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Experimental Characterization
and Modeling of Thermal
Contact Resistance of Electric
Machine Stator-to-Cooling
Jacket Interface Under
Interference Fit Loading
Cooling of electric machines is a key to increasing power density and improving reliabil-
ity. This paper focuses on the design of a machine using a cooling jacket wrapped around
the stator. The thermal contact resistance (TCR) between the electric machine stator and
cooling jacket is a significant factor in overall performance and is not well characterized.
This interface is typically an interference fit subject to compressive pressure exceeding
5 MPa. An experimental investigation of this interface was carried out using a thermal
transmittance setup using pressures between 5 and 10 MPa. The results were compared
to currently available models for contact resistance, and one model was adapted for pre-
diction of TCR in future motor designs. [DOI: 10.1115/1.4039459]

1 Introduction

Cooling of electric machines is an important factor in increas-
ing power density. Components within an electric machine such
as the magnets and wire insulation experience reduced perform-
ance or reliability when exposed to temperatures beyond their
thermal specifications [1]. Therefore, heat must be removed from
these components to limit the temperature to which they are
exposed. Typically, heat must flow through several components
and material interfaces or contacts before the heat can be extracted
from the motor through convective cooling. For this reason, the
convective cooling approach for the machine can impact the path
of heat transfer through the electric machine, resulting in certain
materials or interfaces having a larger impact on the overall ther-
mal management of the electric machine. Examples of some ther-
mal management approaches that have been applied to electric
machines are summarized in Ref. [2].

The choice of convective cooling technology depends on the
electric machine’s performance requirements, intended applica-
tion, and available coolants. The research described in this paper
focused on a new electric machine design cooled with a high-
performance cooling jacket integrated into the machine case using
water–ethylene glycol, as shown in Fig. 1.

Because the machine of interest used a high-performance cool-
ing jacket for heat removal, the heat flow path through the
machine was predominantly radial. A parameter sensitivity study
was performed on a preliminary design of the electric machine
using a thermal finite element analysis model to determine which
thermal resistances were most significant. To perform the study,

the thermal properties of each material or interface were
decreased by 20%, and the change in maximum temperature was
reported. The thermal sensitivity analysis indicated that the domi-
nant thermal resistances for heat conduction through the machine
were the stator lamination stack and the thermal contact resistance
(TCR) between the stator and case [3]. For this reason, there was
a need to experimentally measure the in-plane lamination thermal
conductivity and the TCR of the stator-to-case interface.

The coolant jacket for the electric machine was mounted to the
stator through an interference fit between the coolant jacket and
stator. For the machine of interest, the stator-to-case interference
fit resulted in a compressive pressure on the joint ranging from
5.52 to 9.65 MPa. The laminated silicon steel used in the stator
gives the outer diameter of the stator a ridged surface. The inner
diameter of the case in contact with the stator is a machined alu-
minum surface. Examples from a similar electric machine are
shown in Fig. 2, showing the stator’s outer diameter surface and
the cooling jacket’s inner diameter surface.

There are a number of models and experimental data for calcu-
lating TCR. The simplest use an effective air gap with suggestions
for values based on surface roughness [4,5]. Using these techni-
ques yields a pressure-independent TCR ranging from 840 to
1400 mm2 K/W. Theoretical models will take into account factors
such as the pressure on the joint, the hardness of the two materials,
the surface roughness, and interstitial gas [6,7]. Using such a

Fig. 1 Electric machine cross section highlighting stator-to-
case contact
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model gives a pressure-dependent TCR ranging from 354 to
244 mm2 K/W for the 5.52–9.65 MPa pressure range. The disad-
vantage of such a model is the requirement to obtain upward of 15
parameters, some of which may be obscure or difficult to obtain
or require specialized equipment to measure. Finally, extrapolat-
ing from previously published experimental data [8] gives a TCR
of 157–149 mm2 K/W for the same pressure range.

The large range in the calculated TCR values (149–1400 mm2

K/W) causes a challenge in the electric machine thermal design.
A TCR of 150 mm2 K/W corresponds to a temperature drop across
the stator-to-jacket interface of 5 �C–10 �C. A TCR of 1400 mm2

K/W across the same interface results in a temperature drop about
seven times higher. Therefore, obtaining an accurate value for the
stator-to-case TCR is critical in the thermal design of case-cooled
electric machines.

This paper presents an experimental method to measure thermal
contact resistance at pressures representing interference fits. Pres-
sures from 5.52 to 9.65 MPa and two types of commonly used
machine laminations were studied. The experimental data were
used to select a model that can be used with easily obtained
parameters, while giving an accurate result that can be used in rel-
evant electric machine thermal models.

