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Engineered ceramics are widely used in a variety of industries in demanding thermal environments. In power

electronics, for example, the thermal contact resistance (TCR) between ceramic insulators andmetallic heat sinks can

be a significant bottleneck to heat transfer. Despite this, the existing TCR literature has (for themost part) focused on

metal–metal contacts. In this study, the thermal contact resistance between aluminum oxide, alumina nitride, and

stainless steel is experimentally measured using the guarded heat flow meter technique, as per ASTM E1530

(“Standard Test Method for Evaluating the Resistance to Thermal Transmission of Materials by the Guarded Heat

Flow Meter Technique,” ASTM International STD E1530-11, West Conshohocken, PA, 2016). Tests are conducted

both under vacuum and under atmospheric pressure in order to compare results with existing metal–metal TCR

models. Experimental results are within a 25% rms relative difference of existing statistical-based conforming rough

plastic TCR models.

Nomenclature

Aa = apparent contact area, m2

Ar = real contact area, m2

a = microcontact radius
c1 = hardness parameter, GPa
c2 = hardness parameter, GPa
E = bulk elasticity, GPa
F = contact force, N
H 0 = microhardness, GPa
HBR = Brinell hardness, GPa
k = thermal conductivity,W∕�m ⋅ K�
Mg = molecular weight of gas
Ms = molecular weight of solid
m = average asperity slope, rad
ns = number of microcontact spots
P = apparent contact pressure, Pa
Pr = Prandtl number
αT = thermal accommodation coefficient
γ = ratio of gas specific heats
γp = Mikic plasticity index
δ = flatness deviation, μm
Λ = molecular mean free path m
λ = relative mean separation between planes
ν = Poisson ratio
σ = roughness, μm
σ0 = one unit, μm

I. Introduction

E NGINEERED ceramics are used extensively in demanding
operating conditions due to their exceptional material

properties. Examples include the use of aluminum nitride in
electronic and power electronic packaging, which has a thermal
conductivity similar to aluminum yet does not conduct electricity.
Aluminum oxide is frequently used as grinding material for its
hardness, as a thermal insulator in refractories due to its high melting
point, and as an electrical insulator because of its high dielectric
strength. In applications where thermal management is critical, such
as electronics cooling, thermal resistance both within and at the

interfaces of engineered ceramics can significantly influence heat
transfer. The ability to model and predict heat transfer in such
assemblies is critical for proper thermal design, and thus the
reliability of such devices. The bulk thermal resistance of ceramics
can be readily estimated by knowing its thermal conductivity using
standardized tests such the ASTM STD E-1530 [1]. Spreading and
constriction thermal resistances (i.e., the resistance due to cross-
sectional area changes in the heat path) may be calculated using
available correlations [2,3] or finite element analysis software.
Thermal contact resistance (TCR), which is the resistance to heat
transfer through imperfectmating surfaces, on the other hand, ismore
difficult to predict because it is a function of microscale surface
features (e.g., surface roughness and out of flatness) as well as
material surface properties (e.g., surface microhardness) that do not
necessarily reflect the bulk material properties [4].
Our current knowledge of TCR is due to the work of many

researchers who, for the most part, focused on metal–metal contacts
[5]. In a vacuum, heat is limited to flow through the solid contact
points at the interface between the surfaces because the radiation heat
transfer contribution is negligible when joint temperatures are below
600°C [6]. To simplify the analysis, many studies have divided this
solid resistance intomicro- andmacrothermal contact resistances [7].
Microresistance is caused by microscale imperfections commonly
referred to as surface roughness, whereas macroresistance is caused
by surface curvature, out of flatness, or macroscale periodic
imperfections (waviness) [7].
Cooper, Mikic, and Yovanovich developed the famous CMY

model for conforming (negligible macroimperfections) rough
contacts, which assumed a Gaussian roughness distribution,
equivalent joint material and surface properties, and plastic
deformation of roughness peaks (asperities) [8]. Conforming rough
models may be coupled with nonconforming smooth (negligible
microimperfections) models to cover nonconforming rough contacts
[7]. At atmospheric gas pressure, heat may pass through air gaps
(both micro- and macro-) as well as through the solid contact spots;
again, radiation is typically neglected. Bahrami et al. [9] and Song
et al. [10] gas-gapmodels cover awide range of Knudsen numbers. A
more detailed review can be found in Madhusudana’s book [11] and
Yovanovich’s review paper [5].
Metal–metal contact has dominated TCR research because metals

