (3a) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas 
Hg Avg H 3aR 3oR Pressure Data 

(w/m2 -K~l0-4 ) 2 -4 (MPa) I. D.* (w/m2-Kx10-4) (w/m -Kx10 ) (%) 

2.00 D-5 1.232 1.221 0.049 4.0 
D-6 1.209 

3.00 D-7 1.240 1.245 0.019 1.6 
D-8 1.249 

4.00 D-9 1.245 1. 251 0.040 3.2 
D-10 1.267 
D-11 1.243 

5.00 D-12 1.239 1.255 0.106 8.4 
D-13 1. 230 
D-14 1.295 

6.00 D-15 1.293 1.258 0.091 7.2 
D-16 1.242 
D-17 1.239 

7.00 D-18 1.262 1.273 0.075 5.9 
D-19 1.254 
D-20 1.269 
D-21 1.310 

A.l2 



Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (51.79%):Ar(48.21%) 
Temperature: 473K 
Dmp: 5.9 + 3.3 ~m (3o) 

(Specimens in light contact: ~ 1310 N/m2) 

Gas 
Hg Avg H

9 
3oR 3oR Pressure Data 

( 2 -4) (MPa) I. D.* (w/m2-Kx10-4) (w/m2-Kx10-4) ~J/m -Kx10 (%) 

0.102 G-26 1.291 1.303 0.031 2.4 
G-27 1.306 
G-28 1.311 

0.31 G-29 1.688 1.697 0.023 1.4 
G-30 1.701 
G-31 1.702 

0.47 G-32 1.627 1. 758 0.340 19.4 
G-33 1.813 
G-34 1.833 

0.69 G-35 1.805 1.82° 0.102 5.6 
G-36 1.814 
G-37 1.868 

0. 0 4 G-38 1.804 1.813 0.055 3.0 
G-39 1.834 
G-40 1.801 

1.18 G-41 1.860 1.841 0.062 3.4 
G-42 1.819 
G-43 1.845 

1.61 G-44 1. 745 1.811 0.299 16.6 
G-45 1. 926 
G-46 1. 762 

2.18 G-47 1.867 2.039 0.730 35.7 
G-48 2.210 

3.88 G-50 1.'168 1.866 0.527 28.8 
G-51 1.870 
G-52 2.039 

5.61 G-53 2.143 1.951 0.396 20.3 
G-54 1.850 
H-1 1.833 
H-2 1.926 
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Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (89.4%}:Xe(10.6%) 
Temperature: 287K 
Dmp: 5.9 + 3.3 ~m (3cr) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas H Avg H 3crR 3aR Pressure Data 
(w/m2-K~l0-4 ) (w/m2-K~l0-4 ) 2 -4 (MPa) I. D.* (w/m -Kx10 ) (%) 

0.102 H-6 1. 743 1.584 0.471 29.8 
H-7 1. 750 
H-8 1.684 
I-40 1.456 
I-41 1.431 
I-42 1.439 

0.21 H-9 1.743 1.781 0.099 5.5 
H-10 1.802 
H-11 1.798 

0.31 H-1? 1.848 1.B27 0.177 9.7 
H-13 1.872 
H-14 1.760 

0.45 H-1S 1.958 1.968 0.047 2.4 
H-16 1.986 
H-17 1.960 

0.62 H-18 1.876 1.895 0.083 4.3 
H-19 1.883 
H-20 1. 927 

0. 79 H-21 1. 983 2.024 0.129 6.3 
H-22 2.069 
H-23 2.019 

0.96 H-24 2.039 2.019 0.067 3.2 
H-25 1.995 
H-26 2.022 

1.13 H-27 1. 959 1. 957 0.075 3.8 
H-28 1.931 
H-2~ 1.981 

1.49 H-30 1.922 1.928 0.176 9.1 
H-31 1.873 
H-32 1. 990 
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Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (89.4%):Xe(J0.6%) 
Temperature: 287K 
Dmp: 5.9 + 3.3 ~m (3cr) 

~ 1300 N/m2) (Specimens in light contact: 