2 Experimental Apparatus and Procedures

To measure the TCR of the case-to-stator interference fit, a
high-pressure transmittance setup was constructed in accordance
with ASTM International (ASTM) Method D5470 [9] using a
high-capacity hydraulic clamp, as shown in Fig. 3 [10]. The setup
includes a lamination coupon with the laminations stacked hori-
zontally. The laminations are sandwiched between two 4-mm-
thick aluminum contact plates that simulate the aluminum case.
The aluminum contact plates on the top and bottom of the fixture
are pressed against copper metering blocks with thermal grease
applied at the interface. The setup was validated against both an
existing thermal transmittance setup at the National Renewable
Energy Laboratory for lower pressures described by Narumanchi
et al. [11] and a xenon flash diffusivity measurement system using
the 4-mm-thick aluminum contact plates to be used in the experi-
ment. The setup uses resistance temperature detectors (RTDs)

placed into the copper metering blocks located on the top and bot-
tom of the test sample. Heat is provided to one side of the sample
through electrical heaters inserted into an aluminum heater block.
The test apparatus is thermally isolated from the large pneumatic
press using a cold plate on the bottom. Both cold plates are cooled
with a bath circulator using plain water.

For the experiments, the laminations were manufactured with a
tolerance of 0.1 mm. A stabilizing rig was built to hold the lamina-
tions together. The stabilizing rig provided a method to hold the
laminations level without welding or adhesion such that the sur-
face was “self-leveling.” The stabilizing rig consisted of an alumi-
num frame with thermally insulating Teflon bumpers held against
the lamination stack with set screws.

The objective of the experiment was to measure the TCR
between the steel laminations and the aluminum contact plate in
addition to the lamination thermal conductivity parallel to the in-
plane direction of the laminations. The primary test factors for the
experiment included pressure and lamination material. The sam-
ple temperature ranged from 45 �C to 115 �C. A temperature gra-
dient must be applied to the sample to obtain results using the
thermal transmittance method, and the temperature was limited by
the safe operating temperature of the heaters in the heater block
shown in Fig. 3. The highest safe temperature was used to maxi-
mize the heat flux across the sample to improve the accuracy of
the measurement results. Electric machines will operate across a
wide range of temperatures, but the impact of temperature on the
thermal contact resistance was not included as part of the design
space of this experiment.

2.1 Test Pressures. The pressures applied during the tests
were intended to represent an interference fit between the case
and stator where the stator diameter is larger than the inner diame-
ter of the case. The pressure was calculated based on the geometry
of the UQM prototype electric machine. The tested pressures cov-
ered a range of values that encompassed the pressure estimate of
the UQM prototype machine, which included 5.52 MPa,
6.89 MPa, 8.27 MPa, and 9.65 MPa. Each data point at the listed
pressure was repeated three times to aid in the measurement
uncertainty analysis. Thermal contact resistance is affected by
hysteresis or the loading history of the contact. Thermal cycling,
load cycling, and extended time under load can reduce thermal
contact resistance [12]. To minimize hysteresis effects, measure-
ments were taken immediately after thermal steady-state was
reached. Steady-state was defined by a maximum temperature
change of less than 0.03 �C for a 10-min period. Pressures were
only increased throughout each test (i.e., a higher-pressure test
could not precede a test at lower pressure).

The high pressures involved necessitated investigation into
whether the surface of the contact plate would become indented
from the lamination coupon surface. This was done by using a
laser profilometer to scan the surface and then using spatial two-
dimensional fast Fourier transform to transform the surface data
into the frequency domain. Analyzing the surface in the frequency
domain allows differentiation between tool marks and indentation
caused by the lamination coupon surface. If the experiment caused
an indentation in the aluminum, it would necessitate replacing the
aluminum for each experimental test to ensure repeatability.
Whether or not the aluminum plates could be reused affects the
number of experiments that can be performed due to the potential
expense of having to cut or refinish plates for each repetition
should they not be reusable. The laminations were also tested for
possible work hardening by comparing thermal properties before
and after application of pressure.

2.2 Lamination Materials. Two types of laminations were
used: 29-gauge M15 material and 0.2-mm high-frequency mate-
rial from JFE Steel Corporation. Both laminations were laser cut
to get the shapes needed. The different edges are the result of dif-
ferent feed rates and/or intensity used by the vendor in the cutting

Fig. 2 Top: machine stator surface. Bottom: case interior
surface.
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process to ensure samples were not damaged due to thinner lami-
nations being more brittle. Figure 4 shows the edges of the two
lamination materials included in the experimental measurements.
The JFE material is thinner, and the resulting edge has a serrated
appearance.

