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Abstract

There is lack of information in the open literature on thermal properties of electric machine lamination
stacks such as contact resistance and effective thermal conductivity, yet this information is critical for
researchers and engineers in electric machine design and development. The thermal conductivity of
electromagnetic steel lamination materials was measured, and the thermal contact resistance between
laminations in a stack, as well as factors affecting contact resistance between laminations - such as the
contact pressure and surface finish — were investigated. A model was also developed to estimate the
through-stack thermal conductivity for materials beyond those that were directly tested in this work.
Four lamination materials were investigated, including the commonly-used 26-gauge and 29-gauge M19
materials, the HF 10, and Arnon 7 materials. Although this paper focuses on electric machines for
automotive applications, the information is potentially applicable to any component utilizing
electromagnetic steel laminations.
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Nomenclature
A area TCR thermal contact resistance
H surface microhardness ) mean surface separation
k thermal conductivity Subscripts:
m slope C contact
N number eff effective
P pressure G grease
RorRy  thermal resistance L lamination
t thickness RMS root mean square

1 Introduction

Thermal management for electric machines is important as the automotive industry continues to
transition to more electrically-dominant vehicle propulsion systems. which leads to higher-power
duty cycles for electric-drive systems. The ability to remove heat from an electric machine
depends on the passive thermal resistances within the machine and the convective cooling
performance of the selected cooling technology. The passive thermal design refers to the
geometrical layout, material selection, and thermal interfaces that affect the heat-spreading
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capabilities within the machine. The ability for heat to spread through the machine affects the
thermal temperature gradients within the machine. The active convective cooling technology is
the cooling mechanism that ultimately removes the heat from the machine, transfers the heat to
another location to reject it to the ambient environment.

The aspects critical to thermal performance of electric machines typically identified by
researchers are the windings, stator to case contact, winding to stator contact (including slot
liner), and convective heat transfer coefficients [1-5]. With the exception of [4], little or no
attention is given to the lamination stack thermal properties in spite of it being a primary heat
path through the machine. This lack of attention is likely because the lamination stack is not a
temperature sensitive component. Beyond that, it can be shown that the overall performance of
an electric machine is insensitive to the thermal properties of the lamination stack [3]. However,
it should be emphasized that the parameter sensitivity study performed varied properties by a
fixed amount of 20%. As will be shown, the through-stack effective thermal conductivity of
stator laminations can easily vary by 200% or more depending on lamination thickness and inter-
lamination contact resistance.

Thermal models of electric machines such as finite element models and computational fluid
dynamics models are becoming increasingly sophisticated and utilized earlier in the design
process. During development of these models, it was found that there was a lack of information
in the open literature detailing the thermal properties of key materials common in electric
machines that are significant in terms of heat removal. The lack of available literature, coupled
with the strong interest from industry in the passive-stack thermal measurement results, led to
this work to characterize and model the thermal contact resistance between machine laminations.

2 Relevance to Thermal Models

Figure 1 shows a sample cross-section schematic of an electric machine showing components
and example cooling methods, including a water jacket and several types of automatic
transmission fluid (ATF) cooling methods.
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Figure 1. Electric machine cross-section showing several possible cooling scenarios
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Figure 2 (a) shows a validated finite element analysis (FEA) thermal model from [3]. The
machine utilizes both case cooling and ATF spray on the end windings and end surfaces. The
case cooling is with water-ethylene glycol (WEG) coolant at 35°C. The ATF spray is at 85°C.
Figure 2 (b) and 2 (c) show the consequences of using poor thermal assumptions for the
lamination stack. Figure 2 (b) assumes lamination properties are isotropic - which under-predicts
the rotor temperature by 10°C. Under predicting the temperature at the modeling stage could
result in costly re-design at the prototype stage. A conservative approach is to model the
lamination stack as having no through-stack thermal conductivity. Although over-estimating the
temperature due to no through-stack thermal conductivity may seem safer in Figure 2 (c), the

heat flow is changed dramatically compared to the validated model in Figure 2 (a).
134°C
129°C

-111°C

93°C
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Figure 2: (a) Validated thermal model using experimentally determined through-stack lamination effective
thermal conductivity. (b) The same model using isotropic lamination thermal properties. (c) No through-
stack thermal conductivity. (b) and (c) show the changes in stator and rotor temperature with respect to (a).