are good thermal conductors and are themost commonmaterials used
in thermal management systems. However, ceramic TCR has not
been widely studied: TCR between ceramic and metals even less so.
Marotta and Fletcher studied refractory ceramic coatings on metal
substrates in contact with bare aluminum [12]. Only two of the eight
test cases matched Antonetti and Yovanovich’s model [13] at high
contact pressures, whereas none of the coatings matched Antonetti
and Yovanovich’s model [13] or Yip’s model [14] at lower contact
pressures [12]. The authors believed it might be due to the out of
flatness or incorrect thermal conductivity of the coatings [12]. Chung

Received 9 December 2018; revision received 1 May 2019; accepted for
publication 3May 2019; published online 18 July 2019. Copyright © 2019 by
the American Institute of Aeronautics and Astronautics, Inc. All rights
reserved. All requests for copying and permission to reprint should be
submitted to CCC at www.copyright.com; employ the eISSN 1533-6808 to
initiate your request. See also AIAA Rights and Permissions www.aiaa.org/
randp.

*M.S. Student, Department of Mechatronic Systems Engineering.
†Professor, Department ofMechatronic Systems Engineering;mbarahmi@

sfu.ca (Corresponding Author).

1153

JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 33, No. 4, October–December 2019

D
ow

nl
oa

de
d 

by
 S

IM
O

N
 F

R
A

SE
R

 U
N

IV
E

R
SI

T
Y

 o
n 

Ju
ly

 2
1,

 2
02

1 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.T

56
84

 

http://dx.doi.org/10.2514/1.T5684
www.copyright.com
www.copyright.com
www.copyright.com
www.aiaa.org/randp
www.aiaa.org/randp
http://crossmark.crossref.org/dialog/?doi=10.2514%2F1.T5684&domain=pdf&date_stamp=2019-07-24


et al. studied metallic coatings on aluminum oxide substrates [15].
Their aluminum and copper coatings improved thermal contact
conductance by 30%. They did not compare their experimental
resultswith anyof the availablemodels in the literature.Mirmira et al.
studied interfacial contact resistance between stacks of single crystal
ceramics and proposed a correlation to fit their experimental
results [16].
Some experimental results did match existing metal–metal

models. The experiment conducted byAikawa andWiner on sintered
silicon nitride contacts fit the modified Greenwood–Williamson
contact model [17]. Similarly, Rao et al.’s experimental TCR results
on Al2O3/Al-AlN metal matrix composite joints [18] were close to
both Mikic’s model [19] and Sridhar and Yovanovich’s model [20].
The thermal resistance of joints made up of dissimilar materials is

an active research topic [21]. Ceramics and metals transfer heat
through different methods; metals transport heat via free electrons,
whereas heat transfer in ceramics relies heavily on lattice vibrations
(phonons) [21,22]. Research on thermal boundary resistance (TBR)
(which is the resistance at a perfect interface between different
materials due to phonon–electron, phonon–phonon, and electron–
electron interactions) suggests that material pairs that differ greatly in
their Debye temperatures may have a higher TBR than more similar
material pairs [21,23]. This TBR is expected to be much less
important than TCR due to imperfect mechanical contact [23].
Ceramics and metals are also different in their mechanical

properties. Frommetal–metal studies, it is known that TCR is a strong
function of surface microhardness (and/or elasticity), contact
pressure, and surface geometry [5]. Ceramics (and aluminum oxide
in particular) are an order of magnitude harder than most metals. In
addition to their extreme hardness, ceramics are brittle materials,
whereas metals are ductile. Under blunt indentation, ceramic
deformation, although similar to metal deformation on a macroscale,
is different frommetals on amicroscale and is characterized by brittle
cone fracture above the elastic limit [24]. These cracks may initiate
further microcracks at high loads [24]. Finally, ceramic surfaces can
be notably different from surfaces found in typical TCR experiments,
such as bead-blasted metals. Ceramics are formed from powders and
sintered particles under high pressure and temperature. Depending on
the grain size and sintering parameters, these materials may contain
dead end surface pores.
None of the TCR models currently available in the literature have