2.3 Surface Properties of Contact Plates. Two surfaces for
the contact plates were tested and compared to determine the

significance of the surface finish. The first was a factory-ground
surface with no special treatment with an average surface rough-
ness of 0.6 lm. In an actual machine case, the inner surface is
lathed to a specified tolerance. Ideally, the second surface would
exactly replicate a lathed machine pattern. However, it was not
possible to exactly duplicate a lathed machine pattern on a flat sur-
face without specialized equipment. Instead, the second surface
approximated a lathed surface by machining the aluminum con-
tact block surface with a fly cut. Fly cutting results in surface tool-
ing (ridges) similar to what would be obtained with lathing; using
a very large bit results in nearly straight ridges. The feed speed
gives control over the surface roughness and was adjusted to
match the surface roughness of the stator case, which was 1.6 lm.
Figure 5 shows a surface topography map of the fly cut surface
obtained using a laser profilometer. The data were postprocessed
in MATLAB to obtain the area-average surface roughness.

2.4 Data Analysis Procedure. The test apparatus measures
the thermal resistance of the total stack-up between the two meter-
ing blocks shown in Fig. 3. The stack-up can be represented by

Fig. 3 High-pressure thermal transmittance setup showing cutaway view of sample stabiliz-
ing rig

Fig. 4 Edge views of lamination materials. The microscope
stage is labeled for clarity.

Fig. 5 Ten-mm square sample area surface profile of the con-
tact plate
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Eq. (1). The TCR is obtained by subtracting the thermal resistan-
ces due to the other layers.

RTot ¼ RLS þ 2RGL þ 2RCP þ 2TCR (1)

RGL represents the thermal grease layer between the copper
metering blocks and the contact plates shown in Fig. 3. The grease
layer improves the thermal contact between the copper metering
block and contact plate. RCP represents the thermal resistance of
the aluminum contact plate shown in Fig. 3. The thermal resist-
ance of the contact plate was characterized using a xenon flash
transient technique. RLS represents the thermal resistance of the
lamination stack coupon shown in Fig. 3.

The challenge with the thermal transmittance setup is that the
measurement uncertainty is a fixed percentage of Rtot. Therefore,
care must be taken to minimize the subtractions from Rtot to
obtain the value of interest, in this case, TCR. Care must also be
taken to minimize variations in Rtot due to variations of individual
layers (e.g., grease layer thickness).

The grease layer between the metering block and contact plate
was characterized at all four pressures using only a contact plate
and obtained using Eq. (2). Using a contact plate instead of simply
characterizing the grease layer independently simulates the exper-
imental conditions of the grease layer exactly between the copper
metering block and the aluminum contact plate

RTot ¼ 2RGL þ RCP (2)

While estimates and measurements for the bulk lamination
material thermal conductivity were available, the direction-
dependent thermal conductivity of the lamination stack parallel
with the laminations was not known. For this reason, it was not
possible to subtract the thermal resistance of the lamination stack
as shown in Eq. (1) with sufficient confidence. To overcome this
challenge, three sizes of laminations were used to generate a ther-
mal resistance versus sample height curve similar to what is
shown in Fig. 6. By fitting a first-order curve, the lamination
stack’s thermal resistance can be extracted independently of other
parameters using Eq. (3), and TCR can be extracted from the stack
using Eq. (4)

RLS ¼ slope � coupon thickness (3)

2TCR ¼ intercept� 2RGL � 2RCP (4)

3 Results and Discussion

The experimental results are described in the following sec-
tions. To validate the experimental design and the test procedure,
a series of preliminary tests was performed. The results of the pre-
liminary testing provided confidence in the experimental
approach. Once the experimental design was finalized, the experi-
mental results were recorded as described in the following.

3.1 Preliminary Test Results. Before the high-pressure tests
were conducted, an initial test was performed on the existing ther-
mal transmittance setup to check if the random uncertainty of the
measurement would be acceptable before constructing the high-
pressure setup. The test yielded an acceptable uncertainty and
work proceeded to build the high-pressure experimental setup.

The thermal resistance of the grease layer in Eq. (4) was deter-
mined experimentally as described previously. The results of the
measurements are shown in Table 1. The result is the average of
three experiments. The values are small compared to the expected
measurements. It is worth noting that the thermal resistance
decreases with pressure, which follows the expected behavior.

