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Figure 13. The “quasi Zy,” curves of the measurement on the experimental Digital Signal Processor
device and normalized transients without correction of the initial electric portion, at different Igpar
and Ispnse levels.

4.3. Die-Attach Analysis

In this study we compare three MOSFET samples (S1, S2, and S3) from the same manufacturing
batch. Measuring their structure functions on a cold plate we gained Figure 14.

Figure 14. Die-attach comparison of three MOSFET samples (S1, S2, S3).

Sectioning the samples after the measurement revealed that the volume of the silicon die is
approximately 2 mm®, having an effective thermal capacitance of approximately 3.2 mJ/K, calculated
from the specific heat of the material. We find this Cy;, value around 0.1 K/W in Figure 14. The structure
function is very flat until 0.25 K/W, i.e., in this section there is a material of low thermal conductance,
in our case a soldered die-attach with less than 20% of the silicon’s thermal conductivity.

The end of the die-attach region is clearly indicated by a sharp increase of the structure function
at around 0.2 K/W. Differences between the samples develop in the die-attach region and all curves run
parallel afterwards.

We verified by scanning acoustic microscopy (SAM) pictures as shown in Figure 15 that S3 (darker
in Figure 15) has a thicker solder layer than the other two. The white spots correspond to solder voids,
but they have minor importance regarding the thermal resistance.
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Figure 15. Scanning acoustic microscopy images of the die-attach solder of S1 (left), S2 (center), and
S3 (right).

As the die-attach is the most critical part of any electronics assembly from a reliability point of view,
thermal transient testing and structure function analysis are used most frequently for die-attach testing.

4.4. Design of the Package or Module Base Plate

In this study we show a measurement example with identical dice encapsulated in packages of
different base plate thickness.

The standard LM337 voltage stabilizer exists in TO-220 packages with single gauge (d = 0.51 mm)
and double gauge (d = 1.3 mm) tab thickness construction (Figure 16). It is hard to predict whether a
thinner heat spreader performs better or worse if the device is mounted on a heat sink.

Figure 16. TO-220 package on cold plate: double gauge and single gauge.

Figure 17 already shows that the single gauge solution (LM337 single curve) is of slightly worse
thermal performance; however, the reasons remain unclear.
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Figure 17. Zy, curves of stabilizer IC in TO-220 package: single gauge and double gauge.

Figure 18 demonstrates that up to 1.3 K/W the heat propagates internally in the die and die-attach.
The divergence point of the Zy, curves indicates that at 4.3 ms the trajectories reach the inner surface of
the copper tab. We can observe the quick elevation of the thermal capacitance in the double gauge
tab, corresponding to a broad heat spreading cone in which the heat crosses the die to tab interface,
resulting in a total of 3.8 K/W junction to ambient thermal resistance, as opposed to 4.8 K/W for the
single gauge.
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Figure 18. Structure functions of stabilizer IC in TO-220 package: single gauge and double gauge.
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Making a copy of the double gauge structure function and shifting it to the ambient end in
Figure 18, we can observe that between 4 K/W and 4.8 K/W the curves coincide, as in both cases this
final portion of the structure functions already belongs to the measurement environment. The partial
resistance of 0.8 K/W belonging to the cold plate can be determined.

4.5. Discovering Run-in and Curing Effects in the TIM Layer at Power Cycling

Let us now turn back to our original assembly of Section 2. The standard junction to case thermal
resistance measurement (Sections 2 and 3) already marked out the expected junction to ambient thermal
resistance variation with “good” and “poor” thermal interface quality.

Applying a soft thermal paste on the module base we experience a significant improvement in the
thermal behavior compared to the “dry” case. With repeated 44 W power pulses of 60 s length, we see
a continuous improvement (run-in) of the TIM layer. The curves from TIM.01 to TIM.30 (here the last
two numbers give the cycle numbers) show the thinning of the paste due to temperature and pressure.

After 20 cycles the layer stabilizes and we reach the “wetted by thermal grease” boundary
(Figure 19). Similar cases are discussed in detail in previous studies [16,17].
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Figure 19. Run-in and curing effect of a soft thermal paste.

A further improvement could be reached by curing the soft thermal paste at a higher temperature.
The module was fixed for 24 hours on a plate kept at 90 °C, with its screws pulled at the 0.9 Nm
torque proposed in its data sheet. The paste becomes runny and thin at this temperature and pressure,
and fills the rough microstructures of both surfaces. The improvement can be well seen in Figure 19
(TIM 90 °C curve).
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At this point, we have to define the expected power range that has to be applied during the
test. Having a sufficiently sensitive thermal tester (as in the reference [12]), we can see the structural
elements in the assembly already at a power level that results in around 4 °C temperature elevation
on the die. However, for studying changes within the TIM, especially phase change effects, a real
application power level is needed. For accelerated reliability testing, a higher-than-nominal power has
to be applied [16,18].

This result emphasizes the importance of proper initial handling of TIM layers in critical
applications. A well-designed priming power sequence or previous curing of the assembly at higher
temperature can prevent early failure of a device due to overheating when first switched on.

4.6. Testing of Power Modules at Different Heating Currents

We are accustomed to the experience that in the case of discrete power devices, the Z, curves fit
perfectly at all power levels, because the internal wiring is optimized for low voltage drop, resulting
in low power loss on the wires. An equally good low power loss characterizes the BGA packaged
devices, similar to the one presented in Section 4.2.

At power switching modules the internal wiring is more intricate and some compromises cannot
be avoided. For this reason we typically see a shrinking and growing “accordion” effect in the Zy,
curves (Figure 20) and also in structure functions.
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Figure 20. Z;;, curves calculated from powers of Table 1 at cold plate temperature of 25 °C.

In Table 1 we summarized the steady state power on the solid state relay of Section 2 when heated
by different currents. Figure 20 demonstrates the Zy, curves recorded at 10 A to 40A heating current
and at 25 °C cold plate temperature.

During the cooling we record the correct die temperature. When composing Zy, curves or structure
functions, we divide by the power which is measured across the whole module, including the portion
dissipated in the internal wiring. Supposing that we can neglect this power component at 10 A current,
Figure 20 indicates that at 40 A, already 13% of the heating occurs away from the die.

With an appropriate correction factor we can fit the Zy, curves again. This factor helps estimation
of the actual load on the internal wiring. A scheme of the internal wiring is hinted in Figure 27,
for example.

In future test standards it has to be contemplated how appropriate correction factors can
be introduced.

4.7. Heat Transfer in Modules between Dice

We have measured a number of power switching modules and studied the heat transfer from
one die to its neighbors. Now, we present measurement results on a typical half bridge module,
SKM600GB126D, built of two insulated gate bipolar transistors (IGBT).
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This module was also mounted on a water-cooled cold plate (Figure 21a), with both “dry” and
“wet” surface qualities. As there are two IGBTs and two reverse clamping diodes in the module
(Figure 21b), a number of self-heating and transfer-heating configurations can be measured. Now, we
limit the test to examining the cross-coupling of the IGBTs.

Figure 21. IGBT module on a cold plate on a wet surface (a); circuit scheme (b).

Applying a high enough Vg voltage on the gate, the IGBT exhibits diode-like “saturation”
characteristics between its collector and emitter. A single device can be well measured in saturation
mode, as suggested in Figure 22. Self- and transfer-heating can be measured simultaneously, as
suggested in Figure 23, maintaining a sensor current on both devices T1 and T2, but heating only T1.
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Figure 22. Measurement of an IGBT in saturation mode.
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Figure 23. Measurement of an IGBT module with the lower T1 device driven and with self- and
transfer-heating measurement.

The obtained Zy, curves shown in Figure 24, namely, Z1; representing the self-heating and Z;,
corresponding to the heat transfer from T1 to T2, reveal that the runtime between the two IGBT dice is
slightly more than one second, here Z;; starts to elevate.
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Figure 24. Self- and transfer-heating Z;, in the IGBT module (“dry” curves are thick, blue lines, “wet”
curves are thin, red lines).

After 100 s the temperature stabilizes, Z;; reaches the R;; junction to ambient “self” thermal
resistance, and Zy, reaches the Ry, “transfer” thermal resistance.

The blue (thicker) Zy, curves belonging to the dry cold plate boundary indicate a junction to
ambient thermal resistance of R1q = 0.32 K/W for the self-heating of T1. The heat transfer from T1 to T2
is represented as Ry = 0.12 K/W. Measuring the full array we find that the dice are of the same size,
Z11 = Zy, and the heat transfer is approximately symmetric, Zy; = Z1,. However, as the IGBTs are not
of the same size as the reverse diodes, their thermal resistance is different.

Figure 25 repeats the previous chart but now with the “wet” curves highlighted in red, thicker
curves. For the “wet” case we obtain Ry; = 0.17 K/W thermal resistance for T1, and a transfer of
Ri = 0.02 K/W. This means that the good thermal contact of the base “decouples” the dice and we
gain not only serious reduction of the thermal resistance but also much lower thermal stress resulting
from the heating of other devices.
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Figure 25. Self- and transfer-heating Z;, in the IGBT module (“dry” curves are thin, blue lines, “wet”
curves are thick, red lines).