3 Experimental Approach

The effective thermal conductivity of the lamination stack is orthotropic, as shown in Figure 3.
Thus, it was important to determine effective properties for both the in-plane (shown in Figure 3
as the x-y plane) and through-stack direction (shown in Figure 3 as the z direction). The thermal
conductivity of the base material (bulk thermal conductivity), specific heat, and density were
also measured.

JA

Lamination Stack

Figure 3. Orthotropic thermal property orientation for machine laminations. Through-stack conductivity is
along the z-axis, and in-plane thermal conductivity is along the x-y plane.

Another important aspect is the lamination thickness. Thinner laminations decrease losses, but
increase the number of contacts within the stack. To investigate this aspect, we performed
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measurements on four types of laminations commonly used in electric machines, as outlined in
Table 1.

Table 1. Lamination Materials Tested

Material Thickness (mm) Notes
M19 0.470 26 gauge
M19 0.356 29 gauge
HF10 0.254

Arnon7 0.178

3.1 Lamination Through-Stack Thermal Conductivity

Figure 4 shows the setup that was used to measure the effective through-stack thermal
conductivity. The test apparatus was built in accordance with the ASTM Standard D5470-12
steady-state technique [6,7]. The advantage of this setup for this application is it sets up a one-
dimensional heat flux/flow and therefore enables measurement of thermal properties in one
specific direction independently of the other directions. The setup uses resistance temperature
detectors (RTDs) inserted into the copper metering blocks that are located on the top and bottom
of the test sample. Heat is provided to one side of the sample through electrical heaters inserted

into an aluminum heater block. The cold plate is cooled with a bath circulator using silicone oil
as the coolant.

Clamping Force '

Heater Block (Hot Boundary) l 1 l l

Copper Metering Blocks with
RTDS

Thermal Grease \
Lamination Stack —
Thermal Grease :

Diameter 31.75 mm

Square 50.80 mm —~——"
Cold Plate (Cold Boundary) n r\ n
Clamping Force '

Figure 4. Schematic (left) and photo (right) of the steady-state setup for measuring orthotropic thermal
conductivity values

The heater block was set to a constant heat input of 60 W for all tests. This value was
determined based on the maximum recommended operating temperature (125°C) of the heater
cartridges when testing the sample with the highest thermal resistance. Using the highest heat
input possible within equipment limitations reduced measurement uncertainty by minimizing

4

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.



International Journal of Heat and Mass Transfer HMT 2018 2520 (Final)

relative convective and radiative heat loss from the apparatus and by maximizing the temperature
gradient across the sample. The silicone oil was circulated at 50°C to obtain an average
temperature within the sample of 65-85°C. Each test was performed at four pressures: 138, 276,
414, and 552 kPa (20, 40, 60, and 80 psi, respectively). These pressures were based on industry
feedback and equipment limitations. The total thermal resistance (R) of the stack measured by
the ASTM setup can be broken down analytically. As shown in Equation 1, Ry is the thermal
resistance of a single lamination, Rc is the thermal contact resistance between two laminations,
Nc is the number of lamination-to-lamination contacts in the stack, and Rg is the thermal
resistance of each grease layer.

Ren(N¢g) = (Rc + R.)N¢ + R, + 2R (1)

As shown in Equation 1, R is a function of Nc. As a result, by measuring different stack heights
and fitting to a slope, m, any constant resistance present, such as Rg, can be eliminated as shown
in Equation 2.

%((RC +R)Nc+R,+2R;) =Rc+R,=m 2)
c

The number of laminations (Ni) in the stack is always one more than the number of contacts
(Equation 3). Because the number of laminations does not equal the number of inter-lamination
contacts in a stack, the thermal conductivity of the stack is length dependent, as shown in
Equation 4, where t is the thickness of an individual lamination. However, as shown in Figure 5,
as the stack height increases, the ratio between the number of laminations and number of
contacts approaches unity and approaches the effective thermal conductivity (kefr) asymptotically
as shown in Equation 5. Figure 5 also proves that it is not possible to measure the effective
through-stack thermal conductivity with a single, direct measurement unless a large stack height
is used. Equation 6 shows alternative formulations that can be derived from Equations 1 through
4, with kr. as the bulk thermal conductivity of the lamination material.