been developed based on ceramic–metal contacts or porous, fractured
microcontacts. Perhaps this is because researchers have concluded
that ceramic–metal contacts are not much different frommetal–metal
interfaces with respect to TCR. The experimental literature does not
yet back up this hypothesis. Ceramic–metal contacts have only been
explored in the form of coatings, and these did not match the existing
models. No experimental studies have been conducted on the TCR
between bulk ceramic–metal contacts (without coatings). Despite the
differences in geometric,mechanical, and thermal characteristics (the
triad disciplines of TCRmodeling) between ceramics andmetals, the
existing literature (and Ref. [17] in particular) suggests that metal–
metal models work well for some ceramic–ceramic contacts.
In this study, conforming rough TCR between stainless-steel 304

(SS304) and aluminum oxide and aluminum nitride is measured
using a guarded heat flowmeter technique, as per ASTMSTDE1530
[1]. Our experimental results are then compared with available
statistical TCR metal–metal models and show that metal–metal
models are in reasonable agreement with ceramic–metal joints.

II. Statistical TCR Model Implementation

The statistical TCR models used in this work all assume that one
surface is rough and the other is perfectly smooth (see Fig. 1 [25]).
The rough surface takes on the effective surface properties of both
real surfaces. These properties are calculated with Eqs. (1–3),
whereas Eq. (4) is exclusively used for models that assume elastic
deformation. Plastic models assume that the microhardness of the
effective rough surface is equal to the microhardness of the softer
material. Microhardness, and not bulk hardness, is recommended for
plastic TCR models [4]:

σ �
��������������������������������
σ2metal � σ2ceramic

q
(1)

m �
�����������������������������������
m2

metal �m2
ceramic

q
(2)

k � 2kmetalkceramic

�kmetal � kceramic�
(3)

E �
�
1 − ν2ceramic

Eceramic

� 1 − ν2metal

Emetal

�−1
(4)

The CMY model with plastic deformation [26], the CMY model
with elastic deformation [19], and Bahrami et al.’s scale analysis
model [27] were selected for comparison with the present
experimental results. The scale analysis model does not differ
significantly from the CMY plastic model [27]. Both are used in this
work because the scale analysis model, although easy to implement,
has a scaling factor that was derived based on metal–metal TCR
experiments. The appropriateness of this scaling factor for ceramic–
metal joints is not known a priori. The CMY and the scale analysis
models’ equations are listed in Table 1 for the reader’s convenience
[26,27,28]. Implementation of the CMY model requires iteration on
the microhardness and mean plane separation [from Eqs. (5–11),
excluding Eq. (7)] between the two effective surfaces. The bulk
material hardness is used as an initial guess for this iteration, which
is completed when the microhardness recalculations are negligibly
different. Equations (12–16) complete the CMY model for
conforming rough contact. Correlations that simplify the CMY
model implementation are available in the literature [5] but are not
used in this work.

Fig. 1 Equivalent rough surface of conforming rough Gaussian
contacts [25].

Table 1 Summary of thermal contact resistance CMY model

Equation no. Equation Reference

(5) c1 � 7.339e�−0.001695��T−25.2� [26]
(6) c2 � −0.279 [26]
(7) λelastic �

���
2

p
erfc−1

�
4
��
2

p
P

mE

�
[26]

(8) λplastic �
���
2

p
erfc−1

�
2P
H 0

�
[26]

(9) a � erfc� λ��
2

p � σ
m e

λ2

2

���
8
π

q
[26]

(10) DV � a
������
2π

p
[26]

(11) H 0 � c1� DV
10−6

�c2 [26]

(12) Areal

Aapparent
� 1

2
erfc� λ��

2
p � [26]

(13) n � �1∕16��m∕σ�2e−λ2
erfc� λ��

2
p � [26]

(14) ψ � �1 −
������������
Areal

Aapparent

q
�1.5 [26]

(15) hsolid � 2nak
ψ [26]

(16) TCRsolid � 1
hsolidAapparent

[26]

(17) K � HB

HBGM
[27,28]

(18) c1 � HBGM�4 − 5.77K� 4K2 − 0.61K3� [27,28]
(19) c2 � −0.57� 0.82K − 0.41K2 � 0.06K3 [27,28]
(20) H 0 � c1� σ

mσ0
�c2 [27]