Figure 26 demonstrates the structure functions of T1. We can identify a junction to case thermal
resistance of 0.1 K/W. The junction to ambient resistance improves from 0.32 K/W to 0.17 K/W,
an improvement of 0.15 K/W, or 46%.
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Figure 26. Structure functions of the lower T1 IGBT on wet and dry surfaces.

4.8. Testability of an Automotive Engine Control Unit Module

The circuit scheme of an automotive Engine Control Unit (ECU) module is shown in Figure 27.
When attempting to test it, we noticed that there is some access to most switching devices in the
module. Unfortunately, this is rather an exception than a rule for power modules.
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Figure 27. Circuit scheme of an automotive Engine Control Unit module.

For structural analysis we need a relatively low power. For example, for the MOSFET devices in
the upper row, namely Q1, Q2, and Q3, we have access through Vbat and their emitter sense pins. The
current is limited to a few amperes on the sense wiring, but this is more than enough to obtain crisp
and reasonable structural results, as seen in Section 3.3.
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For reliability tests we need a much higher current. Accordingly, we can apply power only on
transistor groups, e.g., Q1 + Q7, through Vbat and Phasel. This powering corresponds more or less to
the normal operation mode of the module.

Figure 28 shows the recorded cooling transients on devices Q2, Q3, and Q7 at 4 A heating and
0.1 A sensing current. The resulting power step is approximately 3.3 W, which already produces a
temperature change of 5 °C to 6 °C in a crisp and noise free manner.
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Figure 28. Cooling transients on devices Q2, Q3, and Q7 at 4 A heating and 0.1 A sensing current.

The electric transients are to be corrected at around 30 ps, after which we observe a clean
temperature-induced signal.

Figure 29 demonstrates the differences in the heat conducting path when the heat flow starts from
Q2 or Q3, both in the upper row, or from Q7, sending the current towards Phasel. All transistors were
driven by 4 A. A faster increase of the structure function after the divergence point indicates that Q3
has better TIM coverage under the DBC plate than Q2, which has the same size. Q7 is a significantly
larger transistor, as the early section of the structure function suggests.
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Figure 29. Structure functions: paths from Q2, Q3, and Q7 to the ambient temperature.

5. Discussion

Thermal transient measurements offer a tool for identifying structural details in the heat conducting
path belonging to a power assembly.
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For the identification of structural details of an assembly, linearity of the thermal parameters
(thermal conductivity, specific heat) has to be assumed, but no linearity of the electric behavior or the
voltage-temperature mapping is needed.

The actual “thermally induced” nature of a transient can be verified by comparing a set of
measurements at different heating and sensing currents and normalizing them with the power change
during the test.

Although the well-established framework of existing thermal measurement standards is developed
to extract a few characteristic parameters only, such as the junction to case thermal resistance of packages,
still it helps in planning the structural analysis process.

Thermal transient testing standards prescribe recording the temperature of a single point on a
single data acquisition channel of the test equipment. This technique is advantageous in many ways.
First, all channel offset and gain errors of the equipment cancel out at the calibration process, so the
only source of error is the deviation from the targeted thermostat temperature during calibration.
On the other hand, as the change of the thermal resistance is negligible in the span of the measurement,
a higher sensor current adds a constant (small) temperature shift to the actual transient, not influencing
the calculations based on the change of the temperature.

The longest time interval where a transient of true thermally induced nature can be taken is with a
high sensing current and low heating current, as such minimizing electric effects at the current change.

Although the powering and sensing occurs for a single device, the methodology can reveal the
composition and integrity of remote structural elements.

The structure function method analyzed in the paper is not a technique that can be used without
any preliminary knowledge of the structure. Relevant interpretation can be achieved in different ways:

- Knowing all internal geometries and material parameters a “synthetic” structure function can
be built up, superposing slices of material with given thermal resistance and capacitance and
comparing the measured structure functions to it;

- Thermal transients can be simulated on an approximate solid model and structure functions can
be composed from those. Geometry and material parameters can be tuned until the simulated
and measured structure functions match;

- Measured structure functions can be compared to an already identified “golden device”.
This technique is rather advantageous in production control.

In complex power modules the heating current(s) may flow through more devices, and more dice
can be used for sensing, applying a sensor current on them.

In cases of modules, an estimation can be given on the proportion of the internal power dissipation
on the wiring based on the “accordion”-like shrinking of normalized cooling curves.

Transient testing can be used to analyze the heat transfer between several dice in a module and
their thermal coupling, depending on the external cooling conditions.
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Abstract: As feature density increases within microelectronics, so does the dissipated power density,
which puts an increased demand on thermal management. Thermal interface materials (TIMs)
are used at the interface between contacting surfaces to reduce the thermal resistance, and is a
critical component within many electronics systems. Arrays of carbon nanotubes (CNTs) have
gained significant interest for application as TIMs, due to the high thermal conductivity, no internal
thermal contact resistances and an excellent conformability. While studies show excellent thermal
performance, there has to date been no investigation into the reliability of CNT array TIMs. In this
study, CNT array TIMs bonded with polymer to close a Si-Cu interface were subjected to thermal
cycling. Thermal interface resistance measurements showed a large degradation of the thermal
performance of the interface within the first 100 cycles. More detailed thermal investigation of the
interface components showed that the connection between CNTs and catalyst substrate degrades
during thermal cycling even in the absence of thermal expansion mismatch, and the nature of this
degradation was further analyzed using X-ray photoelectron spectroscopy. This study indicates that
the reliability will be an important consideration for further development and commercialization of
CNT array TIMs.

Keywords: thermal management; carbon nanotubes; thermal interface material; reliability;
thermal aging

1. Introduction

Efficient heat removal is an increasingly important consideration within modern microelectronics.
The current trend of 3D packaging and GaN-based high power devices will only exacerbate the
demands on thermal management [1]. A significant source of thermal resistance within electronics
packages is at the interface between mating surfaces. Thermal interface materials (TIMs) are used to
reduce this resistance, by filling out voids and increasing the real contact area between the surfaces [2].
TIMs should preferably have high thermal conductivity, perfect contact with both surfaces, no thermal
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contact resistance, and should also be able to absorb stresses in the interface, e.g., due to coefficient
of thermal expansion (CTE) mismatch. Today, commercially used TIM can be roughly divided into
polymer-based TIMs filled with thermally conductive particles, and solder-based TIMs. However,
polymer-based TIMs are limited in thermal conductivity, and despite large research effort into novel
fillers, the gains remain limited [3]. On the other hand, solder-based TIMs have excellent thermal
performance, but have other limitations such as reliability issues at low bond lines.

As an alternative to existing TIM concepts, novel TIMs based on low-dimensional carbon
allotropes such as graphene and carbon nanotubes (CNTs) have gained interest recently owing to
their excellent thermal conductivity, of up to 6000 and 3000 W/mK for graphene [4] and CNTs,
respectively [5]. While 2D graphene allows for excellent in-plane thermal conductivity suitable for
heat spreading, arrays of vertically aligned CNTs instead allows for highly anisotropic through-plane
thermal transport due to their 1D geometry. In addition, CNTs are flexible [6], and a CNT array can
conform to the mating TIM surfaces, and each CNT can span the entire interface in a TIM application.
This eliminates internal thermal contact resistances, making CNT arrays a highly attractive option for
TIMs. The effective thermal conductivity of CNT arrays is proportional to the CNT packing density,
which is typically less than 10% [7]. Previous studies have experimentally found CNT arrays with an
effective thermal conductivity of up to 270 W/mK [7], although more typical values are an order of
magnitude lower [8]. Despite this, CNT array TIMs have been shown to achieve performance on par
with the best solder-based TIM [3].

CNT arrays are synthesized using chemical vapor deposition (CVD), usually on Si substrates.
To utilize them in a TIM application, the most basic approach is the dry contact method, in which the
as-grown CNT array is pressed against an opposing surface with a constant force applied in order
to force the CNT array to conform to the surface [9,10]. By varying CNT growth parameters and
applied pressure, the thermal performance can be optimized and tailored towards specific applications.
However, uneven CNT lengths prevent every CNT to achieve contact with the opposing substrate
even at high pressures. Since the inter-CNT heat transfer is very low, only CNTs in contact with both
surfaces contribute to the total heat transfer, severely limiting the performance.

To increase the fraction of CNTs in contact, a bonding agent that partially penetrates the array
can be used. Solder is one such possible agent, where the CNT array is pressed against a reflowed
metal layer, partially embedding the CNT tips into the metal phase. This results in a TIM with reduced
thermal interface resistance and which does not require applied pressure after reflow. However,
the thermal contact resistance between CNTs and metal has been shown to be relatively high [11],
thus, to reduce the thermal interface resistance further, organic functionalization can be used [12,13].
Organic functionalization of CNT arrays using polymers acts similarly to metal bonding, but can
utilize covalent bonds to contact the CNT tips. As the thermal transport in CNTs is largely phononic in
nature [11], organic molecules has a much smaller boundary resistance at the tips, and should therefore
be suitable for high-performing CNT array TIMs.