Gas 
Hg - Avg H 3crR 3crR Pressure Data 2 g 4 2 -4 (MPa) I. D.* (w/m2-Kxl0 4) (v1/m -Kx10- ) (w/m -KxlO ) (%) 

2.01 H-33 1.846 1.889 0.209 11.0 
H-34 1.851 
H-35 1.969 

3.00 H-36 1. 772 1.787 0.068 3.8 
H-37 1. 776 
H-38 1.813 

4.00 H-39 1.836 1.860 0.118 6.3 
H-40 1.906 
H-41 1.840 

5.00 H-42 1. 759 1.800 0.109 6.0 
H-43 1.813 
H-44 1.8?8 

6.00 H-45 1.669 1.744 0.326 18.7 
H-46 1.707 
H-47 1.692 
H-48 1.905 
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Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (89.4%}:Xe(10.6%} 
Temperature: 473K 
Dmp: 5.9.:!:. 3.3 ~m (3cr) 

(Specimens in light contact: ~ 1300 N/m2) 

Gas 
Hg Avg H 3crR 3crR Pressure Data 

(w/m2-K~l0-4 } (w/m2-Kx10-4) (MPa) I. D.* (w/m2-Kx10-4) (%) 

0.102 I-36 2.410 2.255 0.327 14.5 
I-37 2.154 
I-38 2.232 
I-39 2.223 

0.205 I-33 2.804 2.761 0.271 9.8 
I-34 2.657 
I-35 2.821 

0.32 I-30 3.197 3.138 0.303 9.6 
I-31 3.022 
I-32 3.197 

0."2 I-27 3.587 3.660 0.1Q7 5.4 
I-28 3.680 
I-29 3.714 

0. 72 3.853 0.318 8.3 
I-25 3. 778 
I-26 3.928 

0.91 I-21 3.886 4.163 0.760 18.2 
I-22 4.230 
I-23 4.380 

1.11 I-18 4.020 3.845 0.457 11.9 
I-19 3. 720 
I-20 3.823 

1.47 I-15 3.713 3. 911 0.637 16.3 
I-16 4.135 
I-17 3.885 

1.97 I-12 4.231 3.873 0.562 40.3 
I-13 3.276 
I-14 4.113 
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Pair Code: DU02-40:Zr4-25 
ISM: I I 
Gas Composition He (89.4%):Xe(10.G%) 
Temperature: 473K 
Dmp: 5.9 + 3.3 ~m (3cr) 

(Sp~cimens in light contact: ~ 1300 N/m2) 

Gas H Avg H 3crR 3crR Pressure Data 
(w/m2-K~l0-4 ) (w/m2-K~l0-4 ) ( vt!m2 -Kx10 -4) (MPa) I. D.* (%) 

2.93 I-9 3.781 3.664 1.074 29.3 
I-10 3.262 
I-ll 3.949 

4.00 I-6 4.063 3.830 0.654 17.1 
I-7 3.602 
I-8 3.852 

4.98 I-3 3.545 3.309 1.399 42.3 
I-4 3.610 
I-5 2. 772 

6.02 3.353 1.106 33.0 
H-50 2.947 
I-1 3.667 
I-2 3.445 
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Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (100%) 
Temperature: 289K 
Dmp: 21.3 ~ 4.1 ~m (3o) 

Gas H Avg H 3oR 3oR Pressure Data 2 g -4 (w/m2-K~l0-4 ) (w/m2-Kx10-4) (MPa) I. D.* (w/m -Kx10 ) (%) 

