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Interfacial Contact Resistance of Single-Crystal Ceramics
for Solar Concentrators
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An experimental investigation was conducted to determine the thermal conductivity and overall ther-
mal resistance of stacks of single-crystal alumina and magnesia, and zirconia. From these data, the
interfacial thermal resistance between the ceramic materials was evaluated over a range of pressures of
70-1720 kPa, and at two temperatures of 20 and 60°C. For all three materials, the interfacial thermal
resistance decreases significantly with an increase in pressure at lower pressures, beyond which it de-
creases more gradually. Further, the effect of temperature on the interfacial thermal resistance is negli-
gible for the temperature range investigated. These data were used to develop an equation relating the
dimensionless interfacial thermal resistance to the crystal material properties, surface characteristics,
crystal thickness, apparent interface pressure, and mean interface temperature.

Nomenclature
asperity slope
flatness of crystals
= microhardness of ceramic crystals
thermal conductivity of crystals
pressure
roughness of crystals
contact resistance
absolute temperature
thickness of each ceramic crystal
waviness of crystals
coefficient of linear expansion
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Subscripts

a average

q root mean square
v Vickers

Introduction

VER the last decade, the world has seen rapid advances

in space-related technology. As a direct consequence of
these advancements, the large-scale harnessing of solar energy
in outer space may soon be a reality. As the potential has
developed for withstanding extremely high temperatures (2500
K) in solar heat receivers, it has become necessary to utilize
primary and secondary concentrators to harness this large
amount of energy. Secondary concentrators refocus the already
concentrated solar energy from the primary collector, thereby
reducing the light entrance aperture and the associated radia-
tion losses. Further, secondary concentrators increase the fo-
cusing accuracy required to achieve high concentration ratios.
Presently, engineers are in the process of assessing the feasi-
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bility of high refractive index materials in the manufacture of
these secondary concentrators.

The use of high refractive index materials for solar concen-
trators rather than hollow reflective materials has several ad-
vantages, including easier fabrication, higher thermal effi-
ciency (~95% rather than ~80%), and there are no special
cooling requirements. There also exist several technical chal-
lenges in the design and fabrication of secondary concentra-
tors, including the selection of a suitable optical material ca-
pable of withstanding high temperatures. Prime candidates are
single-crystal optically clear sapphire or aluminum oxide, mag-
nesium oxide, and zirconium oxide. It is planned to design and
fabricate the secondary concentrator by arranging single crys-
tals of the same material in a multilayer stack. Consequently,
knowledge of the thermal conductivity and interfacial thermal
resistance of these materials is extremely critical for the proper
design of concentrators.

Multilayer stacks of ceramic materials are capable of pro-
viding effective thermal insulation as a result of high interfa-
cial resistance.’ This high thermal resistance may be attributed
to the low ratio of actual to apparent contact area caused by
microscopic irregularities that cause the heat flow to be con-
stricted.>® The relatively low thermal conductivity and high
hardness of these materials also tends to increase the thermal
resistance at each interface. Furthermore, theoretical predic-
tions of thermal resistance for multilayer stacks of materials
are more complex than those for single interfaces.* In the latter
case, deformation mechanisms are dictated by the mechanical
properties of the substrate, while the stack deformation can
vary from layer flattening for thin samples at low loads to
asperity deformation at high loads.’

The thermal contact conductance of coatings of aluminum,
copper, iron carbide, and aluminum plus copper on alumina
substrates in contact with aluminum 6061 was experimentally
determined by Chung et al.® The aluminum oxide coated with
aluminum plus copper had the highest contact conductance
values that increased with an increase in pressure. The authors
also examined the effect of surface roughness on thermal con-
tact conductance. In this case as well, the aluminum plus cop-
per coating showed the greatest improvement.