N, =N, +1 3)
_ Total Thickness t-N, 4
" Total Resistance R;N; + RN, @
lim k= ‘ 5
NCILTIIVL N RC + RL ( )
t R, 1\!
T Rc+R, \t 'k, m
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Figure 5. Equation 4 plotted against the number of laminations compared to Equation 6, which represents a
large number of laminations. The y-axis represents Equation 4 divided by Equation 6.

Thermal resistance data from the different stack heights were fitted using a weighted curve fit
[8]. Weighting was based on the systematic uncertainty in the measurements, which was found to
be proportional to the stack height. The weighted curve-fitting method also captured random
uncertainty in the measurements. The thermal contact resistance shown as Equation 7 was
derived from equation 2 using the slope of the curve fit, m, and the lamination thermal resistance
as calculated from the bulk thermal conductivity measured from the xenon flash. Equations in
the published literature [9] for low-pressure contacts provided confirmation of the measured
results.

t
R-=m——
c=m k, (7)

Performing five repetitions at each stack height provided the data to quantify random
uncertainty. Three stack heights were measured for each material (two, five, and eight
laminations), except for the M19 29-gauge material, for which seven stack heights were tested
initially. Using seven stack heights provided seven data points for the curve fit. The seven-point
fit was compared to a three-point fit to confirm that three points would be sufficient to fit the
data and reduce the number of experiments required. It is documented in the literature that
contact thermal resistance will reduce with load cycling and thermal cycling [10]. Therefore,
only the first loading cycle was considered. The 95% confidence interval (Uos) was calculated
for the results following established practices [11].

3.2 Lamination In-Plane Thermal Conductivity

Although the through-stack thermal conductivity measurements were the primary focus of the
lamination measurements, the effective in-plane thermal conductivity of a lamination stack was
measured in collaboration with Oak Ridge National Laboratory. Lamination-to-lamination
contact resistance is not a factor for in-plane thermal conductivity. Because the material is
homogeneous in the in-plane direction, an area-weighted method as shown in Equation 8 can be
applied to determine the effective in-plane thermal conductivity [12].
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L k Acoat k Aair
+ coat A + air A
total total total

Kerr = ki ()

where the subscripts L denote the bulk lamination material, coat is the lamination coating, and
air is the interstitial airspace between the laminations. It was found experimentally that the fill
factor exceeds 99% for pressures of 20 kPa or above, indicating that the coating and air make a
trivial contribution to the in-plane thermal conductivity. The ASTM setup that was used to
measure the through-stack thermal conductivity was also used to measure in-plane thermal
conductivity, as shown in Figure 6. The setup is the same as shown in Figure 4, except with the
round metering blocks replaced with 50.8 mm X 50.8 mm square metering blocks. Oak Ridge
National Laboratory prepared the samples. Square metering blocks were used instead of
cylindrical metering blocks to accommodate the shape of the sample coupon.

Figure 6. Test setup for measuring in-plane lamination thermal conductivity.
3.3 Lamination Bulk Properties

Bulk properties of the lamination material were also measured. Bulk thermal conductivity was
measured using a xenon flash transient technique. It was necessary to measure the bulk thermal
conductivity to derive the inter-lamination thermal contact resistance using Equation 7, as well as
the effective through-stack thermal conductivity using Equation 6. Specific heat was measured
using a differential scanning calorimeter. Density was measured by dividing the weight of the
sample by volume and taking the average of 10 samples.

4 Results and Discussion

The experimental results are discussed in the following section. The results include the through-
stack thermal conductivity of the laminations, including inter-lamination contact resistances and
factors affecting contact resistance. A semi-empirical model is also presented and compared
with the experimental results.
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4.1 Lamination Bulk Properties

The bulk properties of the laminations tested are listed in Table 2. Bulk thermal conductivity
was necessary to derive lamination through-stack and in-plane thermal conductivity. Density
and specific heat are useful to engineers and researchers in transient FEA of electric machines.

Table 2. Bulk properties for lamination materials tested.