0.102 J-35 0.722 0.699 0.124 17.7 
J-36 0.682 
J-37 0.664 
L-11 0.648 
L-12 0.718 
L-13 0.758 

0.27 J-38 0.719 0.727 0.027 3.7 
J-39 0.726 
J-40 0.736 

0.45 J-41 0. 726 0.747 0.055 7.4 
J-42 0.754 
J-43 0.760 

0.62 J-44 0.718 0. 727 0.039 5.4 
J-46 0.736 

0. 79 J-47 0.743 0.743 

0.96 K-1 0.886 0. 776 0.173 22.4 
K-2 0.737 
K-3 0.769 
K-4 0.738 

1.13 K-5 0.742 0.757 0.063 8.3 
K-6 0.748 
K-7 0. 781 

1. 50 K-8 0.765 0.743 0.060 8.1 
K-9 0.737 
K-10 0. 726 

2.00 K-11 0.755 0.742 0.049 6. 6 
K-12 0.724 
K-13 0.747 

3.00 K-14 0.583 0. 693 0.068 9. 8 
K-15 0.720 
K-16 0.678 
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Pair Code: DU02-40:Zr4-25 
ISM: I I 
Gas Composition He (100%) 
Temperature: 289K 
Dmp: 21.3 ~ 4.1 ~m (3o) 

Gas H Avg H 3aR 3aR Pressure Data 2 g -4 2 g -4 ( 2 -4) (MPa) I. D.* (w/m -Kx10 ) (w/m -Kx10 ) w/m -KxlO (%) 

4.00 K-17 0.744 0. 793 0.146 18.4 
K-18 0.841 
K-19 0. 793 

5.00 K-20 0.876 0.828 0.144 17.4 
K-21 0. 780 
K-22 0.82n 

6.00 K-23 0.789 0.804 0.043 5.3 
K-24 0.808 
K-25 0.81~ 

7.00 K-2&) 0.825 0.820 0.032 3.9 
K-27 0.80° 
K-28 0.832 
K-29 0.813 
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Pair Code: DU02-40:Zr4-25 
ISM: II 
Gas Composition He (100) 
Temperature: 673K 
Dmp: 21. 3 .:!:. 4.1 llm ( 3a) 

Gas H Avg H 3crR 3crR Pressure Data 
(w/m2 -K~l0-4 ) (w/m2-K~l0-4 ) (w/m2-Kx10-4) (MPa) I. D.* (%) 

0.102 L-8 1.459 1.402 0.148 10.6 
L-9 1.373 
L-10 1.374 

0.267 L-5 1.612 1.639 0.072 4.4 
L-6 1.649 
L-7 1.657 

0.45 L-2 1. 715 1.690 0.118 7.0 
L-3 1.645 
L-4 1.711 

0.64 K-49 2.457 2.088 1.002 48.0 
K-50 2.002 
L-1 1.806 

0.80 K-46 2.749 2.757 0.416 15.1 
K-47 2.899 
K-48 2.622 

0.98 K-43 2.843 2.893 1.021 35.2 
K-44 3.256 
K-45 2.581 

1.14 K-41 2.741 2.661 0.339 12.6 
K-42 2.581 

1. 54 K-37 2.91g 2.Q08 0.780 26.8 
K-38 3.163 . 
K-39 2.643 

2.06 K-34 2.968 2.872 1.183 41.2 
K-35 3.209 
K-36 2.438 

2.98 K-30 2.601 2.807 0.97 34.6 
K-31 2.597 
K-32 3.280 
K-33 2.748 
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APPENDIX B 

SURFACE CHARACTERIZATION OF MPD SPECIMENS 



B.O SURFACE CHARACTERIZATION OF MPD SPECIMENS 

B.l OPTICAL HEIGHT GAGE CHARACTERIZATION 

Figure B.l shows the coordinate positions on the sample surface at which 
the local height elevations were measured. Table B.l contains the calculated 
local gap between asperity tips (Da)i and the average gap between asperity 
tips Da for the ouo2-40; Zr4-25 sp~cimen pair used in this study. 

uo2 
SURFACES 

r 

4 e.g. de, r,. d3,4 

Radial ~1PD 

Coordinate ~ 
rl 0 

r2 1. 73 

r3 3.46 

r4 5.19 

r5 6.Q2 

ZR-4 

SURFACES 

r 

4 

FIGURE B.l. Coordinate Positions Used in the Optical Height 
Gage Technique for Surface Characterizati0n of 
t4PD Soec imens 
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(a) 
(b) 
(c) 

TABLE B . 1. 