Fletcher and Sparks’ conducted an experimental study to
determine the effective thermal conductivity and thermal con-
tact conductance of selected porous ceramic materials, includ-
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Table 1 Characteristic properties of selected ceramic materials

Thermal Melting Linear
Dimensions, conductivity, point, expansion, Index of Microhardness,
Material mm W/mK" K 107%/K refraction H,
Alumina 25.4 mm disk 47 @ 300 K —_— —_— —_— —_—
3.43 mm thick 10 @ 1000 K ~2305 7.2-8.6 1.76 ~1050
6 @ 2500 K —_— —_— E— —_
Magnesia 15 mm square 60 @ 300 K —_— —_— —_— _
3.35 mm thick 8 @ 1500 K ~3071 12.3-16.0 1.76 ~685
Zirconia, 8 mole % Y 25.4 mm disk —_— —_— —_— —_— —
6.61 mm thick 1.3 @ 400 K ~2980 10.5 2.16 ~1320
ing aluminum oxide, partially stabilized zirconia, and mullite- n.n/——— LOCK NUTS
bonded silicon carbide. The paper reports that the overall TOP PLATE —— > 1 Z )
thermal conductance increased with increasing temperature | | — THREADED ROD
and porosity. Based on the fact that the thermal characteristics e
. . . GUIDE SHAFT —>
for these ceramic materials are similar, the authors conclude
that the applications of these porous ceramics are governed | |/~ LINEAR BEARING
more by the mechanical properties than their thermal charac- UPPER MOVABLE 1 L
teristics. PLATE —7 ]//’ I sourcesink
Thomas and Probert® and Al-Astrabadi et al.” determined the %[ | HOLDER ASSEMBLY
contact conductance of stacks of thin metallic layers. Results BALL BEARING |
obtained by Al-Astrabadi et al.” indicate two distinct modes of I 1 I TEST SPECIMENS
compression, a layer-flattening region at low loads and a sur- RADIATION SHIEL L—7

face waviness deformation region at higher loads. Further, hys-
tereses in thermal resistance and compression characteristics
were observed during the initial loading/unloading cycle.

Al-Astrabadi et al.'® also measured the thermal resistance of
thin (<3.5 mm) Melinex, Perspex, Tufnol, polytetrafluroethyl-
ene (PTFE), and mica inserts between flat stainless-steel sur-
faces in the absence of any grease or lubricant. The results
indicated that the presence of nonmetallic shims led to an in-
crease of 10—1000 in the thermal resistance of the steel-to-
steel joint. However, the introduction of a second layer of the
same material increased the overall resistance by only 10%.
Considering the fact that most bearing surfaces are dynamic
and not static in nature, the authors conclude that PTFE is the
most suitable insert for thermal isolation.

An experimental and theoretical study of the interfacial and
overall thermal resistance of thin layers of aluminum oxide of
either 1.00 or 0.65 mm in thickness, arranged in stack form,
was conducted by Babus’Hag et al.'' The total thermal resis-
tance was measured for stacks comprising 2, 5, 15, and 30
layers of alumina, over a range of pressures. The paper reports
that as the pressure increases, the thermal resistance decreased
as a result of the increase in the number of microcontacts and
of the surfaces conforming to their microscopic topographies.
The paper concludes that the overall thermal insulation pro-
vided by a multilayer stack of alumina is proportional to the
number of interfaces. The authors attribute this high mean ther-
mal resistance value to the low ratio of actual to nominal con-
tact area between adjacent alumina layers, high hardness of
alumina, and the relatively low bulk thermal conductivity.

Based on this literature review, and also considering the
wide range of applications of multilayer stacks composed of
single-crystal ceramic materials, it appears that there is a lack
of interfacial thermal resistance information. In addition to the
limited experimental thermal resistance data for stacks of sin-
gle crystals, there does not appear to be any analytical tech-
nique for predicting the interfacial thermal resistance for stacks
of single crystal.

Experimental Program
To provide additional experimental data on the interfacial
resistance between ceramic single-crystal samples that may be
used in the design and fabrication of secondary solar concen-
trators, the following experimental program was undertaken.