The vertical alignment of the CNT array allows for individual CNTs to strain independently in the
x-y plane. Together with the flexible nature of CNTs [14], a CNT array could mechanically decouple
the two joined surfaces in a TIM application. This decoupling could potentially act as a buffer that
could absorb stress originating from mismatches of the coefficient of thermal expansion (CTE) between
different materials within the electronics system and thereby increase the performance and reliability.
However, to date, there has, to the authors’ knowledge, been no studies on the reliability of CNT TIMs,
which could confirm this potential.

In this study, we subjected fabricated CNT array TIMs to thermal cycling and subsequently
measured the thermal performance to investigate the degradation of the TIM. This paper is an extended
and revised version of a conference report that was presented at Therminic 2018 [15] and follows the
work of Ni et al. [16] and Daon et al. [17] on the HLK5 polymer used to bond CNT arrays for TIM
applications. This is the first reported study on the thermal reliability of a CNT array TIM. As CNT
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technology has matured, including large scale fabrication of CNT arrays [18], ensuring the reliability
of fabricated TIM remains an important step towards market realization.

2. Materials and Methods

The TIM setup in this study consistrf of a CVD grown CNT array on a Si substrate, bonded through
a polymer layer to a Cu superstrate acting as a heat sink. The assembled structure can be seen in Figure 1.

Cu superstrate =2
Polymer mm

CNT array mm
Si substrate =

B Fe catalyst
== Al,O; barrier

Figure 1. Illustration of the thermal interface fabricated for this project and the materials configuration.

The CNT arrays were synthesized on square Si substrates, 280 um thick and 10 mm on the side.
The catalyst structure consisted of a 10 nm thick Al,O3 diffusion barrier layer and a 1 nm thick Fe
catalyst layer deposited using e-beam evaporation. The CNT synthesis was performed in a commercial
Aixtron Black Magic II cold-wall CVD reactor. The substrates were placed on a graphite heater inside a
vacuum chamber, and annealed at 500 °C under a flow of 837 scem of H, gas for 3 min. During the
growth phase, 200 sccm of CoHj was also introduced into the chamber while the temperature was
ramped up to 700 °C. This step was held for 20 s, which yielded a CNT array of 15 pm. The growth was
terminated by shutting off the heater and flushing the chamber with Nj. This CVD process resulted
in vertically aligned CNTs, with the iron catalyst particles at the roots of each CNT, as shown in the
inset of Figure 1. The orientation and uniformity of the CNT array was verified by scanning electron
microscope (SEM), and the resulting images can be seen in Figure 2. A more detailed description of
the CVD process can be found in Reference [19].

Figure 2. (A) Side view SEM image of a CNT array grown on a silicon substrate using the CVD process;

and (B) high magnification view of the CNT array, which resolves the individual strands.

The grown CNT arrays were subsequently bonded to 10 mm by 10 mm, 2 mm thick Cu pieces
using a previously described bonding process [17]. The polymer functionalization was spin coated
onto the Cu pieces, and then the CNT array was pressed into the polymer layer. The same process
time, temperature and pressure were used for all samples.
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The reliability of the CNT array TIMs was investigated by subjecting the assembled interface to
thermal cycling. The thermal cycling test condition “B” from the JEDEC standard [20] was chosen,
corresponding to a cycling between —55 °C and 125 °C, with a ramp time of 10 min and holding time
at each extreme for 20 min. The cycle time for each cycle was 60 min, and the investigation ran for
500 cycles, with thermal measurements every 100 cycles.

The total thermal interface resistance of the CNT array TIM was measured before and during
thermal cycling using the laser flash method. A laser pulse induced a heat impulse on one side
of the assembled sandwich structure and the transient temperature response on the other side was
monitored using an IR detector. By fitting material parameters of the Cu and Si pieces, the remaining
thermal interface resistance could be extracted, using a two layer plus contact resistance model [21].
The contact resistance in the model corresponded to the total thermal interface resistance Ry, as
shown in Figure 3. Rty in turn included contribution from the effective bulk thermal conductivity of
the CNT array xcn7, the thermal boundary resistances R¢; and Rep at both the CNT/Si and CNT/Cu
interfaces, and the bond line thickness (BLT) of the TIM.

BLT

Ryy=R+—
TIM c1
KCNT I

Figure 3. Simple schematic of the origin of the different thermal resistance contributions in the CNT
array TIM. The black contributions were included in the thermal interface resistance results that were
obtained from the laser flash experiment [15].

To investigate the individual contributions of the thermal resistance components in Figure 3,
we used the PPR method on as-grown CNT array samples. In the PPR method that is illustrated in
Figure 4A, a picosecond Nd:YAG pump beam laser pulse was used to heat the temperature of the
sample, while a He-Ne probe beam laser monitored the transient temperature dependent reflectivity
response of the sample surface. The temperature response could be modeled as a one-dimensional
heat conduction problem, and by fitting the model to the experimental temperature response the
thermal conductivity of up to three different layers, together with the thermal boundary resistance
between them, could be extracted. For the method to work, the top layer needed to have a temperature
dependent reflectivity, thus 300 nm TiN was sputtered onto the CNT array, as shown in Figure 4B.
The PPR measurement setup is described in more detail in References [22-24]. The PPR measurement
could determine the thermal resistance components from the bulk CNT array and the Si/CNT thermal
boundary resistance R¢q, which combined with Rty from the laser flash measurements allowed for
the extraction of the CNT/Cu boundary resistance R¢; as well.
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Figure 4. (A) Schematic illustration of the three-layer PPR measurement; and (B) SEM image of the
CNT covered Si samples after sputtering of TiN [15].

To investigate the chemical evolution of the Si/CNT interface during thermal cycling, we used a
PHI 5000C X-ray photoelectron spectroscopy (XPS) system to analyze samples before and after thermal
cycling. By analyzing the elemental composition at the delaminated interface of the CNT array TIM,
information about the interface degradation could be obtained. We analyzed both the CNT roots on
the Cu superstrate from the delaminated samples, as well as the silicon substrate before and after
thermal cycling. The acquired spectra was shifted to coincide with the 284.8 eV C1s peak and adjusted
after a Shirley type background prior to peak fitting.

3. Results and Discussion

The thermal performance of the fabricated CNT array TIM interfaces was investigated using the
laser flash and PPR methods. Different sets of samples were prepared for each method, with CNT
array TIMs illustrated in Figure 1 intended for laser flash measurements and TiN coated CNT arrays
in Figure 4B for PPR measurements. Both sets of samples were measured before and after thermal
cycling to investigate how CNT array TIMs age during usage.

The laser flash measurements were first conducted on CNT array TIMs before cycling and then
at every consecutive 100th cycle up to the completed 500 cycles. Thermal interface resistance results
calculated after measurement for samples before and during cycling are presented in Figure 5A,B,
respectively. Before thermal cycling, the CNT array TIMs had an average thermal interface resistance
of of 1.7 mm?K/W =+ 0.28 at 20 °C.
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Figure 5. (A) Results from the initial laser flash measurement of the CNT array TIM; and (B) thermal
interface resistance of the CNT array TIMs during thermal aging.

The thermal aging behavior of the CNT array TIM is shown in Figure 5B. Already at 100 thermal
cycles, the thermal interface resistance increased 20 times from 1.7 mm?ZK/W to 34.7 mm2K/W.
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Subsequent thermal cycling further increased the thermal resistance from 100 to 500 cycles, although
at a slower rate. After 500 cycles, the Rty increased to 46 mm?2K/W.

It should be noted that some of the measured samples exhibited an even sharper increase in terms
of thermal interface resistance during the cycling. However, these samples delaminated by themselves
before the thermal cycling could be completed and were for that reason disregarded. All of the samples
were delaminated by shearing, which showed that all samples, before and after thermal cycling,
detached on the 5i/CNT side of the interface leaving all the CNTs on the Cu superstrate side, as shown
in Figure 6.

Cu superstrate S1 substrate

f

Figure 6. Shearing of the CNT array TIMs always resulted in a delamination where the CNTs remained
on the Cu superstrate side leaving the Si substrate with a clean surface.

The increased thermal interface resistance shown in Figure 5B was determined to originate
from either the CNT array or from the thermal contact on either the Si substrate side or on the Cu
superstrate side. The CNTs themselves were considered to be thermally stable at the temperature range
of the cycling and the effective thermal conductivity xcn7 of the CNT array should therefore remain
constant [25]. Furthermore, the polymer functionalization did not show any signs of deterioration
during this study as the Si/CNT interface seemed to fail before any noticeable effects on the
CNT/polymer adhesion could be distinguished. This leaves the probable failure of the CNT array
TIMs to a degradation of the contact between the CNT and the Si substrate that would result in a
similar increase of the thermal contact resistance R¢y. This could originate either from a CTE mismatch
between the Cu superstrate and the Si substrate that would result in an uprooting of the CNTs or a
chemical degradation of the contact point where the CNT was attached to the Si substrate.