Coordinate 
Position 

Local (Da). and Average 0 Gaps Between 
Asper ity Tlps for DUO -40?Zr4-25 MPD Specimen 
Pair (ISM-II) as Calc~lated from Optical Height 
Gage Measurements 

DU02-40:Zr4-25 DU02-40:?r-25 

8 r Inrlex ( D ) . a 1 
(b) (vm) ( D ) . a 1 

(IJm) 

1, 5 20 o(c) o(a) 
1' 4 14 1. 70 17 .8G 
1, 3 8 2. 77 18.42 
1, 2 2 3. 99 19.43 
1, 1 1 4. 24 19.69 
4, 2 5 4. 37 19 . 7~ 
4, 3 11 2.Q? 17 . 55 
4, 4 17 0.70 15.34 
4. 5 23 o.o3(c) 14.35 

2, 5 21 o(c) 16.21 
2, 4 15 1.98 17.73 
2, 1 9 2. h.] 18. 06 
2, ? 3 3. 96 19 . 23 
1, , 1 4.24 19.159 J. 

5, 2 6 3. 58 18.67 
s, 3 12 1. 73 17 . 22 
5, 4 18 1.50 16 . ~0 
5' 5 24 3.23 0 a) 

3, ') 22 2.36 o(a) 
3, 4 16 1.80 16.41 
3, 3 10 2.ti4 18.06 
3, 2 4 3. 43 19 .99 
1, 1 1 4.24 19.69 
6, 2 7 3.76 19 . 33 
? , 3 13 2.97 17.Q6 
6, 4 19 1.17 16.31 
6' 5 25 1.04 17 .22 

D a (ll m) = 2.7 18.1 
3ooa (vm) = 3.3 4. 1 
3aoa (%) = 122% 22.7% 

Spacer location. 
Calculated under light contact conditions 
Contact spot (assumed). 
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8.2 PROFILOMETER TRACES 

Figure 8.2 shows typical profilometer traces obtained on the ISM-II 
ouo2 and Zr4 specimen surfaces. Table 8.2 summarizes the CLA and Y values 
for all surfaces. 

DU02 ISM II 
CLA ·l.61lm 

ZR4 ISM II 
CLA·0.41lm 

FIGURE 8.2. Typical Profilometer Traces of an ISM-II 
ouo2 and Zr4 Surface 

TABLE 8.2. CLA1, CLA2, x, 1 Values for the ISM-II Surfaces 

CLA(a) (~m) 

1.6 

0.4 

3 (~m) x(b) (em) 

U02 ISM-II 
Zr ISM-II 

(a) Cut-off wavelength = 760 ~m. 

0.7 

0.2 

1 

1 

(~m) 

1.8 

1.4 

3a (~m) 

1.1 

0.5 

(b) Averaging interval used to determine the position of the mean-plane (line). 

8.3 AVERAGE MEAN-PLANE GAP 

Table 8.3 summarizes the values obtained for the average mean-plane gap 
(Dmp) for the MPD ISM-II sample pair used in this study. 
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O::J 

~ 

TABLE B.3. Determined Values for Dmp for MPD Specimen Pairs 

DU02 
Average Gap 

Zr BetwPen Aseerities 
ISM # Y 1 (lJm) # Y2 (lJm) D (lJm)(a) 3 Da (lJm) a 

II 40 1.8 25 1.4 2.7(b) 3.3 

II 40 1.8 25 1.4 18.1 4.1 

(a) D a = [~t ( D a) i] 
1 =1 

X 1/19 

(b) Light contact. 

1 [19 
(c) Dmp = 19 ~1 ( 0 a) i] + Y I + Y 2 = 0 a + Yl + Y 2 

5(CLA1 + CLA2) 
(d) IP =- Dmp 

Average Mean-Plane Gae 

0 (lJm)(c) 
me 

3a0 
(lJm) mp 

5.9 3.3 

21.3 4.1 

I I I • 

% \f!(d) 

1.69 

0.47 



CD 0 
ZR4 I liJm 

ZR4 

FIGURE B.3. Error of Form for the ISM-II U02-40:Zr4-25 MPD 
Specimen Pair. (Sections correspond to those 
indicated in Figure F.l.) 
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