Bulk
Thermal Specific
Conductivity Density Heat

Material (W/m-K) (kg/m®) (J/kg-K)
M19, 26 Gauge 23.0 7300 451
M19, 29 Gauge 21.9 7450 463
HF10 20.6 7180 456
Arnon 7 22.4 7190 504

4.2 Lamination In-Plane Thermal Conductivity

The estimate of in-plane thermal conductivity was based on Equation 8. It was conservatively
estimated that the stacking factor (SF) would be at least 99% and the inter-lamination air gaps
simplified as vacuum (perfect thermal insulator), reducing Equation 8 to Equation 9.

keff in—-plane ~ SF -k, ©)

Taking into consideration the random and systematic errors, the 95% confidence interval (Uos)
for the in-plane thermal conductivity for the M19 29-gauge material was measured to be
21.8+1.38 W/m-K. There was no significant difference between the bulk, estimated, and
measured values, indicating that there are no unanticipated effects in-plane due to the stack up.

4.3 Lamination Through-Stack Thermal Conductivity

The measurement of the lamination stack thermal resistance as a function of number of inter-
lamination contacts for the M19 29-gauge material is shown in Figure 7. Error bars indicate the
systematic standard error. Each stack height is measured five times to determine the random
error. To factor both the systematic and random error, the curve fit was weighted based
inversely on the systematic error. Figure 7 (a) shows the curve fit using seven stack heights.
Figure 7 (b) shows the same curve fit using three stack heights. The purpose of using a larger
number stack heights initially was to determine if any non-linear effects were present and to
determine the sensitivity of the curve fit to the number of stack heights. The decrease in
accuracy using three stack heights was negligible compared to the overall uncertainty but the
labor and time savings was substantial. The remaining materials were measured using three
stack heights.



International Journal of Heat and Mass Transfer HMT 2018 2520 (Final)

2500 2000
+ Data with Systematic Error 1 ) )
—Weighted Curve Fit + Data with Systematic Error {
2000 1 —Weighted Curve Fit
} ¥ 1500 -+
1500 i

Resistance [mm?-K/W]
Resistance [mm?-K/W]
o
(=]

o

500 -+

1000 // 4
500 *

o 1 2 3 4 5 6 7 8 9
Number of Contacts

(a) (b)

Measured Lamination Stack Thermal

R
Measured Lamination Stack Thermal

0 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
Number of Contacts

Figure 7. M19 29-gauge 138 kPa data set with weighted curve fit. Error bars represent systematic standard
error. (a) shows the curve fit using a seven-point fit, and (b) shows the curve fit using a three-point fit.

The ASTM measurements yielded the curve-fit slope (m), and the xenon flash measurements
provided the lamination bulk properties (ki). Using the measurement results in conjunction with
Equation 7 gave the inter-lamination thermal contact resistance (Rc). Figure 8 shows the results.

o mM19 26 Gauge
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HF10

250 [ } Arnon7
S 2200 I I I [ I ]
.
3
2§ 150
T 100
T 50
j
0 :
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Clamping Pressure [kPa]

Contact Resi:

Figure 8. Summary of measured inter-lamination contact resistance for materials tested at the four pressures.
Error bars represent a Uss confidence interval.

The M19 29-gauge and HF10 materials both had a small ridged pattern on one side, which was
assumed to be from the manufacturing process. These patterns were not present on the M19 26-
gauge or Arnon 7 materials. A height map of the ridged and smooth surfaces measured with a
laser profilometer is shown in Figure 9. When the inter-lamination contact resistance is plotted
with ridged and smooth averages, it is clear that the different surfaces follow two distinct trends.
Depending on the clamping pressure, the ridges decrease inter-lamination contact resistance by
13% to 24% with respect to the smooth contacts. The general decrease in pressure dependence
for the ridged surface is due to the ridges fixing the number of microscopic contact points
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between laminations. For the smooth surfaces, the number of microscopic contact points vary
more with changes in pressure. The lower overall thermal resistance for the ridged surface is due
to each contact point in the ridged pattern being at higher pressure. As the pressure increases, the
advantage of the ridged surface over the smooth surface is reduced as the number of microscopic
contacts becomes equal for the two surface types. The samples’ average surface roughness
ranged from 0.84 to 1.43 pm.