Material Selection

Table 1 lists the selected thermophysical properties of the
single-crystal ceramics considered as suitable materials for so-
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Fig. 1 Schematic representation of test facility.

lar concentrators. This experimental study provides data for
multilayer stacks of sapphire and magnesium-oxide single
crystals, and yttrium- (8 mole %) stabilized zirconia. The alu-
mina and zirconia crystals were 2.54 cm in diameter, whereas
the magnesia samples were 15 mm in size. The thickness of
alumina and zirconia crystals were 3.43 and 6.61 mm, respec-
tively, whereas the magnesia crystals were 3.35 mm in thick-
ness.

Test Facility

The test facility used for this experimental investigation in-
volved a vertical column consisting of a frame with sliding
plates for support of two combination heat source/sink speci-
men holder assemblies, the test samples, a load cell, and pneu-
matic bellows, as shown in Fig. 1. An axial force was applied
on the vertical column including the test specimens by pres-
surizing the bellows with nitrogen. The contact load was mon-
itored by a load cell and signal amplifier. Uniform contact
pressure over the contacting test interfaces was assured by the
use of two hardened stainless-steel balls that transferred the
load from the frame to the source-sink-holder assemblies, and
in turn, to the test interface. A band heater was placed around
the upper flux-meter holder to provide the heat flux. Coolant
(ethylene glycol) was introduced through the lower flux-meter
holder by means of flexible neoprene hoses. The use of such
neoprene hoses minimizes lateral loads that may distort the
pressure distribution over the interfaces. The experimental fa-
cility was housed in a vacuum environment at a pressure of 1
X 107° torr, which was maintained by a oil-diffusion pump
backed by a two-stage rotary pump, and this vacuum pressure
was monitored by thermocouple and filament gauges.

The vertical test column consisted of electrolytic iron upper
and lower flux meters and the stack of crystal samples to be
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tested. To account for the variable shapes of the ceramic crystal
(alumina and zirconia-disks, magnesium oxide-square) sam-
ples, two vertical test configurations were used. In the case of
the sapphire and zirconia disks, the diameter of the flux meters
was 2.54 cm (1.00 in.), and the lengths were 10.16 cm. To
determine the interfacial resistance between the MgO disks,
flux meters of 1.5 cm square were used. In both cases, a stack
of single crystals was placed at the interface of the two elec-
trolytic iron heat flux meters. The flux meters were instru-
mented with 30-gauge, Teflon®/Teflon sheath, special limit of
error type K chrome/alumel thermocouples to enable the cal-
culation of the temperature gradient, the temperature difference
across the crystal stack, and the heat flux normal to the inter-
face.

Prior to measuring the interfacial thermal resistance, the
thermal conductivity of the sapphire, zirconia, and magnesium
oxide was determined over a temperature range of 0—100°C.
It is these experimentally determined thermal conductivity val-
ues that were used to calculate the thermal resistance. To en-
sure repeatability of the thermal conductivity results, three
samples of each material were tested. To minimize the contact
resistance at the crystal/heat flux-meter interfaces, thermal con-
ductivity tests were conducted at a mean interface pressure of
2067 kPa and thermal grease (Dow Corning 340-Silicone Heat
Sink Compound) was applied between the sample and flux-
meter surfaces.

Figure 2 shows the thermal conductivity of the alumina,
magnesia, and zirconia samples used in this investigation as a
function of mean interface temperature. It is apparent that the
thermal conductivity of alumina and magnesia is a function of
temperature, and decreases with an increase in temperature.
The thermal conductivity of single-crystal sapphire ranged
from 32 to 21 W/mK over the specified temperature range,
whereas the values for magnesium oxide varied from 64 to 45

conductivity values obtained at 20 and 60°C were used to cal-
culate the bulk resistance of the crystals at these temperatures.

The thermal contact resistance between contacting sapphire,
magnesia, and zirconia samples arranged in stack form was
evaluated at pressures ranging from 69-1725 kPa, and at in-
terface temperatures of 20 and 60°C. Further, no thermal
grease was applied at the interface between the crystals for
contact conductance tests.

