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Abstract

3M 5555 Fluidize powder-coating was a popular choice for motor stator secondary insulation in many space
applications. Unfortunately, in 2021, 3M announced they planned to retire the 5XXX product line.

As a result of this announcement, a multi-company task force was assembled, consisting of Lockheed
Martin, The Aerospace Corporation, Windings Inc, Sierra Space, and Moog. The task force worked through
2022 to identify candidates to replace the 3M 5555 product, determine a test plan for material screening,
and down-select final candidates for an accelerated thermal-cycle life test. In 2023 the final tests were
completed, and the resulting data is presented herein.

Introduction

Wire-wound motors rely on an extremely thin “varnish” applied to the stator magnet wire to provide
insulation between adjacent turns within the motor windings, between adjacent coils that make physical
contact, and in the cases where an electrically conductive stator core material is used, between the
windings and the stator core. A typical stator core is made from laminated “electrical iron” or a wire-cut billet
of electrical iron. Regardless of whether a solid wire-cut core or a laminated core is used, the stator core
has sharp corners that would quickly cut through the thin varnish insulation during the inserting process (or
if not during inserting, during operation due to temperature swings).

Figure 1: Typical motor stator with 3M 5555 Fluidize Coating
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Due to this reality, a “secondary insulation” material is used to provide a radius at the corners that contact
the magnet wires and additional insulation strength wherever the magnet wires contact the stator core. In
other words, the secondary insulation protects the magnet wire from damage, via the radius it creates, and
protects the motor from a phase-to-chassis short via the high insulation resistance and robust thickness of
the secondary insulation.

In the world of non-ironless, wire-wound motors, the two most common methods used to provide secondary
insulation are: Applying an insulating powder-coating to the stator core prior to insertion, and the
combination of non-conductive (plastic) end-laminations with slot-liners. Generally speaking, slot-liners can
be more labor-intensive to install but are less process-dependent. Slot-liners usually result in lower thermal
conductivity between the motor winding coils and the stator core, which can preclude their use in high
current-density applications. However, slot-liners are generally less sensitive to extreme cold temperatures,
and therefore more common in cryogenic applications. On the other hand, the powder-coating method is
less labor-intensive, but is more process dependent. Due to its superior thermal conductivity, this insulation
method is more common in motors that have a high current density.

Within the US space motor industry, 3M 5555 was the most commonly used material for secondary
insulation on motor applications with powder-coated stator cores. This was due to its very good insulation
properties, mechanical robustness, and good bond strength to commonly used stator core materials. When
the impending discontinuation of this product was announced, a multi-company task-force was assembled
to work toward a solution that would provide equivalent or better performance.

Material Selection

The initial task of the task force was to identify and understand the technical properties of the 3M Scotchcast
5XXX products currently used by the industry to determine which products were impacted by 3M'’s
discontinuation. This exploration quickly determined that the primary impact to the space industry from the
impending discontinuation was the Scotchcast 5555 family of electrical insulation.

Understanding the industry’s impacted products allowed a search into equivalent products to commence.
This search involved known electrical insulation powder manufacturers as well as similar industries to epoxy
resins such as adhesives and paints which may have electrical products in their portfolios but may not have
marketed them into the Aerospace and Defense industry.

The result of this search produced six potential suppliers in the market (3M, PTI, Glyptal, SolEpoxy,
AkzoNobel, and Sumitomo Bakelite). Upon further review of 3M’s published technical data sheets for
Scotchcast 5555 against the corresponding physical performance characteristics of the potential supplier
products, four possible products (Glyptal 1201, PTI 5133, SolEpoxy DK7-20H, and SolEpoxy DK7-0953)
were selected to proceed forward with a Phase 1 initial screening.

Physical and performance properties considered during this paper technical data review included published
information regarding: specific gravity, dielectric strength, cut through resistance, impact resistance, edge
coverage, gel time, thermal shock, powder shelf life and UL approvals (important for some terrestrial
applications). The reason for the selection of the initial candidates (which was based on published values
from the datasheets) was as follows:

e PTI5133: Good flexibility/impact resistance, some members of task force already familiar with this
product, electro-static powder coating friendly

e SolEpoxy DK7-20H: Similar thickness and UL rating to 3M 5555. Good cut-through resistance (high
temperature capability) and edge coverage.