(21) TCRsolid � 0.565 H 0�σm�
ksF

[27]
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Microhardness is calculated only for the stainless-steel surfaces
because the ceramic surfaces have expected microhardness [29] in
excess of three times that of stainless steel; thus, the effective joint
microhardness is the stainless-steel microhardness. Several
correlations for microhardness coefficients (c1 and c2) used for the
microhardness of stainless steel are available in the literature, and two
different ones [Eqs. (5), (6), and (17–19)] are selected for our
implementation of the CMY and scale analysis models.
Equations (20) and (21) complete the scale analysis model for
conforming rough contact. TheCMYelasticmodelmay be calculated
from Eqs. (7) and (9) to Eq. (16), excluding Eq. (11). Equations (16)
and (21) represent the microthermal resistance due to imperfect
contact at the conforming surfaces, which is caused by surface
roughness of the mating surfaces. Under atmospheric gas pressure,
TCR calculations require an additional model to calculate the
resistance of the gas gaps in between the contacting surfaces. Two of
these models are tabulated in Table 2, with one being a simplification
[Eqs. (22–26) and (30)] [9] of the other [(Eqs. (22–29)] [26,30,31].
Both models yield close results for the present tests. The simplified
model of Bahrami et al. [9] neglects the roughness of the real contact
area (order of 2% for bare metal–metal contact) and assumes that the
gas gaps may be approximated by two parallel plates with the
apparent contact area held a distance equal to the mean plane
separation apart from each other. In this work, the simplifiedmodel is
used with the scale analysis model and the full gas-gap model with
integral approximation is used with the CMY models so that both a
detailed model and a simpler model are compared with the results.
Because the heat is limited to transfer either through the solid contact
points or through the gas, the gas resistance and the solid resistance
are in parallel, as seen in Eq. (31).

III. Experimental Setup

Thermal conductivities of the stainless-steel 304 (2 and 4 mm
thick) and 99.5% aluminum oxide (2 mm thick) samples were
measured per ASTM STD E1530 using a guarded heat flow meter
setup available at our laboratory [1] (see Fig. 2). ARMCO iron heat
flux meters with a diameter of 25.4 mm (1 in.) were used with six
thermocouples located at the center of the flux meters 5 mm apart
from each other and 10 mm apart from the edges. Aluminum nitride
thermal conductivity was not measured because the combination of
small sample thickness (0.4 mm) and high expected thermal
conductivity �170 W∕�m ⋅ K�� results in a negligible deviation in
thermal resistance (0.002 K∕W) with a reasonable difference (30%)
in expected and actual thermal conductivities. To measure the TCR
between ceramic and metallic surfaces, the same guarded heat flow
meter setup was used. The heat flow through the joint was measured
per ASTM STD E1530 using the cylindrical ARMCO iron heat flux
meters. To measure the temperature difference across the metal–
ceramic–metal joint thermocouples (Omega, T type, �1°C) were
inserted into each metal sample. All measurements were conducted
with a single ceramic (ormetal) sample in between twometal samples
equipped with thermocouples. Thermocouples that exhibited
minimal temperature (less than 0.3°C) difference in a hot water

bath (from ambient to 100°C) were selected for insertion into the
metal samples
To prepare the metal samples for the TCR experiment, stainless-

steel 304 disks were first turned on a lathe, lapped (to ensure

conforming contact) off site, and then bead blasted at an in-house
machine shop to create random (Gaussian) roughness. Measured

surface roughness values are provided in Table 3.
All sample roughness and approximate flatness measurements

(less than 0.5μm across sample diameter) were measured by
profilometer (skidless diamond tip, Mitutoyo Surftest SJ-400;

flatness resolution of 0.3 μm over 25mm) in our laboratory. Polished
and as-fired aluminum oxide and polished aluminum nitride 25.4-

mm-diameter (1-in.-diameter) disks were ordered from Ortech
Advanced Ceramics and Stellar Ceramics, respectively.
TCR measurements were conducted both in a vacuum and under

atmospheric gas pressure. First a rotary pump and then a diffusion

pump were used to create a high vacuum. During measurement,
vacuum pressure was maintained between 1.25 and 4 mPa

