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An alternative process technique, namely vacuum-assisted axial injection potting (VaAIP), 
has been developed to pot the Litz wires in the stator winding of high power density electric 
motors for the future electrified aircraft s.  Initial trials of the process showed significant 
improvement in potting quality with less voids, thus potential improvement in thermal 
management of the motors.  As an initial effort of pot -ability assessment, microstructures, 2-
D and 3-D, of the Litz wires including dimensions and distribution of conductor filament, 
coating, and open spaces; packing patterns; shape/configuration changes of each bundles or 
the overall cross-sections per degree of twist were determined and quantified successfully.  The 
microstructure analyses were performed not only for effective potting process development 
but also for more realistic electro-thermal modeling solutions.  This paper will present results 
of  the microstructure analyses, potentials of the VaAIP process from the trials, and future 
plans for scale-up and implementation of the process into a full -scale prototype stator winding. 

Nomenclature 
2-D = 2-Dimensional 
3-D = 3-Dimensional 
AWG = American Wire Gage 
BF = Bright Field 
BNNS = Boron Nitride Nano-Sheet 
CF = Conductor Filament 
DF = Dark Field 
FT-IR = Fourier Transform-Infrared Spectroscopy 
HEMM = High Efficiency Megawatt Motor 
PI = Polyimide 
VaAIP = 
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two representative cross-sections, oval vs. diamond, were selected for the analysis, and five most common patterns, 
e.g., hexagonal, parallelogramical, triangular, square/rectangular, and random pattern, were identified based on 
connectivity and surrounding conditions, key factors affecting heat transfer, even though parallelograms and triangles 
can be part of hexagons.   Utilizing the ImageJ software at a high enough magnification (e.g., 25%), those patterns 
were deliberately and manually assigned and counted per bundle in the same sequential order listed above, starting 
from the corner close to the wire center.  According to the wire specifications by the manufacturer, the total number 
of CFs used per bundle was 1500, but it was still counted by the analysis to assess their continuity.   The overall results 
are summarized in Table 2.   After the number fractions were determined, their areal fractions were also calculated by 
measuring area of each bundle.  Note that the cross-sectional area of each filament was calculated using the average 
diameter of conductor filament and coating thickness from Table 1.   The changes in fractions of each patterns between 
the two typical cross-sections was rather small, especially when they were categorized between the ordered, regardless 
of shape, and the random pattern.  Accurately enough though, the fractions of the random pattern and the void or open 
space in the oval shape were consistently higher than those in the diamond shape which suggested that the latter was 
supposed to be under higher compaction.  The average void content calculated by the pattern analysis was in good 
agreement with the overall average of 16.8% from the previous image analysis of the as-received cross-sections, Table 
1.  It was of interest to note that there were slight variations in total number of filament per bundle among different 
bundles and also between the oval and the diamond shapes even though they were only a few inches apart in the same 
wire section.   That might be due to breakage of filaments during wire construction process.  It should be also noted 
that the realistic number fractions of the various packing patters were essential for more accurate thermal modeling, 
but at the same time, their distribution modes and boundary conditions can be also considered as equally important 
inputs for the modeling, if they can be more systematically characterized and quantified.   

 
Figure 6. Two typical cross-sectional shapes of Litz2 wire per twisting or winding conditions and quantitative 
analysis on conductor filament packing patterns. 
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Table 2. �5�H�V�X�O�W�V���R�I���T�X�D�Q�W�L�W�D�W�L�Y�H���S�D�F�N�L�Q�J���S�D�W�W�H�U�Q���D�Q�D�O�\�V�L�V���L�Q���/�L�W�]�����Z�L�U�H�������1�R�W�H���W�K�D�W���‡�9�R�L�G�·���P�H�D�Q�W���W�K�H���R�S�H�Q��
spaces between Cu conductor filaments to be filled by potting material. 

 

C. Vacuum-assisted Axial Injection Potting (VaAIP) 
Dipping can be a simplest and effective process technique to pot winding wires in a motor via transverse infiltration 