e Glyptal: Potential simple application process, potentially could be applied with different thicknesses
(since it is a liquid material unlike other candidates), good insulation resistance, good toughness
and abrasion resistance
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e SolEpoxy DK7-0953M: Good edge coverage, thinner coating (offers higher slot-fill potential), high
cut-through resistance (high temperature capability), high impact resistance

e PTI 6500: New product from PTI, not much data yet, but advertising NASA outgassing compliance
and higher temperature capability than PTI 5133. Added at last minute as replacement for PTI 5133
when it did not perform well in initial testing

Initial Screening Test Plan

Each candidate went through a test program consisting of an initial screening phase and a qualification
phase, except for the PTI 6500 which was introduced for the final screening phase only. The tests performed
in the initial screening phase were chosen due to both the importance of the tests for material qualification
and because these tests could be performed more quickly and with less resources than the final screening
tests. The initial screening phase was used to down-select to a reduced number of candidates which would
then proceed into the final screening phase. Figure 2 shows the test flow, including specific tests per test
phase.

Figure 2: Initial Screening and Final Screening Test Plan Flow Chart

Raw Material Test Coupons

Raw material test coupons were thin sheets of the candidate materials both cured and uncured. Raw
material coupons were used for Differential Scanning Calorimetry (DSC) analysis and Thermogravimetric
analysis (TGA). See Table 1 for application and curing requirements used for each material tested.

Table 1: Candidate Materials Pre-Heat and Cure Requirements

Pre-Heat Pre-Heat Dry Time Cure Temp. Cure Time

Candidate Material Form (°C) Time (min) (hr) (°C) (min)
3M Scotchcast 5555 Powder | 188 (370 °F) 12 N/A 232 (450°F) 20
SolEpoxy DK7 093M Powder | 177 (350 °F) 12 N/A 232 (450°F) 20
SolEpoxy DK7 20H Powder | 182 (360 °F) 12 N/A 232 (450°F) 20
PTI 5133 Powder | 188 (370 °F) 12 N/A 232 (450°F) 20
PTI 6500** Powder N/A N/A N/A 204 (400°F) 10

Glyptal 1201 Liquid N/A N/A >72 177* (350 °F) 120*

*Temperature was profiled; 1 hour @ 65°C (150°F), 1 hour @ 121°C (250°F), 2 hours at 177°C (350°F)
**Not included in the initial screening tests as it was introduced after initial screening
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Steel Test Bars

For the remainder of the initial screening phase, tests used A36 steel test bars coated with the candidate
materials. Mild steel was chosen as the substrate for these tests because the material is a standard material
for cut-through resistance testing, is easy to acquire quickly and has a relatively low cost. These factors
allowed rapid testing of many different candidate materials for initial screening.

Surface preparation of the test bars was set to simulate typical surface finishes seen on motor stator
laminations. Each bar contained two sets of faces, one set was grit-blasted to 1.5-2 pm (60-80 pin) rA
(similar to abraded or oxidized laminations) and one set was ground to 0.4 pm (16 pin) rA (similar to as-
received laminations)

All powder candidates were applied to the coupons via fluidized bed hot dip process. Glyptal 1201 was
applied via thinned liquid dip process. Material was cured per the manufacturer’s instructions, including any
“ambient dry time” specified prior to the elevated temperature cure. See Table 1 for application and curing
requirements for each material tested.

DSC and TGA Testing

Differential Scanning Calorimetry (DSC) analysis generates curves of heat flow through a sample versus
time and temperature. These curves provide insight to changes in glass-transition temperature and thermal
breakdown over a wide range of temperature. Thermogravimetric analysis (TGA) was used to determine
mass loss and decomposition of the candidate materials. DSC and TGA analysis were used to assess the
likelihood of candidate materials meeting the 200°C insulation rating.

DSC testing was performed on both powder and cured samples of each candidate material per ASTM
E2041-13 using the Borchardt and Daniels (B&D) kinetics approach. All samples were run at 5°C per minute
ramp rate from 20°C to 1000°C with a dry nitrogen purge for DSC and TGA testing.

Corner/Edge/Face Coverage, Thickness

The thickness on the faces and edges/corners was measured to a resolution of at least 2.5 um (0.0001 in).
The minimum and maximum thickness was recorded for each face 25 mm (1 in) from each end of the bar
on all four sides using a Fischer FMP40 posi-tector. The minimum thickness in the “radial” direction radiating
out from the corner was measured for each edge using a micrometer.