To further investigate the degradation of the CNT/catalyst attachment, TiN covered CNT array
samples, as presented in Figure 4B, were evaluated using PPR before and after thermal aging. These
samples were free standing arrays on a silicon substrate, thus no CTE mismatch would degrade the
structure during cycling, which leaves only the Si/CNT contact to affect the thermal performance.
The samples were cycled 30 times, as the main degradation of the CNT array TIM was found to occur
during the first 100 cycles. The attained temperature response curves were fitted to a numerical model
of the sample stack to obtain the thermal conductivity xcnt of the CNT array as well as the thermal
boundary resistance R¢j between the CNT and Si chip.

Figure 7 shows the measured temperature response from the PPR measurements. Before thermal
cycling, an effective thermal conductivity (xcnt) of 71 W/mK and a thermal boundary resistance
(Re) of 0.96 mm2K/W were found. Together with the Ry value obtained from the laser flash
measurement presented in Figure 5A, R¢; could be calculated using the thermal interface relation
stated in Figure 3. This relation gave a Rc; of 0.49 mm?K/W for the CNT array TIMs. By comparison,
this means that the polymer functionalization was about twice as good as the Si/CNT boundary on
the other side of the interface in terms of thermal boundary resistance.
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Figure 7. Time-temp response curve from PPR measurements on samples before and after thermal
aging together with the numerical fitting curves.

After subjecting the TiN covered CNT arrays to 30 cycles of thermal cycling, R¢; increased with
137%, which could be found from the slower temperature decrease of the aged CNTs in Figure 7. While
this is a significant degradation, it is not enough to explain the increase of the total thermal interface
resistance, as shown in Figure 5B. The remaining increase could be attributed to uprooting of the CNT
array due to a combination of CTE mismatch induced stress and chemical degradation of the interface.

To further investigate the degradation of the Si/CNT interface, the elemental composition of
the delaminated interfaces was investigated using XPS analysis. According to the illustration in
Figure 1, the Si/CNT interface was composed of the Si substrate, the Al,O3 barrier layer, Fe catalyst
nanoparticles as well as the CNT. The XPS analysis showed no Al signal on the CNT roots on the Cu
superstrate after delamination, which indicates that the failure occurred in the Fe interface between
the CNTs and the Al,Oj3 layer. The Fe peak from the XPS measurements is shown in Figure 8 for both
the CNT roots (Figure 8A) and Si chip (Figure 8B). The Fe traces found shown in Figure 8A could be
identified from the Fe2p3 /, peak at 709.5 eV as well as Fe2p; /, peak at 723.5 eV, both of which related
to iron oxide species [26]. Comparing the average signal found on samples before and after shearing,
it was found that traces in the cycled samples were 70% lower than those in the samples that were
sheared without thermal cycling. According to these results, the CNT were uprooted together with the
Fe catalyst nanoparticle during shearing. After thermal cycling, the bond between the CNT and the Fe
catalyst nanoparticle had weakened, thereby leaving the Fe particles on the Si substrate.
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Figure 8. XPS analysis results of the Fe peak: (A) from the roots of the CNTs remaining on the Cu
superstrate after delamination; and (B) from the Si substrate after delamination before and after
thermal aging.

The silicon substrates from the TiN covered samples before and after aging were also analyzed
using XPS, as shown in Figure 8B. The CNT arrays were removed from the silicon substrate using a
tape to reveal the Fe catalyst layer underneath. In both cases, peaks could be identified related to the
metallic Fe2p3,, at 706.6 eV, oxide Fe2p;,, at 710 eV, satellite Fe2p3,, peak at 719 eV as well as the
oxide Fe2pq /, peak at 723.5 eV [27]. After aging, the metallic Fe2p3,, had decreased in intensity by
15% in comparison to the oxide Fe2p;,, and Fe2p; ,, peaks, which indicates that the catalyst layer on
the Si substrate had gone through a noticeable oxidation already after 30 thermal cycles. However,
additional studies will be required to conclude if this oxidation process directly responsible for the
delamination issues found in the CNT array TIM.

Regardless of the cause for delamination, it was obvious that the bonded surface at the CNT tips
was stronger than the Si/CNT substrate. This indicates that a process to transfer the array from the
growth substrate may result in a more reliable interface. Such an approach, where both the CNT tips
and roots would be bonded to a surface, has been demonstrated in several publications [28,29]. This
approach would also have the benefit of bypassing the challenge of making the CNT CVD synthesis
CMOS compatible, since the CVD process normally requires significantly higher temperatures than
the CMOS processes allow [30].

4. Conclusions

In this study, we investigated the thermal cycling behavior of a CNT array TIM sandwiched
between a Si growth substrate and a polymer bonded Cu superstrate. The results obtained show that
the CNT array TIM is susceptible to degradation after thermal aging. While the TIMs fabricated in this
study are on par with similar state-of-the-art TIMs presented previously, laser flash measurements show
an increase in thermal interface resistance of 20 times within the first 100 cycles, and a delamination
at the Si/CNT interface. In addition to delamination, PPR measurements reveal that the polymer
bonded interface has a factor of two lower thermal boundary resistance than the growth interface,
which indicates that the Si/CNT interface needs further improvement in order for CNT array TIMs to
be viable.

A combination of PPR and XPS measurements further revealed a degradation of the Si/CNT
interface. PPR measurements revealed a 137% increase in thermal boundary resistance after 30 cycles.
XPS analysis of the uprooted CNTs showed a decrease in iron on the CNT roots after thermal cycling,
indicating a weakening of the CNT-Fe bond during thermal cycling. Further analysis on the Si substrate
showed oxidation of the Fe catalyst, which may contribute to the weakening of the bond.

While this study revealed a weakening of the Si/CNT bond during thermal cycling, even without
CTE mismatch induced stress, CTE mismatch was most likely still a significant contributor to the
interface failure, and a more thorough investigation on this effect was required. Nonetheless, even
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systems without significant CTE mismatch may experience degradation, and transfer and bonding
towards both mating TIM surfaces may be required to create a reliable interface.
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Abbreviations

The following abbreviations are used in this manuscript:

BLT Bond line thickness

CMOS Complementary metal oxide semiconductor
CNT Carbon nanotube

CTE Coefficient of thermal expansion

CVD Chemical vapor deposition

PPR Pulsed photothermal reflectance

SEM Scanning electron microscope

TIM Thermal interface material

XPS X-ray photoelectron spectroscopy
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Abstract: Enhanced cooling, coupled with novel designs and packaging of semiconductors, has
revolutionized communications, computing, lighting, and electric power conversion. It is time
for a similar revolution that will unleash the potential of electrified propulsion technologies to
drive improvements in fuel-to-propulsion efficiency, emission reduction, and increased power and
torque densities for aviation and beyond. High efficiency and high specific power (kW/kg) electric
motors are a key enabler for future electrification of aviation. To improve cooling of emerging
synchronous machines, and to realize performance and cost metrics of next-generation electric
motors, electromagnetic and thermomechanical co-design can be enabled by innovative design
topologies, materials, and manufacturing techniques. This paper focuses on the most recent progress
in thermal management of electric motors with particular focus on electric motors of significance to
aviation propulsion.

Keywords: electric aircraft; motor cooling; thermal management

1. Introduction

The global fleet of aircraft is projected to more than double to 48,000 in the next 20 years.
The increase in air travel is driven by population, economic growth, and the growing global middle
class [1]. One of the largest single expenditures of airlines is jet fuel, accounting for around 20% of
annual expenditures [2]. Electric motor propulsion may reduce this cost by improving aerodynamic
efficiency through wider implementation of distributed propulsion, beyond the typical maximum of
four propulsors per plane in production jet-engine aircraft, as shown in Figure 1 [3-6]. Other benefits
of electric motor propulsion include reduced noise and vibration.

Figure 1. Example of distributed propulsion aircraft architecture.

For widespread electric propulsion to be feasible, the motors must be highly power-dense.
High gravimetric power density increases aircraft efficiency by decreasing the takeoff weight, while
increased volumetric power density decreases frontal area and drag [7]. Currently, though, commercial
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high-power density motors can continuously operate at only about 5 kW/kg. The thermal limitation of
the motor is demonstrated by peak power output of more than 10 kW/kg, but the duration is limited
to about 20 s before the temperature rise becomes unmanageable [8-10]. High conversion efficiency
is also desirable, because, for example, a motor producing 60 kW of rotor power and operating
at 95% efficiency produces 3 kW of heat. In aircraft, heat generation is onboard energy (storage
mass) that is not used for propulsion, but higher capacity cooling systems are generally larger and
heavier. Therefore, to increase the feasibility of electric aircraft via the integration of high-performance
cooling systems, continuous motor power density must be increased while maintaining efficiency.
Developments in high-power density motors may also increase the feasibility of electric personal
transporters, multi-passenger vehicles, and trains, as well as compact electricity generators.