A surface characterization of the electrolytic iron flux meters
and the alumina, magnesia, and zirconia samples was obtained
prior to testing with a Federal Products Surfanalyzer 5000/400.
The surface trace enabled the determination of the overall flat-
ness deviation (F), average (R,) and rms (R,) roughness, wavi-
ness (W,), and asperity slope (D,). These surface characteris-
tics are provided in Table 2.

The microhardness of the ceramic crystals utilized in this
experimental investigation was measured using a Buehler Mi-
cromet II. The average of 10 readings obtained at room tem-
perature for each type of crystal sample are reported in Table
1. Itis noteworthy that these materials possess an extremely
high microhardness value compared with metals such as alu-
minum.

Experimental Procedure

The electrolytic iron flux meters and the single-crystal sam-
ples were inserted carefully into the test facility and aligned.
A nominal axial load was applied to the heat flux meters to
ensure the surfaces remained in contact during evacuation of
the chamber. The test temperatures and applied load were au-
tomatically controlled by a personal computer via an IEEE-48
bus and feedback loop through a Hewlett-Packard data acqui-

Table 2 Average surface characteristics of alumina, magnesia
(single crystal), and zirconia samples

W/mK. On the other hand, the thermal conductivity of zirconia Material F,um R, pum R,pm W, um D,
did not vary significantly with temperature and was also much -
lower in magnitude. Figure 2 also shows the thermal conduc- Alumina 381 0.07 0.08 041 0.008
. . . Magnesia 3.75 0.07 0.08 0.43 0.006
tivity of these materials as obtained by other researchers. A Zirconia 30.41 545 324 171 0.026
comparison with publlshed values”"” indicates that the pres- Elcctrolytic iron 10.20 0.22 0.36 0.84 0.009
ent values show a similar trend with temperature. The thermal
1000
O MgO Crystal, P=2067 kPa, K=295.576-1.337(T)+0.00177(T?)
O  A,LO; Crystal, P=2067 kPa, K=86.867-0.277(T)+0.00027(T)?
& Zr0, Crystal, P=2067 kPa, k=0.000064+3.5135(T)-0.2967(T)?
== Single crystal MgO, Touloukian et al."®
~——— Finely ground MgO and fired to zero porosity, Touloukian et al.’®
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Fig. 2 Thermal conductivity of selected ceramic materials as a function of temperature.
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sition system. The heat fluxes in the upper and lower flux
meters as well as through the stack of crystals, were deter-
mined from the temperature gradients and thermal conductivity
of the electrolytic heat flux meters. The difference in temper-
ature across the stack of crystals was determined by extrapo-
lating the temperature gradient in the heat flux meters to the
respective crystal interface. Radiative losses from the flux me-
ters and sample were reduced by placing a radiation shield
around the vertical test column and, to avoid convection losses,
the entire test facility was housed in a vacuum chamber.

The single-crystal samples were not instruments with ther-
mocouples because of the limited thickness of the samples.
The thermal contact resistance data are for the case of a heat
flux passing from the upper electrolytic iron flux meter through
the stack of crystals to the lower electrolytic iron flux meter.

Uncertainty Analysis

The uncertainty involved in the various parameters and
quantities used to compute the thermal contact conductance
can be combined to arrive at one overall relative uncertainty
value. The Kline and McClintock'® uncertainty analysis was
employed to determine this overall relative uncertainty in the
thermal contact conductance.

The overall uncertainty in the reported values of thermal
conductivity and contact conductance of the crystal materials
is composed of various parameters. These parameters include,
uncertainty in thermal conductivity of the base material (elec-
trolytic iron), the heat flux across the cross-sectional area, the
temperature gradients within the iron flux meters, location tol-
erances for the special limit of error thermocouples, the tem-
perature readings, and the temperature difference across the
junction of the crystal stack employed.