Dielectric Strength

Six test coupons of each coating material were evaluated for dielectric strength using a Vitrek V70 hipot
tester. All 4 edges of each bar were tested on the middle 50-mm (2-in) section of the coated bars up to the
maximum voltage of 11,000 V.

Cut-Thru Resistance
One test coupon of each coating material was tested for cut-thru resistance. Testing was done at two
locations on each bar.

For the cut-thru resistance test, an un-insulated 18 AWG wire was wrapped around each bar with a 2.2-kg
(1-Ibf) weight hanging on the end of each wire. Testing started at 150°C (300°F) with 1 hour dwells.
Chamber temperature was increased by 28°C (50°F) until all coupons failed or the maximum oven
temperature was reached, 321°C (610°F).

Thermal Shock

Three test coupons of each coating material were tested for thermal shock. Samples underwent 10 thermal
cycles from -80°C to +125°C, with a temperature tolerance of £ 5°C and minimum dwell time of 2 hours.
After cycling, samples were visually inspected for evidence of cracks, flakes and crazing at 10X
magnification.

136



Impact Resistance

Impact resistance testing was performed using a Gardner IM-172 9.5-mm (3/8-in) impact tester with a 4.4-
kg (2-Ibf) weight. All three bars were tested: one bar post thermal shock testing, one bar post cut-thru
resistance testing and one new cured bar. Seven heights were tested with a starting drop height at
approximately 86 mm (3.4 in.) up to 206 mm (8.1 in) with 2 drops at each height. The drop set was
performed on both the grit-blasted face and surface ground face of the coupons. Based on the performance,
each impact zone was given a rating based on the criteria in Table 2.

Table 2: Impact Zone Evaluation Criteria

Rating 0 1 2 3

Description | Failure, delamination, | Failure, Partial failure, Passing, indentation
chips removed from delamination, all cracking, no present but no cracking
surface material intact delamination or delamination

Initial Screening Test Results

Based on the initial screening test results, the PTI 5133 and Glyptal 1201 coatings were eliminated from
the test program. The PTI 5133 became very soft at a low temperature, failing the cut-through resistance
below the desired 200°C insulation rating. It also performed very poorly in the impact resistance test after
undergoing thermal shock. Per the DSC test results, the Glyptal 1201 was not fully cured after completing
the manufacturer’s recommended cure cycle. Therefore, a post-cure was developed (based on the DSC
results) to ensure it would become fully cured. Unfortunately, after the post-cure was performed, the
material failed almost every initial screening test, including dielectric strength. Although it probably would
have performed better without the post-cure, it clearly would not have met the desired 200°C insulation
rating since the post-cure was done at 176°C and ruined the mechanical properties of the material. Among
the materials that continued forward to the final screening tests, the SolEpoxy DK7-0953M showed very
promising results, significantly outperforming all of the other materials in the impact resistance test.

Figure 3: DSC Test Results for Cured Candidate Materials (Except Glyptal and PTI 5133)
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DSC Test Results

Figure 3 and Figure 4 show the DSC test results for the candidate materials after being cured. Except for
the Glyptal tested without a post-cure, there are no major peaks near the curing temperature, indicating the
materials are fully cured, except the Glyptal as-received. Heat flow on this sample between 100 and 200°C
indicates that it was not fully cured. Based on these results, a post-cure was developed for the Glyptal 1201,
see Table 1. With the post-cure per Table 1, the Glyptal was fully cured as shown in Figure 4.

Figure 4: DSC Test Results for Glyptal With and Without Post-Cure

TGA Analysis
The Differential TGA results for all materials tested are shown in Figures 5 and 6. All of the materials show

degradation starting around 300°C or higher, except the Glyptal 1201, which starts breaking down around
160°C (This did not bode well for the Glyptal material in subsequent tests). For all of the other materials,
differential TGA peaks occurred around 375 to 415°C. Based on these results it was expected that all of
the materials except the Glyptal 1201 would be able to meet the desired insulation rating of 200°C.
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Figure 5: Differential TGA Results for Materials Tested Except PTI 6500

Figure 6: Differential TGA Analysis for Materials Tested (Except Glyptal)