1.1. Electric Propulsion Motor Architectures

The intrinsic compactness of permanent magnet motors—generated without bulky electromagnets
within the rotor—coupled with more efficient operation make this motor architecture advantageous for
aircraft propulsion. Most permanent magnet motors have an electromagnetic stator that synchronously
drives the permanent magnet rotor, which then transmits the power to the propulsion blades. Figure 2a
shows a constructed radial flux permanent magnet motor that could drive an aircraft propeller.
Figure 2b shows a computer aided design (CAD) radial cross-section of a similar, simplified, motor for
illustration of the primary heat generation sites in such a motor.

End Permanent Magnets Stator Rotor Iron
Windings 1 (rotating)

Rotor

Stator I
AIDEION Magnets

Core Coils (stationary

@) (b)

Figure 2. Radial flux permanent magnet electric motors: (a) digital image, and (b) computer aided
design section view [9].

Figure 3a shows an exploded view of an axial flux permanent magnet motor, while Figure 3b
shows an axial cross section of the same motor. Axial flux motor architectures produce magnetic flux
along the motor axis, necessitating that the rotor and stator be the same diameter and adjacent along
the axis of the motor. Axial flux motors driving a single font propeller have been demonstrated in high
performance electric aircraft racing [11].

As shown in Figure 4, four common types of motor architectures have been demonstrated for
electric propulsion. Figure 4a is perhaps the most “traditional” motor architecture, in which the stator
circumferentially surrounds the rotor, which drives a shaft. The magnetic flux occurs radially from
the stator windings to the permanent magnets. Figure 4b shows a somewhat similar configuration
to Figure 4a, except the rotor is hollow, allowing propulsion blades to be contained inside the rotor.
This is said to be an “inrunner” rotor design. Figure 4c illustrates an “outrunner” rotor design, in
which the stator is contained within the rotor, which may have blades on its exterior. “Double runner”
rotors combine the inrunner and outrunner configurations, and may result in increased efficiency
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at the cost of increased manufacturing complexity [12]. Figure 4d shows a similar cross-section of
an axial flux permanent magnet motor, which most often is available in a shaft-drive configuration.
Propulsion configurations include fixed pitch propellers, variable pitch propellers, contra-rotating
(counter-rotating) fans or propellers, ducted fans, and rim driven fans [13]. Each of these configurations
may be compatible with distributed propulsion.

Rotor Iron

Magnets

Stator Iron

Stator Iron

Stator
Windings

Stator
Rotor Iron Windings

Magnets

@) (b)

Figure 3. CAD illustration of an axial flux permanent magnet electric motor: (a) exploded view of rotor
and stator, and (b) axial cross-section of the axial flux permanent magnet motor.

Stator Stator

4
/

— Rotor
(a)

Rotor
(b)

Rotor

(© (d)

Figure 4. Electric propulsion motor architectures: (a) Radial flux shaft drive; (b) radial flux inrunner
rim drive; (c) radial flux outrunner drive; (d) axial flux shaft drive.
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1.2. Heat Generation and Loss Mitigation

Like any electrical device, permanent magnet motors generate heat. For example, a motor
producing 60 kW of rotor power and operating at 95% efficiency produces 3 kW of heat. Without
adequate cooling, heat generation causes temperature rise, which has many detrimental effects.
First, excess temperature may cause catastrophic failure by the loss of integrity of the polymer electrical
insulation and bonding materials. Second, temperature cycles cause mechanical stresses due to thermal
expansion, resulting in fatigue, which is exacerbated by the magnitude of the thermal cycles. In electric
motors, the coefficient of thermal expansion of the permanent magnet materials is about double that of
silicon steel, which can result in mechanical failure of magnets with excess temperature cycling [14].
Loss of permanent-magnet functionality may also occur via demagnetization at high temperatures [14].

Temperature rise is also associated with decreased efficiency of electric motors. The electrical
resistivity of copper increases with temperature, increasing the thermal load generated by Joule
heating as temperature rises. Reduced efficiency may also occur due to decreased permanent magnet
performance (reduced remanence and coercivity) at elevated temperatures [14].

A heat generation (loss) mitigation strategy that has long been integrated into motors is use of
laminated rotor and stator iron. The electrical insulation between the high magnetic permeance silicon
steel sheets increases the electrical flow path resistivity within the material, and therefore decreases
eddy currents and iron losses. The same strategy may be applied to permanent magnets to reduce
magnet losses [14]. It should be noted, though, that electrical insulation is often also thermal insulation,
which reduces cooling performance for the remaining heat load. The bonding material that holds
permanent magnets in place is also a thermal resistance, but in most cases, heat generation in the
permanent magnets is less than either the copper or iron [14].

In modern motors, the largest contributor to heat generation is the copper stator windings.
For example, in the optimized air-cooled motors for the NASA SCEPTOR program, the copper
(resistive) losses contributed 43% of the total thermal load, while the iron losses (primarily due to Joule
heating by eddy currents) contributed 37%, and the permanent-magnet rotor load contributed the
balance of 20% [12]. Depending on the motor configuration and operating conditions, copper losses
may be the dominant source of heat generation, with values upward of 64% of the total [15].

The primary approach to maximizing efficiency is to model and optimize the motor parameters.
The NASA SCEPTOR motors were modeled with a two-dimensional finite element analysis [12].
The variables in the optimization include rotor configuration (inrunner, outrunner, or double runner),
number of stator slots and rotor poles, ratio of number stator slots to rotor poles, motor mass, operating
speed, torque, voltage, lamination dimensions, magnet type, stator fill factor, yoke material, stack
length, rotor and stator inner and outer diameters, magnet thickness, airgap distance, slot height, tooth
width, and tooth tip width [12]. The importance of optimization for aircraft electric propulsion was
well illustrated by the Pareto fronts, which clearly indicate that there is a tradeoff between motor mass
and efficiency, as shown in Figure 5.

After optimization, the selected design was an outrunner with a stationary interior housing,
which contained the stator and cooling fins. The outrunner was chosen for the best tradeoff between
mass, efficiency, and manufacturability. The propulsion blades were mounted on the exterior of the
outrunner, which was contained within a nacelle. In the outrunner design, centrifugal force aids in
retention of the permanent magnets within the rotor, requiring only weak bonding material, which may
improve reliability and reduce thermal resistance to magnet heat dissipation. It was found that the
air-cooling system contributed 1.6% to cruise drag. Furthermore, the limitations of air cooling are
highlighted by the 60 kW motor with a power density of only 2.7 kW/kg [12]. The next sections will
describe liquid cooling techniques that increase the levels of heat dissipation beyond those practical
with air cooling.
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Figure 5. Edges of Pareto optimal fronts for design of the NASA SCEPTOR electric propulsion system.
In the legend, IR indicates inrunner, OR indicates outrunner, and DR indicates double runner. The
ratios in the legend are the number of stator slots to the number of rotor poles (stator slots/rotor poles).

1.3. Heat Rejection

The focus of this review is on the approaches that have been developed to extract heat from
high-power density motors. A problem that remains, though, is heat rejection from the plane to the
environment, which is not trivial. Current aircraft reject heat for a variety of purposes through a variety
of mechanisms.

Fuel-oil heat exchangers are commonplace on commercial aircraft. Oil cooling is essential for
engine oil to retain appropriate viscosity for lubrication, and fuel is an excellent coolant. Therefore, fuel
cooling may be useful for hybrid aircraft, although it must be assured that proper fuel flow is maintained
for motor cooling even when the turbofans and electric motors are not used simultaneously [16].
Another approach to oil cooling is an air-oil heat exchanger. These heat exchangers have been
demonstrated in the EM-11 ORKA aircraft, in which multiple kilowatts of heat are dissipated from the
oil-air heat exchanger [17]. For electric aircraft using ducted fans, a similar bleed air scheme could also
potentially be used to reject heat from the motor coolant.

Until the roll-out of the Boeing 787, most commercial jetliners used engine compressor bleed
air for cabin cooling [18]. The 787 uses a dedicated electric compressor for the air cycle machine
environmental control system. A similar concept may be used to reject heat from the motor coolant
in electric aircraft. Regardless of the approach, heat rejection from the electric motors is an essential
area of research to bolster the technologies that enable more-electric aircraft. The next sections of this
review will focus on heat extraction from motors and other power dense electric devices.

2. Established Cooling Approaches

2.1. Oil Bath Cooling

Oil bath cooling increases the heat dissipation ability of the cooling system beyond air cooling.
With this configuration, oil is contained within the motor housing and is exposed to the stator windings,
stator iron, and rotor. Having the stator and rotor partially or fully submerged in oil causes two
problems: the electromagnetic efficiency may be decreased by the fluid in the airgap, and viscous
losses occur because of the stirring of the oil by the rotor. Due to these conditions, the fluid must also
be chemically stable and non-flammable, and have high magnetic permeability and high electrical
resistivity [19]. Automatic transmission fluid (ATF) is often chosen for this application. The ATF may
either be passively or actively pumped to an external heat exchanger.