To test for indentations in the contact plates, the experiment
was performed at 9.65 MPa for the same temperature and time
conditions used in the experiment. The surface was then analyzed
using a spatial two-dimensional fast Fourier transform technique.
Transforming the surface data into spatial frequency space allows
simple differentiation between a potential indentation due to a
lamination stack and existing tool marks that both run in the same
direction. There was no indication of any indentation or change in
surface properties due to the experiment. Samples were also peri-
odically analyzed throughout the experiment to ensure that no
cumulative damage occurred to the plate surface that would affect
results. In addition, the laminations were tested on the xenon flash
before and after the preliminary test to ensure no thermal property
changes due to potential work hardening had occurred.

To highlight the effect the lathed surface on the interior of the
case had on the contact resistance, a series of tests was run using a
smooth contact plate and the fly-cut contact plate. The results are
shown in Fig. 7. For the TCR calculation in Fig. 7, a value for the
lamination coupon was calculated based on the known bulk ther-
mal properties of the laminations as a preliminary estimate. As
seen in Fig. 7, the surface finish significantly impacts the meas-
ured contact resistance. For this reason, the tests proceeded with
the fly-cut surface to more closely represent the lathed surface
properties.

3.2 Thermal Property Experimental Results. Figure 8
shows a plot of the data for the M15 29-gauge lamination coupons
at the lowest of the four pressures tested. Three data points were
collected for each of the three coupon thicknesses. The data were
fit with a first-order curve with the curve fit data points weighted
according to the systematic error of the experiment. The thermal
properties for both the lamination stack and the stator-to-case con-
tact resistance were extracted using the slope and intercept of the
fit, respectively, using Eqs. (3) and (4).

As described previously, the thermal resistances of the grease
and contact plate are subtracted from the intercept to obtain the
contact resistance. To calculate the uncertainty of the measure-
ments, the curve fit is weighted on systematic error, which

Fig. 6 Thermal resistance as a function of lamination coupon
thickness

Table 1 Meter block-to-contact plate thermal resistance with
thermal grease interface

Test pressure (MPa) Grease thermal resistance (mm2 K/W)

5.52 8.4
6.89 8.1
8.27 7.8
9.65 7.6
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includes RTD calibration error, estimated spatial temperature var-
iation calculated using a thermal finite element model of the setup,
and RTD location error. The RTDs were calibrated to a National
Institute of Standards and Technology traceable reference probe
using a static temperature calibration bath. The curve fit yields
random error and the 95% confidence interval (U95) is calculated
[12,13]. Figure 9 summarizes the results for both the stator-to-
case contact and the bulk thermal conductivity for the laminations
as calculated from the slope-intercept technique.

The results shown in Fig. 9 are generally consistent with
expectations, which give confidence in the technique. The thermal
conductivity of the laminations does not vary with pressure and is
near the bulk value measured with the xenon flash technique of 22
W/m K for both materials. The contact resistance decreases with
increasing pressure. The contact resistance is significantly lower
than what is predicted by effective air gap models, but agrees well
with pressure-dependent models for TCR. The uncertainty in the
results shown by the error bars in Fig. 9 precludes making further
conclusions about the results. However, there is a clear trend of
pressure dependence, and the different surface of the JFE as
shown in Fig. 4 may impact TCR.

3.3 Theoretical Model. The model described in Madhusu-
dana [7] appeared to give the best agreement with the

experimental results for TCR in the 5–10 MPa pressure range. The
purpose here is not to propose a new model or a physically com-
prehensive model but to summarize the existing model as it per-
tains to a stator-to-case TCR. The model includes both solid [6]
and fluid [14] components to calculate the inverse of TCR or ther-
mal contact conductance (TCC)

TCC ¼ hs þ hg (5)

The solid spot conductance (hs) is described by Eq. (6) as

hs ¼
kC tan h

r
P

H

� �n

(6)

where k is the harmonic mean of the thermal conductivities of the
two materials; C and n are coefficients, which are 1.13 and 0.94,
respectively [6]; r is the centerline average roughness of the two
contacting surfaces and is 1.25rRMS; rRMS is the root mean
square of the average surface roughness of the two contacting
surfaces; tan H is the mean slope of the surface asperities; P is the
applied pressure; and H is the contact microhardness of the softer
of the two materials. P and H have units of MPa.