Corner/Face/Edge Coverage

For initial screening, face thickness was measured for all initial samples: 3M 5555, SolEpoxy DK7-20H,
SolEpoxy DK7-0953M, PTI 5133, and Glyptal 1201. Face thickness for the PTI 6500 was only measured
on the final test bars, see the Final Screening Test Results section, Table 7 for these results. For the initial
screening face thickness results, see Table 3. In terms of face thickness, the SolEpoxy DK7-20H and PTI
5133 showed the closest thickness to the 3M 5555. The SolEpoxy DK7-0953M and Glyptal 1201 were
thinner than the 3M 5555, but it was decided that this would not be grounds to eliminate these materials
outright, as a thinner coating that performs acceptably in the cut-through and insulation resistance tests is
actually desirable, allowing for a higher possible slot-fill in a motor application.
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Table 3: Initial Face Thickness Measurements

Candidate Material Form Face Thickness (um)
3M Scotchcast 5555 Powder 345 (.0136 in)
SolEpoxy DK7-0953M Powder 193 (.0076 in)
SolEpoxy DK7-20H Powder 269 (.0106 in)
PTI 5133 Powder 320 (.0126 in)
Glyptal 1201 Liquid 226 (.0089 in)

For initial screening, edge coverage was not measured for all samples. The intent was to assess edge
coverage via the cut-through resistance test. Some edge-coverage data had been previously taken by one
of the members of the working-group so this data was shared with the team and is included in Figure 7.

Figure 7: Edge Thickness vs Face Thickness for 3M 5555 and SolEpoxy DK7-20H

Dielectric Strength

The dielectric strength test results are shown in Table 4. In terms of kV.mm, the SolEpoxy 0953M performed
the best, and in terms of overall breakdown voltage, the 3M 5555 performed the best. This test was the first
indication that the Glyptal 1201 performance was adversely affected by the post-cure, as it did not show
any dielectric strength in this test. Note that “Passing” in Table 4 means the measured breakdown voltage
was greater than 11,000 volts. Tests were marked as “Failed” if the breakdown voltage was less than or
equal to 11,000 volts. See Table 6 in the “Final Screening Test Results” section for the PTI 6500.

140



Table 4: Dielectric Strength Test Results

Candidate Material Face Thickness # Passing | # Failing Lowest Dielectric
Samples Samples Failure Strength*
3M Scotchcast 5555 345 um (.0136 in) 22 2 11,000V 63.7 kV/mm
(1618 V/mil)
SolEpoxy DK7-0953M | 193 um (.0076 in) 4 20 8649V 89.6 kV/mm
(2276 V/mil)
SolEpoxy DK7-20H 269 um (.0106 in) 11 13 10,398V 77.2 kV/mm
(1962 V/mil)
PTI 5133 320 pm (.0126 in) 21 3 10,830V 67.7 kV/mm
(1719 V/mil)

Glyptal 1201 226 pum (.0089 in) 0 24 0.3V N/A

Cut-Through Resistance

As shown in Table 5, All of the candidate materials except the Glyptal 1201 and PTI 5133 passed the cut-
through resistance test. No further investigation was performed for the Glyptal 1201 since it also failed
dielectric strength, most likely due to the post-cure. The failure of the PTI 5133 was unexpected so a follow-
up test was performed. In the follow-up test, the cut-through test was performed at lower temperatures to
see where the failure would occur. During this investigation it was found that the PTI 5133 material (cured)
became soft at only 120°C (250°F). This was the primary reason for eliminating this material from the list
of materials to undergo final screening. Figure 8 shows a photo of a passing cut-through coupon next to a
failing coupon. For the PTI 6500, there was indication that the edges were thin and brittle at 343°C
(650 °F). If the wire was not placed onto the edge with the utmost care, the edge would chip and the test
would fail. After this occurred twice, extreme care was used in placing the wire and multiple passing results
were achieved. When it was attempted to force a chip it took very little persuasion when done at 343°C
(650 °F).

Following the Cut-through test, toughness of the coatings was manually checked at 200 C with a pick. This
assessment was highly subjective, of course, but the results are included as they provided some insight.
Glyptal was not tested. When ranked 1-5: PTI 6500 (1s!), DK7-0953M (2"9), DK7-20H (39), 3M 5555 (4t),
PTI 5133 (far behind 5%).