(4 · 10−5 mbar or 3 · 10−5 torr) and was measured with a Penning
gauge. Thermal measurements were taken at steady-state conditions

determined to be when the total thermal resistance between the heat
flux meters changed less than 0.12% for over 30 min and 0.06% over
10 min. On average, tests exceeded 3 h. Details of the uncertainty

analysis are provided in the Appendix. Lateral heat losses off the test
column are neglected in vacuum because temperature differences are

low. In atmospheric pressure, lateral heat losses are also neglected
because it is assumed therewill be no convection within the glass bell

chamber enclosing the experimental test column. Air within the
chamber insulates the test column. Thermal conductivity tests of the

sample material were not significantly different with and without
insulation. Heat losses are temperature dependent but do not exceed

3% of average heat through the joint.

Table 2 Gas-gap equations

Equation no. Equation Reference

(22) Λ � Λ0

�
P0

Pg

��
Tg

T0

�
[9]

(23) For diatomic or polyatomic gases,M	
g � 1.4Mg [9]

(24) μ � Mg

Ms
[9]

(25) αT � e
−0.57�Ts−T0T0

�� M	
g

6.8�M	
g

�
�

�
2.4μ

�1�μ�2
��

1 − e
−0.57�Ts−T0T0

�� [9]

(26) M �
�
2−αT1
αT1

� 2−αT2
αT2

��
2γ
1�γ

��
Λ
Pr

�
[9]

(27) When 0.01 ≤ M
σ ≤ 1; fg � 1.063� 0.0471�4 − λ�1.68�ln � σM��0.84 [26,30]

(28) When M
σ ≥ 1; fg � 1� 0.06� σM�0.8 [26,30]

(29) TCRgas � 1
kgAafg

�M� σλ� [26]

(30) TCRgas−simplified � 1
kgAa

�M� σλ� [9]

(31) TCRj �
�

1
TCRsolid

� 1
TCRgas

�−1
[9]

Fig. 2 Guarded heat flow meter experimental setup.
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Bulk material properties are tabulated in Table 3. Surface
properties are listed in Table 4. Thermal conductivity and roughness
were measured in the laboratory, as previously described.
Approximate microhardness, bulk elasticity, and Poisson ratio
values were taken from the literature. Table 5 lists the experimental
joints used in the experiment.

IV. Experimental Results

Thermal conductivity measurements of the stainless steel and
aluminum oxide are presented in Fig. 3. The linear curve fits
(y intercept � 32.87 and slope � −0.08526 for alumina, and
y intercept � 13.70 and slope � 0.03407 for stainless steel) in Fig. 3
were used to deconvolute the TCR from all the experimental results in
this work.
To investigate the repeatability of the results, the TCR of a metal–

ceramic–metal joint (joint 2) was mounted and measured five times

(rotating sample and remounting each time) under atmospheric
pressure. As seen in Fig. 4b, remounting the joint did not result in a
significant difference in TCR in atmospheric pressure. Similarly,
Fig. 4a illustrates the same test but done under high vacuum pressure
(joint 4).
The deviations in the results are insignificant at high contact

pressure but become significant and are outside the expected
uncertainty at low contact pressures. The authors expect that this is
reasonable, considering that the samplewas rotated and remounted in
between each run, and a high random error is only present at low
contact pressures, especially where TCR is most sensitive to initial
contact area and hysteresis. To provide a benchmark for comparison
with all of the ceramic–metal tests, the TCR between lapped stainless
steel and bead-blasted stainless steel was measured both in vacuum
and under atmospheric pressure. The experimental results under
vacuum are presented in Fig. 5a, and those in atmospheric pressure
are in Fig. 5b along with the TCR models for conforming the rough
contact previously described. As the results show, the experimental
data match both plastic models under vacuum (14% rms relative
difference) and atmospheric pressure (18% rms relative difference). It
is clear from Fig. 5a that the plastic deformation assumption of the
asperities predicts the data more accurately for these contact
pressures. Lambert and Fletcher’s correlation for the asperity slope as
a function of surface roughness [Eq. (32)] [32] is used for the
stainless-steel surfaces in this study. This is done with confidence,
despite the high error associated with asperity correlations, because
the TCR data are in good agreement with the model in Figs. 6 and 7.
Use of the measured asperity slope in the model did not adequately
capture the steel–steel experimental TCR. The cause for this is
unknown butmay be due to a poor asperity slopemeasurement due to
limitations of the profilometer tip or use of a different bead-blasting
technique from previous studies:

mSS304 � 0.076�σ�0.52 (32)

