












 
American Institute of Aeronautics and Astronautics 

 
 

17 

 
Figure 21 shows the typical dielectric breakdown failure mode from a 1 mm gap specimen via both front and cross-

sectional view at the yellow dashed line.  The sectioned specimen was mount with an epoxy and metallurgical polished 
for more accurate microscopic examination in order to identify exact failure path, whether it was through the bondline 
or not.  Typical damage types observed from various specimens included cracking of PI, PFA-PI interface debonding, 
cavitation, melting and charring of both layers, and perforation.   The damage types occurred per specimen varied 
with the gap distance between Cu electrodes, but mostly occurred at or near and along the mid bondline not through 
thickness regardless of the gap distance, so the test was validated for determining the through-bondline VB. 

 

 
 
 
The test results are summarized in Figure 22 as a function of the gap distance and also compared to the through-

thickness VB of PFA in terms of overall thickness.  As expected, the through-bondline VB increased with increasing 
gap distance, but at much slower rate than the through-thickness VB.  It was also clear that the through-bondline VB 
was significantly lower than the through-thickness VB of PFA certainly due to imperfection of heat fused bondline 
even though its bonding integrity was proven to be better than any other bonding methods.  In any case, it could be 
decided that, for the 40 kV requirement, the inter-conductor spacing/gap should be more than 3.6 mm from the 
trendline, but rather be 5 mm for an optimum performance with a safety factor consideration.   

Based on the analysis and by adopting the BS22 configuration, overall dimensions of the two MMEI options were 
determined as summarized in Table 2 and compared to those of the GORE cable.  Particularly, the web widths between 
conductor pods of the two options to withstand 40 kV were determined to be 4.2 and 3 mm, respectively, which were 
slightly longer than that of the GORE cable.  However, the overall diameters of the MMEI pod cables were 3.49 mm 
for the option 1 and 3.95 mm for the option 2 which were much smaller than that of the GORE cable, 5.98 mm, due 
to their thinner insulation thicknesses, thus significant volume and weight reductions would be achieved from the 
MMEI options.  Performance of the cables will be evaluated by dielectric break down voltage from Hipot or 

Figure 21. Typical dielectric breakdown failure mode through interfacial bondline. 
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prototype with the new MMEI system to be fabricated at NASA.  Similar to the cable case, efforts are being made to 
develop the best design and fabrication method-procedure how to apply the MMEI system for the NASA bus bar 
prototype.  Performance of both prototypes will be evaluated and compared via electrical Hipot and corona PD testing 
as well as durability testing under more comprehensive synergistic in-service environment simulations in future.  

 

 
Figure 23. Example cross section of HVHF bus bar prototypes to be developed by MERSEN. 

 

IV. Summary and Conclusions 
Micro-multilayer structures of well-known polymer insulation materials, namely MMEI, were newly developed 

and evaluted for high voltage insulation, up to 40 kV or higher.  Based on extensive evaluations to date, key findings 
are as follows: 

�x MMEI structures with various Kapton PI materials and PFA or PET as a bond layer achieved 61% 
increase in VB or K compared to that of Kapton PI alone films including the SOA TKT, thus resulted in 
86.3 % decrease in insulation thickness. 

�x Dielectric performance of MMEI structures was governed by various material, process, and structural 
parameters, such as dielectric properties of constituent materials, inter-layer bonding integrity, overall 
thickness, total number of layers or interface, individual layer thickness, and ratio of constituent materials. 

�x Good inter-layer bonding integrity produced significantly higher VB or K. 
�x K of the MMEI structures increased with (i) decreasing individual layer thickness regardless of material 

type, (ii) increasing total accumulated thickness of PI or overall PI/BL ratio, and (iii) increasing number 
of interface or total number of layers, but only above the overall thickness limit of 0.15 mm.  

�x Contribution of Kapton PI on overall MMEI dielectric performance was greater than that of PFA or PET, 
and as a bond layer, PFA performed better than PET.  

�x For a given overall thickness, the failure mode seemed to change from more catastrophic mode involving 
cracking, cavitation, charring, PP or THP in single polymer insulation films to more gradual or 
progressive mode involving microcracking, cavitation, melting, channeling, debonding, interfacial 
swelling, charring and PP in the new MMEI structures. 

�x Dielectric breakdown failure of MMEI structures proceeded with a progressive damage evolution 
involving more damage types/events and larger damage zones, which suggested that more energy was 
involved in the breakdown process, thus resulted in the higher dielectric strength. 

�x Material modifications, typically via addition of fillers or additives, decreased K in either PI alone film 
or MMEI structures since the fillers or additives, especially their interfaces with matrix material, acted as 
defects. 

�x Various responsible mechanisms for the significant property improvement of the new MMEI system were 
postulated, but should be validated experimentally. 
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fully explained at the moment except a potential cause of possibly weaker bonding between PFA and PTFE.  It was 
of interest to note that difference in DZW between those two structures was significant, 2.8 vs. 7.7 mm, which 
suggested that BS17NHT underwent more localized/concentrated failure path through a weak spot. 