of resin through the winding stack, but it may not be the best option for the Litz wires because of their build structure 
which may restrict transverse resin flow even though the process was reinforced by applying vacuum and pressure 
such as the vacuum pressure impregnation (VPI) process, Ref. [5].  Therefore, a different approach, namely vacuum-
assisted axial injection potting (VaAIP) process, was developed based on the microstructure of the Litz wires discussed 
earlier.   Since the open spaces, either inter-filament or inter-bundle, were continuously channeled through the entire 
wire length, it was anticipated that the potting resin can easily infiltrate along the channels axially when a high vacuum 
is pulled through the micro-channels and if viscosity of potting resin is low enough.  Furthermore, the process can be 
enhanced if the wire is preheated, thus the viscosity of the resin is lowered.  Figure 7(a) shows the typical experimental 
setup to prove the concept of VaAIP process on the actual Litz wires.  An open aluminum mold (4×7×1.5 inch in 
dimensions) with �‡�6�·���V�K�D�S�H���F�R�Q�W�L�Q�X�R�X�V���V�H�P�L-circular groove (0.5 inch wide × 0.4 inch deep)  was designed to mimic 
the actual motor winding, especially by introducing both horizontal and vertical curvatures with 1.0 inch outer radius.  
The total wire length used in the initial trials with the mold was about 30 inch (0.76 m) long.  In order to pull a high 
vacuum inside, the Litz wire was sealed from atmosphere with either Nylon vacuum bagging film (for the first trial 
with Litz1) or Polyolefin clear shrink tubing (for the second trial with Litz2) in its entirety except both ends before 
mounting into the mold.  The shink tubing made the setup preparation much easier and more practical since it just 
needed quick recovery/shrink at 121 °C for 30 minutes and provided a good sealing.   Then, the sealed wire was 
installed into the mold while keeping the maximum twist on the wire section.  At the same time, the wire was connected 
to a resin dispenser on one end and to vacuum pump on the other end using a Tygon vacuum tubing.   Both connections 
were finished with air-tight sealing using vacuum sealing tape, but great care was taken to keep the ends of the Litz 
wire open as clear as possible for smooth and full resin flow.   The setup was placed on a hot plate and its temperature 
was monitored with a thermometer.  

The �’�X�U�D�S�R�W�������������H�S�R�[�\���Z�D�V���P�L�[�H�G���E�\���F�H�Q�W�U�L�I�X�J�D�O���G�H-aeration process using the Thinky mixer (Think U.S.A., 
Inc., CA) with an optimized condition followed by degassing in a vacuum oven to minimize any trapped air.  The 
mold and the resin were pre-heated to 60 - 70 °C prior to injection to lower its viscosity, thus to enhance the process.  
A high vacuum up to 29.5 inHg was maintained on inside of the Litz wire before and during resin injection.  Figure 
7(b) shows the front line of resin infiltration during the process where clear color change was visible, thus the status 
of the infiltration process was monitored.  More resin batches were prepared at the same manner and added into the 
dispenser unitl the infiltration process was completed.  Once the process was completed, both ends were clamped on 
vacuum tubing and disconnected from the resin dispenser or vacuum line.  The potted epoxy in the wire assembly was 
cured within the mold at 250°F/121°C for 4 hours in either an autoclave with 45 psi hydrostatic pressure for the Litz1 
trial or a conventional air-circulated oven for the Litz2 trial.  

During the VaAIP process, the amount of injected resin was regularly monitored as a function of time via reading 
the scale on the resin dispenser and plotted in Figure 8 for the initial trials with Litz1 or Litz2 wire.  Note that the 
process conditions between the two trials differed slightly as listed in the plots.   The plots also displayed the estimated 



 
American Institute of Aeronautics and Astronautics 

 
 

8 

amounts of resin needed to fill the voids or open spaces calculated based on their overall areal/volume fractions, 32% 
for Litz1 and 21.9% for Litz2 wire, including the inter-bundle spaces both in center and at four edges from the 
microstructure analysis described earlier.  With the void volume fractions, the overall dimensions of the 30 inch long 
wire section, and the estimated density, ~1.0 g/cc, of the mixed resin, they were 14.4 g for Litz1 and 8.2 g for Litz2 
wire, respectively.  From the left hand graph, amount of resin vs injection time, the injection rate of both cases seemed 
to be similar, but when they were plotted in terms of specific amount of resin per void volume in the right, it was clear 
that the injection rate in the Litz2 trial was significantly faster, thus the maximum infiltration was achieved much 
quicker even though the total amount of injected resin at the end of the process was about same in both cases.  On the 
other hand, the overall weight of the 30 inch long wire sections used in ther trials was also measured before and after 
the VaAIP process, and found that the total amount of the injected resin was 12.2 g for Litz1 and 11.2 g for Litz2 wire.  
While those were reasonably well-matched with the injection rate plots at the end of the process, Figure 8, in both 
cases, the latter case of Litz2 trial showed a better chance for more complete infiltration with higher fill% since the 
total injected resin amount, 14 g, was significantly more than the amount needed to fill the voids, 8.24 g. 

 
Figure 7. (a) Typical experimental setup for VaAIP process and (b) resin infiltration front shown as color 
change at the arrow mark. 

 
Figure 8. Injection rate comparison between two VaAIP processes with  Litz1 or Litz2 wire.  Note that the 
right hand graph was plotted in terms of specific amount of resin injected per void volume, g/cm3. 

In order for more accurate and direct potting quality assessment, physical sectioning of the VaAIP processed wires 
was conducted at various locations.  Typically, seven cross-sections were obtained from various locations of the 30 