V. Rough Metals and Smooth Ceramics

TCR results between polished ceramics and bead-blasted stainless
steel under high vacuum are presented in Fig. 6a. The same models
using the material and surface properties of both the ceramic and the
stainless steel are also shown. They are in good agreement with the
data (joint 2: 14% rms error; and joint 3: 13% rms relative difference).
Again, based on Fig. 6a, the deformation of the asperities is assumed
to be plastic. This is as expected because the stainless steel is the
rough surface, and therefore it is the stainless steel’s asperities that are
deforming on the smoother ceramic. This is consistent with Mikic’s
plasticity index, shown in Eq. (33), which indicates plastic asperity
deformation when less than or equal to 0.33 and elastic asperity
deformation when greater than or equal to 3.0 [19]. Joint 1 (SS304
and SS304) has a Mikic plasticity index of 0.19, joint 2 has a Mikic
plasticity index of 0.21, and joint 3 has one of 0.22:

Table 3 Bulk material properties

Thermal conductivity,W∕�m ⋅ K� Approx. microhardness, GPa Bulk elasticity, GPa Poisson ratio

AlN 170 10 300 0.24
Al2O3 25.2 15 300 0.21
SS304 16.8 3.4 200 0.29

Table 4 Surface properties

Properties Measured rms roughness, μm Calculated asperity slope, rad Approximate calculated microhardness, GPa

Polished AlN 0.03 0.0092 10
Polished Al2O3 0.28 0.048 15
As-fired Al2O3 1.1 0.13 15
Lapped SS304 0.33 0.043 3.85
Bead-blasted SS304 control 2.8 0.13 2.9
Bead-blasted SS304 test 1.9 0.11 3.1

Fig. 3 Thermal conductivity of alumina and stainless steel.

Table 5 Experimental joints

Joint number Metal sample Ceramic sample

1 Lapped SS304 Bead-blasted SS304 control
2 Bead-blasted SS304 test Polished Al2O3
3 Bead-blasted SS304 test Polished AlN
4 Lapped SS304 Polished Al2O3
5 Lapped SS304 Polished AlN
6 Lapped SS304 As-fired A l2O3
7 Bead-blasted SS304 test As-fired Al2O3
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γp � H 0

Em
(33)

In Fig. 6b, the TCR between these same samples is shown under

atmospheric pressure. All the models fit the data within the

uncertainty of the measurements (joint 2: 7.9% rms relative

difference; and joint 3: 7.7% rms relative difference). Under

atmospheric pressure, the elastic models are not significantly
different from the plasticmodels because the presence of the air in the
joint reduces the sensitivity of the model to the deformation of
asperities. In addition, the TCR is reduced by an order of magnitude
with a gas in the joint, which is similar to metal–metal contact.
The correlation used for the average asperity slope of the ceramic is

not influential on the result because the ceramic is much smoother
than the stainless steel. It holds, then, that the stainless steel’s asperity

Fig. 4 Repeatability of TCR experiment in a) high vacuum pressure (joint 4) and b) atmospheric pressure (joint 2).

Fig. 5 TCR between lapped stainless steel and bead-blasted stainless steel in a) high vacuum and b) atmospheric pressure.

Fig. 6 TCR between bead-blasted stainless steel and polished ceramics in a) high vacuum and b) atmospheric pressure.
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correlation is more influential on the models’ results because its
roughness determines the effective roughness and effective asperity
slope in the model.
Due to the similarity between the metal–metal models and

ceramic–metal data, the authors conclude that the plastic conforming
rough contact metal–metal models are appropriate for ceramic–metal
joints when the metal is relatively rough and the ceramic is relatively
smooth. In addition, the elastic CMY model is also appropriate in
atmospheric pressure only. Because the deformation of the asperities
is plastic and both plastic models yield similar results for ceramic
stainless-steel contacts, further figures contain the scale analysis
model only for simplicity.