197



Energies 2019, 12, 3594

In the case of a production traction motor, the motor was partially filled with oil. In this
arrangement, oil may be entrained with the rotor and sprayed about within the enclosure, generating
an effect similar to jet impingement or non-evaporative spray cooling [19]. Alternatively, the motor
enclosure may be entirely submerged [15]. Although oil bath cooling is an improvement from air
cooling, commercial motors with power densities of 5 kW/kg require water jacket cooling.

2.2. Water Jacket Cooling

The highest performance commercial motors can power racing aircraft, sustain more than 5 kW/kg
power density, and sprint for power densities up to 12.1 kW/kg [10]. The peak power of the 14 kg motor
was 170 kW, and the peak torque density was 17.9 N-m/kg. These axial flux permanent magnet motors
are cooled by a water jacket. Axial flux architectures are particularly compatible with circumferential
water jacket cooling because a large area of the high thermal conductivity copper windings can be
put in contact with the water jacket. This contrasts with radial flux motors, which have a low thermal
conductivity steel stator body between most of the winding area and the water jacket. Water jacket
cooling may be achieved by circumferential flow paths, helical ducts, axial serpentine channels, or
circumferential serpentine channels. Although water jacket cooling is a robust design that has achieved
quite high performance, there remains room for improvement in motor cooling, which will next
be discussed.

2.3. Heat Pipe Cooling

Modern portable devices increasingly use “heat pipes.” The flow in heat pipes is typically driven
by a capillary wick, which transports liquid from the condenser back to the evaporator. A burgeoning
area of study is “pulsating heat pipes,” which are not limited by relatively weak capillary forces
driving standard heat pipes, while still utilizing passive (pumped by internal fluid forces) phase change
cooling. In pulsating heat pipes, the flow is driven by differential bubble expansion and contraction
in the evaporator and condenser sections [20]. Water is often the working fluid for these two types
of heat pipes. A recent study used micropillar wicks for passive, capillary-pumped evaporation of
water, achieving a peak semiconductor chip-scale heat flux of 45 W/cm? at 19 °C superheat before
becoming limited by the efficacy of capillary pumping [21]. These passive systems may produce
HTC’s comparable to pool boiling, on the order of 10,000 W/m?K, which are suitable for many
modern applications.

The concept of heat pipe cooling has been applied to electric motors for many decades [22]. It has
been shown that heat pipes integrated into the external fins of a motor can decrease the external
temperature of the motor from 102 °C to 68 °C, reducing the thermal resistance from 0.5 °C/W to
0.28 °C/W with a heat load of 150 W. Studies and patents have been developed for integrating capillary
heat pipes into stator windings [23]. Higher power-output and power-density motors require rotor
cooling as well [24]. As a result, rotating capillary [25,26] and rotating pulsating heat pipes [27] have
been developed and applied to electric motor cooling. There is even interest in implementation of heat
pipes in traction motors of modern automobiles [28].

However, as motors become more power dense, the need for higher cooling density than can be
provided by heat pipes is increasing. Pumped two-phase cooling is advantageous because two-phase
pumped cooling can remove more heat per pumping power than single-phase pumped cooling when
configured correctly, although much research remains to be done in predictive modeling of heat
transfer and pressure drop in diabatic two-phase flows [29-31]. The primary focus of the research to be
presented in the remainder of this publication is on pumped single-phase cooling systems, which—with
some modification—may also be compatible with high heat flux pumped two-phase cooling.

3. Experimental Thermal Improvements

The following discussion will describe experimental heat transfer improvements that have been
applied in research environments to push the envelope of electric motor performance. As discussed
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previously, the majority of heat production occurs in the copper windings of the stator, and the
second-largest heat production source is iron losses in the stator and rotor. The following sections will
describe improvements to the thermal performance of the stator iron, as well as varying approaches
to winding cooling, including inter-winding cooling (between windings) and intra-winding cooling
(within windings).

3.1. Stator Iron Thermal Enhancement

Pyrhonen et al. [32] demonstrated an intra-iron cooling improvement in an axial flux motor,
dual stator, single rotor configuration. In this study, copper rods were embedded in stator iron
to significantly improve the heat conductivity from the stator iron losses to the cooling water heat
exchanger on the opposite side of stators from the rotor, as illustrated in Figure 6. This thermal
enhancement is significant, because the high thermal conductivity copper paths are perpendicular to
the thermal resistances generated by electrical insulation between the stator iron laminates. The copper
heat conductors created a continuous thermal path from the interior of the stator iron into the cooling
water, where they protruded into the flow. In addition to the copper heat conductors, aluminum oxide
based Ceramacast 675-N potting material with thermal conductivity of 100 W/m-K was added between
the stator end windings and water jacket, further improving the thermal performance of the stator.

Rotor Iron
Thermally

conductive
potting
material

Magnet

Embedded
copper
Liquid cooling bars
cooling
Stator Iron

Figure 6. Illustration of intra-iron copper cooling paths and thermally conductive end winding potting
material in an axial flux, permanent magnet motor.

The study by Pyrhonen et al. [32] independently showed the degree to which one copper bar
per stator tooth, three conductive bars per stator tooth, and the potting material on the end windings
improved the thermal performance. A single copper bar in each stator tooth decreased the winding
temperatures by about 15 °C, while three copper bars further decreased the winding temperatures by
about 10 °C. Under the same conditions, the potting material had an effect of cooling the windings by
less than 2 °C. Ultimately, the improved motor could operate continuously at 75 kW power output,
while in stock configuration it exceeded the temperature limit of 130 °C after 70 min of operation at the
same power output.

Pyrhonen et al. [32] further showed an important codesign consideration for intra-iron
improvements. It was found that a detriment of a 3% increase in stator iron losses was caused
by decreased iron area that was occupied by the copper bars. Therefore, the addition of copper bars
caused a decrease in electromagnetic performance of the stator for an improvement in the overall
performance of the motor. This example illustrates the sometimes-conflicting performance interaction
of thermal and electromagnetic systems; and provides further evidence of the importance of accurate;
combined thermal and electromagnetic modeling of further development of high-performance motors.
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3.2. Inter-Winding Cooling

A simple but effective approach to inter-winding cooling was demonstrated by Rhebergen et al. [33].
The approach brings heat exchange channels into direct contact with the stator windings by placing the
channels in the interior of the winding in the gap between stator teeth at the air gap. This position is
illustrated in Figure 7, with the IW position. In the design, the channels ran in a serpentine path, cooling
several windings in one fluid pass. The cooling channels were modeled as a thermally conductive
polymer in order to have a relative permeability near unity. Contact resistance was eliminated by
bonding the cooling channels to the windings with the thermally enhanced polymer with thermal
conductivity of 2 W/m-K. Simulations predicted that with water supplied at room temperature, the peak
temperatures of the stator and windings could be reduced by nearly 100 °C with a 5 kW heat load, when
compared to the standard natural convection case, to approximately 133 °C. The inter-winding cooled
motor, therefore, could operate at much higher power than it could with its original configuration
while maintaining the integrity of its electrical insulators.

Figure 7. Illustration of three heat exchanger positions in radial flux motor inter-winding positions
demonstrated in the literature: outside of windings (OW), between windings (BW), and interior of
windings (IW).

Sixel et al. [34] additively manufactured a polymer heat exchanger that facilitated flow channels
between the coil windings (BW in Figure 7) and on the outside of the coil windings (OW in Figure 7).
The flow channels were designed to be aluminum filled polycarbonate with thermal conductivity of
1 W/m-K by fused deposition modeling [34]. The water-cooling channels occupied the OW and BW
positions shown in Figure 7. It was concluded that that a 44% decrease in the winding temperature rise
can be achieved by this inter-winding heat exchanger when it is used as an enhancement from the
standard water jacket cooling.

Semidey and Mayor [35] designed, fabricated, and tested an internally micro-featured heat
exchanger that was placed between the windings (BW position in Figure 7). The heat exchanger
was fabricated by machining microfeatures into copper plates. Two halves were then assembled to
form a channel for water flow. It was found that the base motor (Golden Motor HPM-10KW) could
handle a steady-state current density of 8.24 A/mm? and a transient current density of 14.7 A/mm?.
After installation of the inter-winding heat exchanger between the stator windings, the machine was
capable of a steady current density in excess of 24.7 A/mm? and transient current density of more than
40 A/mm? with class F insulation, which is limited to an operating temperature of 155 °C. Although it
could not be confirmed due to test bench limitations, it may be estimated that the improved motor
produced approximately three times more power than in the stock configuration.
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3.3. Intra-Winding Cooling

Lindh et al. [36] demonstrated an intra-winding cooling method for an axial flux permanent
magnet synchronous machine, as illustrated in Figure 8. Stainless steel coolant conduits were tightly
wrapped with stranded Litz wire, and the coaxial tubing and electrical conductor served as the stator
windings. A shortcoming of the long coaxial fluid flow path occurred with polyalphaolefin oil as the
cooling fluid, in which the pressure drop was nearly 6 bar. Nevertheless, it was found that compared
to the stock motor, intra-winding oil cooling decreased the average end winding temperature by 67 °C,
while intra-winding water cooling decreased the average end winding temperature by 97 °C. The stock
winding current density reached 4 A/mm?, while the thermally improved motor produced 14 A/mm?,
an improvement that corresponds to more than a factor of three in motor power and torque density.