Table 5: Initial Cut-Through Resistance Test Results

Candidate Material Face Thickness (samples) Cut-through pass/fail
3M Scotchcast 5555 13.6 PASS
SolEpoxy DK7-0953M 7.6 PASS
SolEpoxy DK7-20H 10.6 PASS
PTI 5133 12.6 FAIL
Glyptal 1201 8.9 FAIL
PTI 6500* 12 PASS**

*Note: PTI 6500 coupons were tested after the final-screening phase
** Due to extremely thin edge coverage, slight differences in handling method when hanging the weight
could cause the samples to pass or fail
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Figure 8: Passing Sample (SolEpoxy DK7-0953M) Next to a Failing Sample (PTI 5133)

Thermal Shock

All of the candidate materials performed well in the thermal shock test except the Glyptal 1201, which was
the only material to develop cracks during the thermal cycling. Photos of all of the test coupons after thermal
cycling are shown in Figure 9. PTI 6500 was subjected to the thermal endurance test but was not included
in the thermal shock test.

Figure 9: Test Coupons after Completing Thermal-Shock Testing. Left to Right: 3M 5555, SolEpoxy DK7-
0953M, SolEpoxy DK7-20H, PTI 5133. Glyptal 1201 Coupons are in foreground.

Impact Resistance

Since the impact resistance tests were performed after the thermal-shock test, the test results include the
effects of some thermal aging. One coupon for each material candidate was withheld from thermal-shock
testing, so the results with and without thermal aging can be easily compared. The results of the impact
resistance tests are shown in Table 5 and Figure 10. For impact resistance, the SolEpoxy DK7-0953M
performed better than all of the other candidate materials by far. None of the materials showed any
degradation in performance due to the thermal shock test except for the PTI 5133. The Glyptal performed
very poorly, again most likely due to the post-cure. The cut-through resistance samples were also subjected
to the impact resistance test. Interestingly, the high-temperature exposure of the cut-through test (324°C)
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had no noticeable effect on the 3M 5555 and SolEpoxy DK7-0953M impact test results and improved the
impact strength of the SolEpoxy DK7-20H. The impact strength of the PTI 5133 was degraded significantly
by the high-temperature exposure during the cut-through resistance test. PTI 6500 was only subjected to
impact resistance testing during the final screening tests. See Table 8 for the PTI 6500 impact test results.

Table 5: Impact Resistance Test Results (See Table 2 for Scoring Criteria)

Candidate Material Face ALL Roughened | Cure Cut Thermal
Thickness Results Surface Only Through Shock
3M Scotchcast 5555 13.6 17.3 21.3 16.5 24.0 15.7
SolEpoxy DK7-0953M 7.6 40.8 42.0 41.0 42.0 40.3
SolEpoxy DK7-20H 10.6 14.8 17.0 12.5 32.0 10.7
PTI 5133 12.6 23.0 29.0 29.0 0.0 26.7
Glyptal 1201 8.9 0.7 0.7 1.0 2.0 0.0

Figure 10: Impact Resistance Test Results, Ground Faces of Coupons.
Final Screening Test Plan

Following the downselect from the initial screening, flight-like coupons were fabricated using the coating
materials SolEpoxy DK7-0953M, SolEpoxy DK7-20H, PTI 6500, and 3M 5555 as control. PTI 6500 was
added at this point despite not being part of initial screening, as it was a new product from PTI and the team
was interested in seeing how it would perform. Each coating material was applied to 12 mm x 12 mm X
100 mm (*2in X ¥2 in x 4 in) laminated test bars made from Hiperco-50 with Scotchcast 265 and M-19 silicon
steel with Magna-Tack (material preparation given below). The test bars were then coated using a fluidized
bed hot dip process followed by a cure cycle, with the exception of the PTI 6500, which was electrostatically
applied by PTI. Three samples of each coating/substrate combination were prepared, for a total of 24
samples.
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Test Coupons
Material processing requirements:

1. Hiperco-50 ASTM A801 Type 1 (0.36-mm [.014-in] thick laminates)
a. Annealed using vendor process compliant with ASTM A801.
b. After annealing, oxide coating applied by heating in air.
2. M19 Silicon Steel ASTM A677 Type 36F155 (0.36-mm [.01- in] thick laminates)
a. Annealed
b. ASTM A976 C5 core plate, AISI-C-5 core plate coating: Abraded for surface prep
3. Bond lamination stacks. Hiperco-50 stacks bonded with Scotch Cast 265 and. M19 stacks were
bonded with Magna-Tack
4. Break edges to 0.13 to 0.25 mm (.005 to .010 in).
5. Solvent clean Hiperco-50 and Silicon Steel test bars and verify cleanliness. Repeat cleaning step
if cleanliness is not sufficient.
6. Apply candidate material using fluidize bed hot dip with or without pre-heat of the substrate as
required per the manufacturer instructions.
7. Cure material per manufacturer’s instructions, including any “ambient dry time” specified prior to
the elevated-temperature cure