+2.5 pm
300

0.0 um

“¥.3.0 um

+1.5 um

+* M19-29 GA m M19-26 GA
A HF10 X Arnon7

=== Ridged Average Smooth Average
0 T T ]

138 276 414 552
Clamping Pressure [kPa]

0.0 um

-3.0 um

Interlamination Thermal Contact Resistance

Smooth Surface

(a) (b)

Figure 9. (a) Inter-lamination thermal contact resistances shown with averages of smooth samples and
samples with a ridged pattern on one side. (b) Photo and height map of ridged and smooth surfaces.

The C-5 coating is included in the contact resistance measurement, but its precise effect and
variation in thermal performance between samples is not certain. C-5 coatings contain inorganic
compounds and ceramic fillers to maximize electrical insulation. However, the ASTM Standard
A976-13 only requires a set of electrical and durability characteristics to be met [13]. Thermal
properties (except durability requirements) and materials used are not defined. For the materials
tested, the presence of a C-5 coating was confirmed with an electrical conductivity test. The
images in Figure 10 were generated with a scanning electron microscope technique, using a
focused ion beam (FIB) to cut the material. The FIB technique creates an undistorted cross
section by depositing a protective layer of platinum on the surface of the sample and then
bombarding it with ions to create a cut. The platinum layer is to prevent distortion of the top
layer due to the FIB cutting process. On three of the four samples, a 2-um coating was present on
one side only. The exception was the M 19, 26-gauge material. For the M19 26-gauge material, it
was not possible to visually distinguish the C5 coating from the lamination substrate.
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Figure 10. Scanning electron microscope images of M19, 29-gauge material

Figure 11 shows the effective through-stack thermal conductivity for each of the tested
lamination materials. The through-stack thermal conductivity was calculated using Equation 6,
by utilizing the data from the curve-fit slope shown in Figure 7 and the measured single
lamination thickness. There are two observations related the inter-lamination thermal contact
resistance that are worth noting. First, the thermal contact resistance decreases with increasing
contact pressure. As a result, the effective thermal conductivity of the lamination stack increases
with increasing pressure. Second, the thinner laminations have a greater number of contacts for
a given stack height than the thicker laminations. As a result, thinner lamination materials have
lower effective through-stack thermal conductivity. The apparent discrepancy of the 29-gauge
thermal conductivity exceeding the 26-gauge’s thermal conductivity at low clamping pressure
may be due to the ridged pattern on the 29-gauge material surface facilitating the thermal
contact. The effect is not observed at higher pressures. Also, it is to be noted that the effective
through-stack thermal conductivity values of the 26-gauge and 29-gauge materials are within the
experimental uncertainties.

2.0
18
16
14 . I
12 z +  mM1I9 26 Gauge
1.0 mM19 29 Gauge
0.8 * N ® HF10
0.6 I — Arnon?
0.4 o
0.2
0.0 :
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414 552
Clamping Pressure [kPa]

Effective Through-Stack Thermal
Conductivity [W/m-K]

Figure 11. Effective through-stack thermal conductivity for lamination stacks. Error bars represent a Uos
confidence interval.

4.4 Theoretical Model

The effective through-stack thermal conductivity is given by the form of Equation 6 which
allows direct input of property data, shown as Equation 10 below.
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Re 1\!
keff: <T+k—L> (10)

Where ¢ is the lamination thickness, &z is the bulk thermal conductivity of the lamination and Rc
is the inter-lamination contact resistance. Of the parameters listed in Equation 10, a theoretical
determination of Rc is non-trivial. One important goal of this paper is to provide a model for Rc
that can be estimated using parameters that can be obtained without the use for specialized
equipment, so it is useful to electric machine designers.

The total thermal conductance across a contact is the sum of the solid spot conductance and gas-
fluid thermal conductance [14]. The solid spot conductance is controlled by the ratio of the
actual contact area to apparent contact area. For perfectly smooth surfaces, the actual contact
area equals the apparent contact area. In reality, surfaces are rough and have microscopic peaks
and valleys that reduce the actual contact area to a fraction of the apparent contact area (the area
that is apparently in contact to the naked eye). Decreasing the surface roughness or increasing
contact pressure increases the actual contact area, and hence increases the solid spot conductance
contribution. In this case, the loading to hardness ratio on the laminations is relatively low (<0.7
x107%), and due to the low thermal conductivity of the bulk material and the presence of the C5
coating the solid spot conductance can be neglected [9].