The total average overall uncertainty of the thermal conduc-
tivity of each base electrolytic iron material is 1.5%. The un-
certainty in the temperature reading of the special limit of error
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thermocouples is 1.1°C or 0.4% above 0°C. The total uncer-
tainty of the thermal temperature gradients within the iron flux
meters, location tolerance of the thermocouple holes, and the
dimensional tolerance for the cross-sectional area is ~0.6%.
Based on this uncertainty analysis, the average uncertainty in
the effective thermal conductivity was within +3.0%.

The average overall uncertainty in the thermal contact con-
ductance for each stack of materials was the accumulation of
the uncertainties mentioned for the thermal conductivity case
with the addition for uncertainty caused by the temperature
difference across the junction and the dimensional tolerance
for the cross-sectional area of the sample. The overall uncer-
tainty value in the conductance value has been determined as
*5%. ‘

Results and Discussion

The total thermal contact resistance (bulk material resistance
and interfacial resistances) between highly polished single-
crystal ceramic materials (alumina and magnesia), and zirconia
(yttrium stabilized) arranged in stack form was determined
over a pressure range of 70—1722 kPa and at mean interface
temperatures of 20 and 60°C. These thermal contact resistance
data at specific mean interface temperatures are presented as
a function of apparent interface pressure, and are beneficial for
the selection of a material in the fabrication of secondary con-
centrators. Further, these data may also be used to estimate the
heat/energy losses caused by the interfacial thermal resistance.

The total interfacial thermal contact resistance (the bulk re-
sistance, t/k, has been subtracted from the total resistance) for
stacks of single-crystal alumina (six samples), magnesia (five
samples), and zirconia (four samples), as a function of appar-
ent interface pressure at 20°C is shown in Fig. 3. With an
increase in the applied pressure from 70-345 kPa, the total
thermal resistance decreases significantly, after which it de-
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Fig. 3 Total interfacial thermal resistance of interfaces between alumina, magnesia (single crystal), and yttrium-stabilized zirconia at 20°C.
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Fig. 4 Total interfacial thermal resistance of interfaces between alumina, magnesia (single crystal), and yttrium-stabilized zirconia at 60°C.
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Fig. 5 Average interfacial thermal resistance between alumina, magnesia, and zirconia as a function of apparent interfacial pressure at 20°C.
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creases less gradually with further increases in pressure. In the
case of either two sapphire or magnesium-oxide samples con-
stituting the stack, the total thermal resistance seems to be less
dependent on applied pressure beyond 700 kPa. Figure 3 also
indicates that the interfacial thermal resistance between the zir-
conia crystals is approximately twice that of the alumina and
magnesia crystals. This may be attributed to the fact that the
zirconia crystals were less flat and rougher than the single-
crystal materials, consequently reducing the surface area for
the effective flow of energy. Furthermore, because of the
greater hardness of the zirconia crystals, the interfacial resis-
tance between zirconia crystals appears to be less dependent
on pressure when compared with alumina and magnesia crys-
tals. Figure 3 also indicates the interfacial thermal resistance
data of alumina samples (AOS Code 96R) as measured by
Babus’Hag et al." These resistance data are slightly lower than
the present values for the same number of interfaces. Because
of the small thickness of the samples, the buckle and waviness
of the samples were pressed out with an increase in pressure,
and hence, lowered the thermal resistance.

Figure 4 shows the total thermal contact resistance for both
sapphire and magnesium-oxide crystals over the specified pres-
sure range and at 60°C. Very similar trends are observed.
Therefore, it appears that at these mean interface temperatures,
the interfacial resistance is not significantly affected by the
temperature.