 

 
 

Based on experimental observations and property analyses to date, it can be postulated that the significant property 
improvement of the new MMEI system was achieved by combinations of various  responsible mechanisms including 
(i) molecular rearrangement-induced changes in capacitance or conductance, (ii) formation of more torturous path for 
electron move from multilayered structures, (iii) less or smaller void formation by heat fuse-bonding between layers 
resulting in less partial discharge, and (iv) increased space charge formation/storage capacity at interfaces resulting in 
lower voltage potentials.  Efforts will be continued to develop other potential mechanisms and validate them 
experimentally.   

B. Design and Process Optimizations 
Even though the performance improvement of the new MMEI structures was already significant as they are, it is 

strongly anticipated that their performance can be further improved when their design-structural configurations, 
insulation material types, and process-fabrication conditions are optimized.   Lately, efforts were focused to increase 
their breakdown voltages while further decreasing their overall thickness as thin as possible, but the latest data 
indicated that there was a physical limitation of the structures in terms of their overall thicknesses which was about 
0.15 mm for the studied materials including Kapton PI, PFA, or PET.  On the other hand, improvement of processing 
conditions/procedures, e.g., more accurate and uniform control of fuse-bonding temperature, compression loading at 
processing temperature, and cleanliness, granted additional increase of dielectric breakdown strength in various MMEI 
structures including BS12, BS19, and BS22 in batch #2.  However, dielectric strength of thinner structures below the 
limitation was less affected by processing conditions, e.g., BS20S.  In any case, the design and processing 
optimizations followed by standardization have to be completed to maximize performance and consistency of the new 
MMEI system.  As suggested earlier, the MMEI structures can incorporate multifunctionalities by the nature of their 
design capabilities, such as Corona PD resistance, EMI shielding, mechanical durability, or thermal management as 
depicted by an example in Figure 16.  Experimental evaluations of such multifunctionalities in terms of layer 
configurations, material sections, process optimizations, and performance validations are currently under way.  
Synergistic effects of various functional layers and interfaces on the overall performance and durability of MMEI 
structures will be assessed by in-service environmental simulation testing.   It should be also noted that the MMEI 
structures with thinner and more layers can be much more ductile and durable than those with thicker or less layers or 
the SOA TKT system in reference to previous investigation on the brittle-to-ductile transition in micro-multilayer 
composites (Ref. [17]).  Eventually, scale-up design and manufacturing optimizations will be followed and 
implemented per application.  Potential manufacturing options for the new MMEI system include hot-melt 
calendaring, compression-molding, stamping, laminating, extrusion, autoclaving with vacuum-bagging, depositing, 
or 3D printing additive manufacturing, and so forth, depending on application specifics. 

 

Figure 15. Effects of PI material modifications on dielectric strength of Kapton PI (left) and MMEI structures 
(right).  K of eGRAFT SS1500 was also compared to that of ECPI. 
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to produce good inter-layer bonding.  The option I could be executed by either a stamping or compression-molding 
with a custom-designed molds or a vacuum-bagging and autoclaving process. 

 

 
 
 
 
In the case of the option I, there was one unknown design parameter, so-called web width (question marked in 

Figure 19) or inter-conductor spacing (i.e., web width plus thickness of MMEI insulations), since VB or K of PFA but 
for through-bondline which was supposed to differ from the through-the-thickness property, was not available.   In 
order to determine the optimum inter-conductor spacing, also considered as creepage distance, that can withstand high 
voltage up to 40 kV experimentally, a unique test coupon/specimen was designed as illustrated in Figure 20.  As 
shown in the cross-section of the coupon, two pieces of 5 mil thick copper foil as a conductor were placed at the PFA 
bondlines in the middle of multilayer sandwich structure of Kapton PI and PFA at a predetermined gap (or inter-
conductor spacing).  Four different gap lengths, 1, 2, 3, and 5 mm, were selected for this experiment.  Each coupon 
with 31.8 mm × 76.2 mm overall dimensions was designed to contain five test specimens for easy fabrication using 
the same process as the batch #2 BS series dielectric strength test samples.  Total 15 test specimens, 3 to 4 per gap 
length, were sectioned from three coupons.  The Cu conductor embedded in each test specimen was ~3 mm at the gap 
and its overall insulation width was ~ 13 mm, i.e., ~ 5 mm each side which was wide enough to prevent side arcing 
under high voltage.  Ends of the T-shaped Cu conductors were cleaned from any impurities and bent 90º which then 
contacted to both electrodes of the dielectric strength tester. The gap lengths were measured as the closest between 
the Cu conductor tips more accurately using an OM. 

 

 
 
 
 
 

Figure 19. Two MMEI application options on GORE pod cable. 

Figure 20. Experimental approach to determine inter-conductor spacing or creepage distance. 