VI. Smooth Metals and Rough Ceramics

If the ceramic is rough and the metal is smooth, then it is expected
that themetal samplewill deform under the harder ceramic asperities.
However, the metal–metal TCR models do not consider this because
they assume that the effective rough sample is the softer material and
the perfectly smooth sample is the material that experiences no
deformation. To test if these models work despite this assumption,
rough and smooth ceramics (polished and as fired) were put into
contact with smooth metals (lapped). Figures 7a and 7b show the
results of this experiment in a high vacuumand atmospheric pressure.
In both cases, the models are in reasonable agreement with the
experimental data (joint 4: 20% rms relative difference invacuumand
24% rms relative difference in atmospheric pressure; joint 5: 9.9%
rms relative difference in vacuum and 11% rms relative difference in
atmospheric pressure; and joint 6: 16% rms relative difference in
vacuum and 22% rms relative difference in atmospheric pressure),

which strongly suggest that the metal–metal models are appropriate
for ceramic–metal joints, despite the deformation assumption.
Antonetti et al.’s correlation [33] [Eq. (34)] for the asperity slope as a
function of roughness was selected for the ceramic surfaces because
Lambert and Fletcher’s correlation [32] resulted in a larger difference
from the model and experimental data. It is reasonable that one
correlation is appropriate for ceramics and less so for the bead-blasted
metals in this experiment because the surfaces are, in truth, formed by
completely different processes. Again, for smooth metals with rough
ceramics, the correlation used on the stainless steel is not influential:

mceramic � 0.124�σ�0.743 (34)

VII. Rough Metals and Rough Ceramics

Finally, using Eq. (32) for the asperity slope of the bead-blasted
stainless steel and Eq. (34) for the asperity slope of the as-fired
aluminum oxide, the theoretical TCR for conforming rough stainless
steel and conforming rough ceramic is compared with experimental
data in Fig. 8a in vacuum and Fig. 8b in atmospheric pressure. In both
cases, the scale analysis model captures the trend of the data and is in
reasonable agreement (18% rms relative difference in vacuum and
14% rms relative difference in atmospheric pressure).

VIII. Conclusions

Experimental thermal contact resistance (TCR) results between
conforming rough stainless steel and aluminum oxide and aluminum
nitride contacts were presented. The results adequately agreed with
the available statistical metal–metal TCR models with the use of

Fig. 7 TCR between ceramics and lapped stainless steel in a) high vacuum and b) atmospheric pressure.

Fig. 8 TCR between as-fired alumina and bead-blasted stainless steel in a) high vacuum and b) atmospheric pressure.
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certain asperity slope estimations. This strongly indicated that
metal–metal TCR models were perfectly suitable for estimating
ceramic–metal TCR despite the differences in material manufacture,
surface features (porosity), microscale deformation characteristics,
and thermal conduction.
RMS relative difference between the plastic models and the data

did not exceed 21% in vacuum or 24% in atmospheric pressure. The
average rms relative differences for the scale analysis model were 15
and 12% for the plastic CMY model. Most large deviations of the
experimental data from the plastic models were observed at low
contact pressures, which were consistent with metal–metal contacts.

Appendix: Uncertainty Calculation

The experimental data were analyzed in the R programming
language. All linear curve fits were performed withR. The following
equations were used in the uncertainty analysis:

uRelQ1 or 2
�

���������������������������������������������������������������������
uAbs2kHFM
k2HFM

� uAbs2A
A2

� uAbs2�dT∕dx�
�dT∕dx�2

s

uRelQavg
�

��������������������������������������
uAbs2Q1 � uAbs2Q2

q

uRel2�Qt∕kA� �
������������������������������������������������������������������������������
uAbs2A
A2

� uAbs2t
t2

� uAbs2k
k2

� ulRel2Qavg

r

uAbsTint1 or 2
�

����������������������������������������������
uAbs2�Qt∕kA� � uAbs2TC

q
uAbsdT �

��������������������������������������������
uAbs2Tint1 � uAbs2Tint1

q
uRelRj

�
��������������������������������������
uRel2dT � uRel2Qavg

q

uRelRmet or cer �
�����������������������������������������������������
uAbs2A
A2

� uAbs2t
t2

� uAbs2k
k2

r

uAbs2TCR �
���������������������������������������������������������������
uAbs2Rj

� uAbs2Rcer
� uAbsRmet

q
uRelTCR � uAbsTCR

2TCR
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