Axial
cooling
channels

Figure 8. Illustration of intra-winding coaxial cooling paths within stator windings of an axial flux,
permanent magnet motor.

Wobhlers et al. [37] demonstrated a different approach to intra-winding cooling than Lindh et al. [36]
via additive manufacturing of the coil windings with integrated cooling channels. In the design, a single
coil occupied about half the width of stator slot, with 11 wraps around each stator tooth. Typically, this
large electrical cross section in the winding would cause large current density disparities, or current
crowding, leading to reduced efficiency. The geometrical freedom of additive manufacturing, though,
allowed Wohlers et al. [37] to locally tune the winding cross section to significantly increase the current
density uniformity. Furthermore, the cooling channels were not constrained to a coaxial configuration
but were instead routed to have inlets and outlets on either end of the stator, which could significantly
reduce the pressure drop per cooling capacity of the system. The windings were laser sintered from
AlSi10Mg powder, an alloy that has approximately double the electrical resistance, and therefore,
heat generation per current density as copper. It was found that the steady-state current density of the
coil geometry could reach 58.5 A/mm?. Extrapolating from those results, it was determined that with a
similar configuration, cast copper could possibly reach current density of 130 A/mm?, which is about
five times the current state of the art in electric motors.

4. Integrated Motor Drives

Motor drives are essential for realizing the benefit of permanent magnet synchronous motors.
The motor drive takes power from a source and can use feedback control to convert that power into
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transient control of the magnetic field produced by the stator windings. Automotive companies
have already integrated motor drives (IMD) with transaxle assemblies, eliminating large power
and communication cables running between the motor and controller, as well as eliminating the
separate enclosure required for the power and logic components of the motor drive. In the production
hybrid-electric automobile, the motors were cooled by ATF, while the power electronics were water
cooled [38].

The same advantages that make IMD'’s essential in automotive applications also make IMD’s
essential in electric aircraft. In continued development of IMD technology, it is projected that in the near
future, motor drives may be completely embedded in the motor enclosures, generating a negligible
effect on the motor mass and volume [38]. The advantages of IMD’s may be further realized by wireless
signal control, which would eliminate motor control signal cabling weight and space requirements in
aircraft, which is particularly important for distributed propulsion designs with many motors.

Perhaps the most important technological innovation that enables integrated motor drives is wide
bandgap electronics, such as SiC and GaN, because of their comparatively high-power density over
more traditional Si devices. The benefits of wide bandgap devices also include higher switching speed
and higher temperature operation [38]. Although higher temperature operation somewhat eases the
need for highly effective thermal management, the factor of five increase in power density of motor
drives enabled by wide SiC devices often necessitates the need for liquid cooling while Si devices may
more readily be air cooled [38].

In addition to decreasing the size and weight required by the drive electronics, wide bandgap
electronics (GaN) can be used to develop motors with different manufacturing approaches from
commonly used methods. As reported by Jahns et al. [38], Wang [39] developed motor drive modules
that were integrated into segmented sections of the stator, bringing the vision of fully integrated drive
electronics closer to reality. From the increasing importance of IMD’s in electric motors, and their
clear advantages for aerospace applications, the challenge of thermal management of motors becomes
coupled with that of high heat flux power and logic electronics. Jahn et al. [38] concluded that in order
for the vision of fully integrated, highly compact motor drives to become realizable, multi-disciplinary,
multi-physics approaches are needed.

5. Lessons from High-Performance Electronics

As power electronics increasingly need pumped fluid cooling and drive electronics are increasingly
integrated into motors, the symbiosis between high heat flux electronics and high-power density
motors is increasing. Further, with wide bandgap semiconductors, the need for pumped single- and
two-phase cooling for logic and power devices is increasing [40,41]. As well, at the same time, logic
and power devices are increasingly integrated with electric machines [38]. So, although the thermal
management challenges of motors and semiconductors are intercoupled, industry and research in
thermal developments in motors lags that of semiconductors.

The motivation for thermal management in semiconductors is comparable with that of motors.
At temperatures approach their upper operation limit, semiconductor devices typically exhibit
decreased functionality and efficiency, producing less desirable power output per input, and then
total loss of functionality [42,43]. Mechanical fatigue considerations in semiconductor packages are
similar to that for motors, in which thermal cycling fatigue occurs due to bonded ceramic, metallic,
and polymer materials with vastly differing coefficients of thermal expansion [42].

Historically, the cooling capability and performance of semiconductor thermal management
systems has increased [44]. Early semiconductor devices utilized crude cooling systems, primarily
relying on spreading across a somewhat increased surface area to dissipate to the ambient. As devices
have innovated, so have the thermal management systems, which have evolved from rudimentary
heat sinks to optimized natural convection heat sinks, forced air coolers, liquid coolers, and heat pipes.
Although these cooling approaches are sufficient for keeping typical devices below about 130 °C with
heat fluxes less than 100 W/cm?, the DARPA ICECool program sought to push the envelope of possible
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heat fluxes from semiconductor devices beyond 1 kW/cm? while keeping pumping power low [45].
This extreme cooling performance goal was realized via three fundamental heat transfer considerations:
materials, topology, and fluids.

Desirable material properties for semiconductor thermal management include high thermal
conductivity, heat capacity, and mechanical resistance to fatigue. Copper (k = 400 W/m-K, p =9
g/cm?) is often the material of choice for thermal management of high heat flux electronics, since while
aluminum is more than three times lighter, it is also about half as thermally conductive. For extremely
high near-junction thermal transport, diamond (k = 2000 W/m-K) has shown increasing utility and
manufacturability [46—-48]. Altman et al. [46] showed that microchannels can be formed in diamond
with an epitaxial GaN semiconductor on the active side of the GaN on diamond device.

Advantageous heat transfer topologies for semiconductor thermal management include high
surface area to volume ratios, surface features that promote mixing for heat transfer enhancement,
and short flow paths for minimal pressure drop. High surface area to volume features can be realized
by fabricated microscale features, including microchannels, in the heat transfer surface via deep
reactive ion etching [49,50], microdeformation [51,52], and additive manufacturing [53,54]. Additive
manufacturing has also repeatedly shown excellent utility in forming complex fluid manifolding paths
for high heat flux electronics [53,55]. Other topologies that can realize extreme heat flux thermal
management systems for semiconductors are those that eliminate thermal resistance, such as die
attach, heat spreaders, and thermal interface materials. This “embedded cooling” approach brings the
fluid as close as possible to the heat generation, increasing the manageable heat fluxes and cooling
effectiveness [45].

Desirable fluid properties for highly effective thermal management include high thermal
conductivity, high heat capacity, and high latent heat of vaporization (in two-phase cooling).
Simultaneously, low viscosity is desirable for low pumping power. Through historical development
of semiconductor coolers, the cooling fluid has evolved with increasing heat transfer coefficients in
thermal management devices. Electronics coolers have progressed from passive air cooling to forced
air cooling, then to forced liquid cooling and to passive two-phase cooling [56,57]. This trend is likely
to continue, with a growing need for actively pumped two-phase cooling, as suggested by the growing
number of studies on the topic. Pumped two-phase cooling is advantageous because it can remove
more heat per pumping power than single-phase pumped cooling when configured correctly, and heat
transfer coefficients generated by two-phase flows are considerably larger than those of single-phase
flows under typical cooling conditions [29,58]. Further design possibilities for very high heat transfer
coefficients include solid-liquid phase change materials, spray cooling, liquid metal cooling, and
thermoelectric cooling [50,59,60].

5.1. High Heat Flux Two-Phase Coolers in Copper

Each of the following high heat flux two-phase chip coolers are constructed of copper, making them
approaches that could be applied to thermal management of power dense motors for aircraft propulsion.
Each cooling approach shown in Table 1 utilizes area enhancement to maximize the heat transfer
area exposed to diabatic two-phase flow. Each approach also uses manifolding in order to reduce the
pressure drop while producing high heat transfer. The chip-scale coolers produced heat fluxes ranging
from 200 W/cm? to 1230 W/cm? with temperature rises above the fluid reference temperature ranging
from 22 °C to about 56 °C, pressure drops ranging from 6 kPa to 60 kPa, demonstrating the efficacy of
localized pumped two-phase cooling. The differences in the studies include the approach by which
surface area and other surface enhancements were achieved, as well as the type of manifolding and the
cooling fluid.
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The approaches used by Rau et al. [61] and Joshi and Dede [62] incorporated macroscale and
microscale surface enhancements. The macroscale features were pin-fins, and a microporous coating
was added, forming a multiscale surface enhancement. Both studies used similar manifolds, in which an
array of 25 orifices produced jet impingement on the multiscale enhanced surface. Better performance
was produced in the second study, which used R245fa in contrast to HFE-7100 [62]. In the second
study, pressure drop and temperature rise were also reduced while peak heat flux was increased.