Figure 5 indicates the average interfacial thermal resistance
(total interfacial resistance divided by the number of crystal
interfaces) as a function of interface pressure. As indicated in
Table 2, the zirconia crystals are significantly less flat and more
rough than the alumina and magnesia crystals. Consequently,
the data indicated in Fig. 5 appear to fall into distinct groups.
For the single-crystal materials (aluminum oxide and magne-
sium oxide), the average interfacial resistance values for stacks
composed of several samples are much closer together than
for the zirconia crystals that are relatively rougher and not as
flat. Further, with an increase in pressure, the scatter in the
experimental data was reduced, with the average value ap-
proaching a more uniform value. Figure 5 also presents a, best
fit curve, which relates the average interfacial thermal resis-

tance to the apparent interface pressure, for the different ma-
terials studied. For the sake of comparison, the thermal resis-
tance per interface for alumina as measured by Babus’Hag et
al."! has also been shown in Fig. 5.

A review of literature indicates that the interfacial thermal
resistance is a function of the thickness of the crystal, applied
interface pressure, absolute temperature of the crystal, and ma-
terial properties (microhardness, thermal conductivity, and co-
efficient of linear expansion).'®”'> Among the surface charac-
teristics, the most important parameters are the average surface
roughness (R,), and overall flatness (F'), as indicated in Table
2. A parametric study of these variables suggest that the ex-
perimental data may be used to develop a correlation relating
the dimensionless interfacial thermal resistance to the surface
characteristics and material properties. The resulting expres-
sion is of the form

Rck_ Bﬁ L 3 f_ 0.0167
=0 | (3) (32)| (7)

and the interfacial resistance may be written as

w=ooms () [(3) ()] (7)

In the previously mentioned expression, the interfacial ther-
mal resistance is nondimensionalized by the ratio of #k, while
the surafce characteristics are accounted for by the ratio of
R,/F. The term 1/BT accounts for the coefficient of thermal
expansion of these materials as a function of temperature, and
the apparent interface pressure has been nondimensionalized
by the Vickers microhardness. The rationale for using these
specific parameters (t/k, R,/F, 1/BT, and P/H,) stems from the
fact that these parameters predominantly influence the inter-
facial resistance.” Figure 6 compares the correlation that was
developed for the interfacial thermal resistance in terms of
dimensionless material properties, surface characteristics, ap-
parent interface pressure, and mean interface temperature with
the experimental date. As indicated by the equation, the ther-
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Fig. 6 Dimensionless average interfacial thermal resistance of alumina, magnesia, and zirconia at 20 and 60°C.
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mal conductivity and surface characteristics play an important
role. On the other hand, the apparent interface pressure does
not appear to influence the interfacial thermal resistance sig-
nificantly. This may be attributed to the fact that these mate-
rials possess extremely high microhardness values (Table 1),
and hence, the actual contact area does not increase with an
increase in pressure. At higher pressures, the data indicate a
slight decreasing trend, this is possibly because of a slight
reduction in the thickness of the crystals, thus enhancing the
flow of energy. Furthermore, the thermal resistance per inter-
face for alumina crystals as obtained by Babus’Hag et al.'’ has
also been included. It is evident that the correlation fits their
data accurately as well. This developed correlation may be
used as a preliminary step toward the prediction of interfacial
thermal resistance for the thermal design of solar concentra-
tors.

Conclusions and Recommendations

An experimental investigation was conducted to determine
the interfacial thermal resistance between multiple layers of
single-crystal stacks of alumina and magnesia and yttrium-sta-
bilized zirconia. The experiments were conducted over a range
of apparent interface pressures of 70—1270 kPa and at mean
interface temperatures of 20 and 60°C. The interfacial contact
resistance decreased with an increase in apparent interface
pressure, whereas the mean interface temperature did not sig-
nificantly influence the experimental results.

These experimental data were used to develop a correlation
for the interfacial thermal resistance. The resulting expression
is presented as a function of dimensionless parameters for the
ceramic crystal, including the material properties, surface char-
acteristics, crystal thickness, apparent pressure, and interface
temperature.

Considering the fact that these materials may be used as
secondary concentrators, and consequently, might operate at
significantly higher temperatures, it is recommended that an
experimental investigation be conducted at actual operating
temperatures. It is also recommended that the effect of surface
characteristics be investigated more closely, and that other sin-
gle-crystal materials be considered.
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