Neglecting the solid spot conductance, the thermal resistance of the contact is the thermal
resistance of the air gap (Rair) as described by Equation 11 [15].

Rair = 5/kair (1 1)

where kair is the thermal conductivity of the fluid contained in the contact, and o is the mean
separation distance given by Equation 12 [15].

8 = 1.530zu5(P/H) 0% (12)

where orus is the root mean square of the surface roughness of the contacting surfaces, P is the
contact pressure and H is the surface micro hardness of the softer of the two contacting materials.

The C5 coating makes a significant contribution to the inter-lamination thermal contact
resistance, as evidenced by the fact that using Equation 11 alone underestimates the thermal
contact resistance compared to the experiment. Unfortunately, the actual thermal resistance of
the C5 coating is difficult to measure or estimate due to the fact that it is not a specific material,
but a treatment given to the surface to obtain a desired set of electrical and machinability
characteristics [13]. Removing the C5 coating by sanding alters the surface characteristics such
that a comparison of the measured TCR with and without the C5 coating was not meaningful.
The coating was also found to be too thin to make a significant contribution to the bulk material
thermal resistance.

To reconcile Equation 11 with the experimental results, the assumption was used that the C5
coating contributes its thickness to the mean surface separation, 9, such that the inter-lamination
contact resistance takes the form of Equation 13.

12
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RC = (6 + tCS)/kair (13)

The root mean square surface roughness for the samples tested ranged from 0.94 to 1.21 pm.
The thickness of the C5 coating was 2.00 um. The thermal conductivity of air at 55°C (0.0281
W/m-K) was used to be consistent with the average sample temperature. The contact pressure
ranged from 0.138 MPa to 0.552 MPa. The micro-hardness (H) of the materials was 1200 MPa,
which is the average of several manufacturer datasheets for silicon steel converted from Brinell
or Vickers hardness values [16—18].

Equation 13 provides good agreement with the experimental data as shown in Figure 12. The
difference in slope between the results obtained from the model used in Equation 13 and the
experimental data is due to neglecting the solid spot contribution to the thermal contact
resistance. The most prominent error source is the camber, or overall curvature to the samples,
which was up to 10 um with no loading. The experimental pressures did not fully eliminate the
camber in the thicker 26-gauge samples, resulting in thermal contact resistances that are higher
than the values predicted by the model - as indicated in Figure 12 (a).
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Figure 12. Results predicted by the model compared to experimental data for contact resistance.
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5 Conclusion

We provided experimental data for properties of four lamination materials commonly used in
electric machines: M19 (29- and 26-gauge), HF10, and Arnon 7. Orthotropic thermal
conductivity, density, and specific heat were measured for each material, providing data relevant
to both steady state and transient thermal analysis. We developed a procedure that is suitable to
experimentally characterize layered materials. A summary of the key results is given below.

e Through-stack thermal conductivity was 3-10% of the bulk material thermal
conductivity, and is strongly dependent on the lamination thickness.

e A ridged pattern reduced the inter-lamination contact resistance by 25% compared to the
smooth surface at low clamping pressure, the effect of the ridged pattern reduces with
increased clamping pressure. The ridged pattern reduced the pressure dependence of the
inter-lamination contact resistance.

e A model was developed - with parameters that do not need specialized equipment to
determine - that provides a good prediction for the inter-lamination contact resistance and
the through-stack thermal conductivity.

e For any practical application, it is reasonable to assume that the effective in-plane thermal
conductivity is the same as the bulk thermal conductivity of the material.

These results fill a current need for material property data and models specific to electric
machine design that currently does not exist in the public/open literature. The experimental data
provide a range of lamination-to-lamination thermal contact resistance values, and a model was
presented that can be utilized to estimate effective thermal conductivity for materials not covered
in this paper. The data is especially useful for modeling heat extraction axially through the
lamination materials within the machine, which is particularly important for cooling rotors used
in permanent-magnet machines.
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