The approach reported by Kalani and Kandlikar [63] used a tapered manifold, which increased the
cross-sectional flow area moving downstream with a non-contacting manifold above the microchannels.
This approach may increase vapor venting and was reported to reduce the pressure drop while
fundamentally altering the flow regimes occurring within the channels. A peak heat flux of 506 W/cm?
was reported with a wall temperature of about 130 °C with water as the working fluid.

Manifold-microchannels (MMC), the area enhancement geometry of interest in this dissertation
for high heat flux two-phase cooling, were used by Baummer et al. [64] to achieve a base heat
flux of 300 W/cm? with HFE-7100 as the working fluid. A later generation of the design achieved
1230 W/cm? with the low-pressure refrigerant R245fa as the working fluid [52]. So, it can be observed
that MMC'’s can achieve very high heat fluxes with low superheats and low pressure drops in remote,
chip-scale coolers.

5.2. Comparison of Working Fluids

As shown in Table 2, water is an excellent heat transfer fluid among several common fluids
used for two-phase electronics cooling. The latent heat of vaporization and thermal conductivity of
water are an order of magnitude greater than those of electronics cooling fluids (FC-72 and HFE-7100)
and refrigerants often researched for electronics cooling (R236fa, R245fa, and R134a). Furthermore,
the specific heat of water is more than three times greater than those fluids. Furthermore, high-purity
water is orders of magnitude less expensive than any of the engineered fluids. Therefore, water is in
many ways a natural choice for high heat flux cooling.

However, water is not without drawbacks for electronics cooling. Firstly, unless consistently
deionized, water is an electrical conductor. Secondly, water is a solvent, and therefore should be carefully
isolated from electronic devices. Furthermore, the atmospheric pressure saturation temperature of
water is 100 °C, meaning that for two-phase operation, at atmospheric pressure, junction temperatures
will be quite high. The saturation temperature can be reduced by operating the system under vacuum,
but this approach raises reliability concerns of air ingress over time, a concern which is less relevant in
systems operating with positive pressure. Water also has a higher freezing temperature than most
engineering fluids, which could result in catastrophic failure in low ambient temperature environments;
ethylene glycol reduces freezing temperature but is detrimental to thermal performance.

Engineered fluids can mitigate many of the concerns presented by water. These fluids are quite
inert, dielectric, are available in a variety of saturation temperatures, and have a more favorable
liquid-vapor density ratio. FC-72 has been considered the industry standard cooling fluid for single-
and two-phase electronics cooling because of these favorable properties. HFE-7100, also manufactured
by 3M, has a lower global warming potential and 27% greater latent heat, but tends to be more
corrosive than FC-72. R134a is an industry standard refrigerant and may soon be replaced by R1234ze
in some applications.

The lower pressure refrigerants are reported more often for embedded semiconductor cooling,
with R245fa being most common for its low pressure, high latent heat, and high thermal conductivity
compared to R236fa. The room temperature saturation pressure of R245fa is about half that of R236fa,
1.5 atm compared to 2.7 atm, respectively. This reduced pressure requirement reduces the structural
strength required by the embedded cooling package, which may also be used to reduce package
size and weight. Another advantage is that the latent heat of vaporization of R245fa exceeds that of
R236fa by 31% (190 kJ/kg compared to 145 kg/kg) while the liquid thermal conductivity is also 17%
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higher (0.081 W/m-K compared to 0.069 W/m-K). These higher fluid property values both improve
effectiveness of two-phase heat removal.

Automatic transmission fluid is not typically used in two-phase systems, in part due to its
(intentionally) prohibitively high boiling temperature. It is, though, a potent single-phase cooling
liquid, having specific heat about 30% greater, and thermal conductivity double that of common
refrigerants. In addition to heat transfer, ATF is designed for hydrodynamic power transmission and
lubrication [65].

The most common refrigerant used in vapor compression cycles is R134a, while CO, is an
increasingly commonly used fluid for transcritical and supercritical cycles. In contrast to vapor
compression, transcritical cooling cycles pressurize the working fluid beyond the critical pressure and
temperature of the fluid. This supercritical fluid is as dense as a liquid but expands and compresses
much like a gas. For an R134a cycle rejecting heat at a fluid temperature of 70 °C, the highest pressure
occurring in the cycle is 21 bar. In contrast, a transcritical CO, cycle rejecting heat at a fluid temperature
of 70 °C requires pressure to exceed 160 bar. This high pressure introduces some engineering challenges
but provides significantly higher cooling system power density.

In particular, the size and weight of the heaviest and often bulkiest component of the refrigeration
system, the compressor, can be significantly reduced. It has been shown that the compressor
displacement can be reduced in excess of 80% when compared to a conventional R134a vapor
compression cycle [66]. In pressure containment devices, including the compressor, thicker walls
are required to contain the pressure, but the reduced internal volume decreases the total amount of
material needed, resulting in decreased size and weight.

The benefits of transcritical CO, as a refrigerant (also called R744) have been under investigation for
two decades for automotive applications, and it has been shown that R744 can reduce the size, weight,
and power required by the air conditioning system [67]. Mercedes-Benz committed to introducing
transcritical CO, cycles into their luxury automobiles for increased cooling performance, as well as
the very low refrigerant global warming potential [68]. It should be noted that in order to realize the
benefits, special precautions must be taken to mitigate the corrosive nature of supercritical CO5.

Table 2. Comparison of common working fluids for embedded two-phase coolers. All properties at 25
°C unless otherwise noted.

Saturation Temperature at Saturation Specific Latent Heat of Liquid Thermal Liquid Vapor
Fluid Atmospheric I’rl:ssure e Pressure Heat Vaporization ! Conductivity Density Density !

P (kPa) (K)/kg-K) (kJ/kg) (W/m-K) (kg/m?) (kg/m?)
FC-72 [69] 56 - 11 88 0.057 1680 13
HFE-7100 [69] 60 - 118 112 0.069 1510 9.9
R236fa [70] - 272 1.24 145 0.069 1360 18
R245fa [70] - 148 1.32 190 0.081 1340 8.5
R134a [70] - 666 143 178 0.083 1210 32

ATF [65] - - 1.95 - 0.16 870 -
sCO22[71] - - 4.00 290 0.078 7103
Water [70] 100 - 4.18 2250 0.59 1000 0.6
1 At normal boiling point; > Properties taken at 35 °C and 10 MPa; ® Supercritical fluid.
6. Summary

Novel, emerging electric propulsion systems for hybrid and electric aviation call for distributed
electric propulsion to reduce drag and promote fuel efficiency and emission reductions. High efficiency
and high specific power (kW/kg) electric motors are a key enabler for future electrification of aviation.
This review focused on the role of thermal management and most recent improvements to the current
thermal limitations of electric motors, with emphasis on approaches to increase the electrification of air
transport. The study demonstrates that the commercial state-of-the art electric motors are thermally
limited and that a substantial increase in power and torque density, as well as efficiency of electric
motors can be achieved by mitigating the thermal limitations in electric motors through a co-design
approach utilizing electromagnetics and thermomechanical design aspects.
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Current methods for commercial motor cooling—such as oil bath or water jacket cooling—impose
limitations on power density due to lack of sufficient absorption of heat. This is particularly important
for motors that benefit from operation at high voltages, which in turn require thick electrical insulation
layers that often further limit heat dissipation. Researchers have shown that there exists significant
potential for improved cooling. Specifically, the stator windings generate the majority of heat losses in
electric motors, and examples show that from 43% to 64% of total motor heat generation occurs due to
these resistive losses. By employing inter-winding and intra-winding thermal management, the power
density of electric motors can be increased by a factor of three to five or more. Supercritical fluids that
offer the density of a liquid and viscosity of a gas can also contribute to substantial additional cooling
of motors with direct impact on enhancing power and torque densities and efficiency.

Recent studies have shown that the heat flux levels from semiconductor devices can be increased
by more than ten-fold by placing thermal management as the top priority in the design and fabrication
of high-performance devices. For electric motors the potential for such improvement can be even more
significant realizing the same principles of thermally potent materials, topologies, and fluids. These
approaches can be used to increase the power density of electric motors so that thermal management
of electric motors will no longer lag that of semiconductors. An effective thermal management solution
will optimally cool the motor itself as well as the integrated drive, the power electronics and the power
conditioning system.
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