The surface roughness of the case plate was 1.6 lm. The sur-
face roughness of the laminations was determined using the same
technique and yielded 10.9 lm and 11.8 lm for the M15 and JFE
materials, respectively. Any roughness tester could be used to
measure the surface roughness provided it has the range needed.
Measuring tan H is nontrivial, and motor designers are unlikely to
possess the necessary equipment. As an alternative, tan H can be

Fig. 7 Comparison of contact plate surface finish effect on
TCR

Fig. 8 Total thermal resistance measurements for M15 29-
gauge coupons at 5.52 MPa with extrapolation to 0 lamination
coupon thickness

Fig. 9 Top: stator-to-case TCR results. Bottom: lamination
effective thermal conductivity results. Error bars represent the
95% confidence interval.
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calculated based on the surface roughness correlations [15]. How-
ever, the surface roughness is outside the valid range for the corre-
lation to be valid. Furthermore, the correlation assumes a Gaussian,
random surface, which is not necessarily the case for this contact.
Because of this, tan H was determined empirically to be 0.12. Typi-
cal values for tan H range between 0.03 and 0.18 [7,15]. Note that
bulk properties for k are used (22 W/m K for both types of lamina-
tions), not the effective properties reported in Fig. 9, which are a
function of the stacking factor and include a small amount of inter-
stitial air. The aluminum thermal conductivity was measured to be
195 W/m K. The aluminum microhardness was estimated to be
930 MPa, derived from typical Brinell hardness for Al 6061-T6.
Surface microhardness is dependent on the history of the surface,
including how it was finished, heat treatment, or work hardening.
The actual surface microhardness may differ from the estimated
value and requires specialized equipment to measure. The gaseous
fluid conductance (hg) is described by Eq. (7) as

hg ¼ kg=d (7)

where kg is the thermal conductivity of the interstitial gas, in this
case air at 80 �C. d is calculated using Eq. (8) [14]

d ¼ 1:53rRMS P=Hð Þ�0:097
(8)

Figure 10 shows a comparison of the model to the data for both
sets of laminations. The model shows good agreement with the
data. Although not included in the plot, the model agrees with the
preliminary test at 0.22 MPa. The range of 150–250 mm2 K/W is
on the lower end of the estimates of 149–1400 mm2 K/W for the
interface. More importantly, it reduces the uncertainty of the value
by 90%, which leads to more accurate machine design.

Thermal contact resistance calculated by the model agrees rea-
sonably well (17% difference) with the experimental results
reported by Kulkarni et al. [8] for 13.28 MPa, but the model
results are lower than their results when extrapolating to higher
pressures (21–39 MPa). Note that values were not given for the
material and surface properties, so it is possible they differed from
what is presented here.

4 Conclusions

The TCR between machine laminations and an aluminum
cooling jacket under interference loading was measured using a
simulated stack within a high-pressure ASTM D5470 setup. The
results for two commonly used machine lamination types are pre-
sented and compared to existing contact resistance models. It was
found that the TCR ranged from 150 to 250 mm2 K/W for interfer-
ence fit pressures between 5.52 and 9.65 MPa. A model was pre-
sented with parameters that can be obtained using standard
equipment and agrees closely with the experimental data.

Pressure-independent models (such as effective air gap models)
are valid for pressures below 500 kPa. For pressures exceeding
500 kPa, the air gap model overestimates TCR proportional to the
pressure. For the interference fit pressures investigated, the
pressure-independent models overestimated TCR by a factor of
four to seven compared to the pressure-dependent model pre-
sented. The model presented was validated to 10 MPa, but should
be valid for any pressure well below the material yield point.

The stator-to-case TCR is a critical parameter in high-
performance and compact machine designs, especially those that
depend on case cooling. Without an accurate value for the stator-
to-case TCR, the cooling system may be optimized incorrectly or
additional expense invested in alternative cooling or oversizing
the motor that may not be necessary. This work helps electric
machine designers accurately estimate the stator-to-case TCR for
a range of electric machines without having to resort to expensive
experimental tests or overly conservative estimates.
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Nomenclature

C ¼ constant
H ¼ surface microhardness

hg ¼ gaseous fluid conductance
hs ¼ solid spot conductance
k ¼ thermal conductivity
n ¼ exponential constant
P ¼ pressure
R ¼ thermal resistance

RTD ¼ resistance temperature detector
tanH ¼ mean asperity slope
TCC ¼ thermal contact conductance (1/TCR)
TCR ¼ thermal contact resistance

d ¼ mean surface separation
r ¼ surface roughness

Subscripts

CP ¼ contact plate
GL ¼ grease layer

Fig. 10 Top: Comparison of TCR model to M15 29-gauge data.
Bottom: comparison of TCR model to JFE (0.2 mm) data. Root
mean square surface roughness of the contacting surfaces
used in the model is noted on the plot. Error bars indicate 95%
confidence interval for the data.
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LS ¼ lamination stack
RMS ¼ root-mean-square

Tot ¼ total
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