Thermal Endurance Test
Thermal cycle testing was performed starting with 2 cycles to the survival temperatures followed by 20
cycles each to increasingly extreme temperatures or until failure (defined as any cracking). This proceeded
per the following protocol:

o Perform 2 cycles to the survival temps of -80°C to +115°C. Open thermal chamber and inspect
e Bin 1: Perform 20 cycles from -44°C to +105°C. Open thermal chamber and inspect
e Bin 2: Perform 20 cycles from -54°C to +115°C. Open thermal chamber and inspect
e Bin 3: Perform 20 cycles from -64°C to +125°C. Open thermal chamber and inspect
e Bin 4: Perform 20 cycles from -74°C to +135°C. Open thermal chamber and inspect
e Bin 5: Perform 20 cycles from -84°C to +145°C. Open thermal chamber and inspect

At each inspection, all samples of a substrate/coating combination were removed if one sample of that
combination had any cracks in it. Additionally, all samples of a given substrate were removed if any 3M
5555 sample of that substrate had any cracks. Inspection was done visually under a minimum of 5X
magnification under a bright light source.

Insulation Resistance
Insulation resistance was measured per ASTM D149 using a Vitrek V70 hipot tester with a maximum
voltage of 11,000 V after thermal cycling.

Impact Test
Impact testing was then performed on the samples after thermal cycling using the same procedure and

equipment as in the initial screening tests.

Outgassing Measurement
Outgassing was measured via ASTM E595. The E595 test method determines the following properties:
e Total mass loss (TML): Total mass of material outgassed from a specimen that is maintained at a
specified constant temperature and operating pressure for a specified time
e Collected volatile condensable materials (CVCM): The quantity of outgassed matter from a test
specimen that condenses on a collector maintained at a specific constant temperature for a
specified time
e Water vapor regain (WVR): The mass of the water vapor regained by the specimen after the
optional reconditioning step
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The outgassing test was performed for 24 hours at 125°C with a collector temperature of 25°C. Chamber
pressure was maintained at or below 5x10-5 Torr. Three samples of each material were tested and empty
sample “boats” were used as control coupons.

Final Screening Test Results

Thermal Endurance Test

On the Hiperco-50 substrate, the 3M 5555 coating performed the worst, developing severe cracks on one
coupon after only being exposed to the survival cycles. Since the 3M 5555 coupons failed so early, it was
decided to continue with the other Hiperco-50 test coupons. The remainder of the Hiperco-50 coupons were
removed after bin two, when one each of the SolEpoxy coupons developed a very small crack on a corner.
Note that the post-thermal impact resistance was of more interest than the development of small cracks,
the small cracks were just used as an indicator that the coupons were starting to degrade. The PTI 6500
coupons did not develop any cracks

Figure 11: 3M 5555 on Hiperco-50 After Two Survival Cycles

Figure 12: SolEpoxy DK7-0953M on Hiperco-50 After Thermal Cycling Bin 2

145



On the M19 substrate, neither the 3M 5555 nor the PTI 6500 developed any cracks, even after thermal
cycle bin 5. One SolEpoxy DK7-20H coupon developed one small corner crack after thermal cycling bin 3,
so the SolEpoxy DK7-20H coupons were removed from the chamber at this point. One SolEpoxy DK7-
0953M coupon developed a small edge crack after thermal cycling bin 4, so the SolEpoxy DK7-0953M
coupons were removed from the chamber at this time.

Figure 13: SolEpoxy DK7-20H on M19 After Thermal Cycling Bin 3

Figure 14: SolEpoxy DK7-0953M on M19 After Thermal Cycling Bin 4

Post-Thermal Insulation Resistance Test

The post-thermal face thickness and insulation resistance test results are shown in Table 6. It is interesting
to note that the dielectric strength decreased and the difference between the highest and lowest values
decreased. In this test, the SolEpoxy products performed the best, with the 3M 5555 and PTI 6500 showing
similar test results.

Table 6: Post-Thermal Dielectric Test Results

Candidate Material Face Thickness Dielectric Strength
3M Scotchcast 5555 .381 £ .051 mm (.015 +.002 in) 21.5 kV/imm (547 V/mil)
SolEpoxy DK7-0953M .178 +.025 mm(.007 +.001 in) 28.9 kV/mm (734 V/mil)
SolEpoxy DK7-20H 279 +.025 mm (.011 + .001 in) 29.4 kV/mm (748 V/mil)
PTI 6500 .305 +£.025 mm (.012 + .001 in) 21.8 kV/imm (554 V/mil)
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Figure 15: Face and Edge Thickness Cross-Sectioned Coupons

Edge Thickness — Cross-Sections

The edge-thickness results generally matched the expected values based on the initial screening data,
except for the PTI-6500 coupons. As can be seen in Figures 15 and 16, the edge thickness for the PTI
6500 coupon was not very good, with a minimum of 0.025 mm (.001 in). It should be noted that the PTI
coupons were coated using an electrostatic process, and the edge thickness both in the raw value and
percentage of the face-thickness is out of family compared to the other materials. Additional PTI 6500
coupons were subsequently fabricated using a fluidize-bed dip process, with similar results. Based on the
very thin edge coverage, PTI 6500 cannot be recommended at this time, despite its exceptional
performance in other tests. See Table 7 for a summary of the edge thickness results.

Figure 16: PTI 6500 Edge Thickness Measurement
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Table 7: Edge Thickness Measurement Results

Candidate Material Face Thickness Edge Thickness
3M Scotchcast 5555 .381 £ .051 mm 178 - .228 mm (.007 - .009 in)
(.015 +.002 in) 41 - 69%
SolEpoxy DK7-0953M 178 +.025 mm 0.102 mm (.004 in)
(.007 +£.001 in) 50 - 67%
SolEpoxy DK7-20H 279 +.025 mm .102 - .127 mm (.004 - .005 in)
(.011 +.001 in) 33 -50%
PTI 6500 .305 +.025 mm .025 - .076 mm (.001 - .003 in)
(.012 +.001 in) 7.7-27%

Post-Thermal Impact Resistance Test

The post-thermal impact test results are shown in Table 8. The relative performance was similar to the initial
screening results, except the 3M 5555 performed a little better and the SolEpoxy DK7-0953M performed a
little worse. Some of the difference could be due to normal variation in workmanship, but it is also likely that
the presence of Hiperco-50 as a substrate had an effect on the results. From general experience, Hiperco-
50 is more difficult to bond to than the mild steel used for the initial screening bars. PTI 6500 performed
amazingly well in this test, with not even a single chip in the coating.

Table 8: Post-Thermal Impact Resistance Test Results

Candidate Material Average Score Comments
(Per Bar)
3M Scotchcast 5555 30 14 heights passed, 4 cracked, 10 failed
SolEpoxy DK7-0953M 36 18 heights passed, 8 cracked, 2 failed
SolEpoxy DK7-20H 21 3 heights passed, 8 cracked, 17 failed
PTI 6500 42 All 28 heights passed
Outgassing

Table 9 and Figure 17 show the outgassing results for the materials tested. All of the materials tested met
the traditional requirement for TML and CVCM of 1.0% or less and 0.10% or less, respectively. Most of the
total mass lost was water vapor, as evidenced by the WVR values being close to the TML values. Some of
the WVR values were higher than the TML values because the test was performed with an ambient relative
humidity of 60% instead of the correct value of 50% per the ASTM spec. Per Figure 17, the collector foils
showed some “haze” which is indicative of outgassed material condensing on adjacent surfaces. The
SolEpoxy DK7-20H showed the most hazing and the PTI 6500 showed the least hazing. For motors
fluidized with SolEpoxy DK7-20H or DK7-0953M used near optics, it is recommended to perform further
characterization (including possibly testing of samples after a bake-out) prior to use.

Table 9: Outgassing Test Data

148



Figure 17: Collector Foils After Completion of Outgassing Measurements

Conclusions

The results of the final screening tests were consistent with the initial screening test results, indicating that
the initial screening did a good job of identifying good candidates to move forward to the final screening
tests. With respect to the metrics listed for the tests presented here, the SolEpoxy DK7-0953M had one of
the best balances in performance and the PTI 6500 performed very well in most tests. The extremely thin
edge coverage observed for the PTI-6500 with both application methods used poses a significant risk of
creating coil-to-stator core shorts in motor applications, unless mitigated via process changes/development.
The detailed data is presented here and the reader can make their own judgement of which of the materials
tested might be best for their application. It is strongly recommended that qualification testing of a flight-like
article is performed prior to changing the stator secondary insulation material.
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