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Summary

Electric aircraft propulsion, utilizing either turbine engines or
energy storage systems, is a rapidly advancing aviation tech-
nology showing great promise. NASA’s Next Generation Air
Transportation System (NextGen) initiative is working toward
creating a safer, more reliable, and efficient aviation system
while minimizing its environmental impact. Thermal manage-
ment plays a critical role in the design of aircraft propulsion sys-
tems. This study examines the effects of varying the form, size,
concentration, and processing of boron nitride (BN) fillers on
the thermal conductivity (TC) and dielectric strength (DS) of
polyimide (PI) films. Multiple forms of BN were investigated
to improve the properties of electric cable insulation materials,
including hexagonal BN (h-BN), BN nanotubes (BNNT), and
BN nanosheets (BNNS). Findings indicate that BNNS pro-
duced by the compressible flow exfoliation (CFE) method not
only significantly improved the TC of the baseline material
(>2x) with an acceptable dielectric breakdown strength
(>150 kV/mm) compared with the neat PI, but they also pro-
duced a flexible nanocomposite film. This report presents
results and discusses the effect of the BN material forms on the
TC and DS parameters of BN/PI nanocomposites.

1.0 Introduction

Electrically insulating materials with high thermal conductiv-
ity (TC) and dielectric breakdown (DB) voltage are crucial
for high-power-density electrical components. The current re-
search addresses a significant practical issue in the power den-
sity of electric motors: the poor heat dissipation through the
insulation materials in the stator coils. A two-dimensional (2D)

*NASA Office of STEM Engagement Summer 2024 Intern,
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convection model was applied to the stator outer surface coils,
and the insulation was modeled as a solid material with the
conductivity of insulation to understand the effects of the TC of
the insulation (i.e., potting material and wire insulation) on the
temperature rise in the motor windings (Ref. 1). Figure 1
demonstrates the impact of insulation TC on coil temperature,
showing a motor running at a constant current with different
slot liner TCs. Increasing the TC of the insulation to greater than
1 W/m-K significantly reduces the operating temperature of the
motor, thereby increasing the insulation’s life. This also implies
that more current could be passed through the identical winding
coils without exceeding the temperature rating of the insulation,
thereby increasing the motor’s output power. These practical
implications underscore the importance of this research in
aviation technology and materials science, providing valuable
insights for engineers and scientists.

NASA has created an extensive portfolio of high-temperature
polyimide (PI) materials by developing and using PIs for aero-
space and aeronautics applications (Ref. 2). PIs have delivered
outstanding performance from aerospace engines to power
electronics because of their high-temperature tolerance, flexibi-
lity, and chemical and mechanical resistance. High-temperature
PIs have been influential in developing novel materials such as
multifunctional composites, foams, and aerogels (Refs. 3 to 5).
PIs are also used in many electrical devices, from tiny capacitors
to giant generators. The state-of-the-art polymeric insulation
materials for low-voltage (50 to 1,000 Vac) motors and gen-
erators include modified polyurethane (thermoplastic) bond coat,
modified polyurethane, and modified polyester imide; for high-
voltage components (>1,000 Vac), these include poly-ethylene
terephthalate (PET)/mica and PI film, commonly used for
traction and high-temperature motors (Ref. 6). PI remains
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Figure 1.—Effect of insulation TC on motor stator coil temperature; power loss (PR) = 1.8 kW
and heat transfer coefficient (hcoo) = 5,000 W/m?2-K.

stable across various temperatures, from —269 to 400 °C (~4 to
673 K), but it possesses relatively low TC (i.e., 0.2 to 0.5 W/m-K)
(Ref. 7).

Research has been directed toward improving the TC in elec-
trical insulation materials currently used on electric machines (i.e.,
epoxy, thermoplastic, and thermoset polymers) by adding inor-
ganic fillers with high TC properties to address the heat dissipa-
tion challenge. BN is a unique material with high TC that is still
electrically insulating. The 2D hexagonal BN (h-BN) and its deriv-
ative forms (e.g., BN nanotubes (BNNT) and nanosheets (BNNS))
are excellent candidates for inorganic fillers because of their high
TC, excellent electric insulation capabilities, and low dielectric
constant. For example, the reported in-plane TC of h-BN is higher
than 200 W/m-K, and its through-plane TC is about two orders
of magnitude lower (Ref. 8). The measured TC for BNNT is
~350 W/m-K (Ref. 9). In addition, BNNT are one of the best
dielectric materials available, with a band gap of ~5 eV (Ref. 10).
Exfoliation of h-BN produces BNNS (here, “nano” refers to the
thickness of the sheet rather than its lateral size). Studies have
indicated that BNNS have an in-plane TC with calculated room-
temperature values of more than 600 W/m-K (Ref. 11) and that it
is higher than their through-plane TC.

Polymeric nanocomposites made with fillers such as BN,
aluminum oxide (AlyO3), aluminum nitride (AIN), and silica
(Si0») have been studied to improve polymer matrix properties.
For example, a TC of 32.5 W/m-K has been reported for a BN-
filled (225 um) polybenzoxazine at its maximum filler loading
of 78.5 vol% (88 wt%) (Ref. 12). A TC of 19 W/m'K was also
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found for an epoxy composite containing 27 vol% h-BN and
cubic boron nitride (c-BN) with particulate sizes of 0.6 and
0.1 um, respectively (Ref. 13). However, the DB strength per-
formance was not investigated; in many cases, introducing high
filler loadings in a polymer to increase the TC does not lead to
satisfactory dielectric properties, primarily due to voids or
particle agglomerates that form in the microstructure of the
composite and on the surface.

This report presents fundamental investigations on develop-
ing PI (with a maximum use temperature of 240 °C) nanocom-
posites with BN particles to study the effect of filler type, filler
loading, and processing on their TCs and DB strengths. The
findings are used as a guide to identify promising material
formulations for electric-powered aircraft, based on the electric
motor types and generator insulation requirements.

2.0 Experimental Procedures

2.1 Materials

The PT110 h-BN powder used had an average particle size of
~45 um (Ref. 14). BNNT were prepared and purified in house
using a modified chemical vapor deposition (CVD) technique
developed at the NASA Glenn Research Center (Refs. 15 and
16). Two different exfoliation methods were used to obtain
BNNS: in-house chemical exfoliation (CE) and compressible
flow exfoliation (CFE). Those from the latter technique were
purchased directly from an outside lab (Refs. 17 and 18). The
following reagents and solvents were purchased commercially



and used without further purification: pyromellitic dianhydride
(PMDA), oxydianiline (ODA), anhydrous nitrogen, N-
dimethylacetamide (DMAc), ethanol (EtOH), 3-aminopropyl-
triethoxysilane (APTES, 50 percent in EtOH), nitric acid
(65 wt% solution HNOs), and Defloc Z3 dispersing agent (DA).

2.2 Equipment and Characterization

Polyamic acid (PAA, a PI precursor) films were obtained by
casting onto an uncoated Mylar® (DuPont Teijin Films U.S.)
film and setting the film thickness with an adjustable doctor
blade. Prior to film casting, sample solutions (e.g., PAA on
DMAc with BN particles) were mixed using one or a combina-
tion of the following mixing techniques: ultrasonication, an
ultrasonic water bath, and a centrifugal mixer. All thicknesses
of the processed films were measured using a digital caliper.
Specific heat and thermal diffusivity were measured at 25 °C.
The test method followed to obtain TC was ASTM E1461-13,
the Standard Test Method for Thermal Diffusivity by the Flash
Method (Ref. 19). Samples of the PI composite films
(dimensions 10- by 10-mm squares with an average thickness
of 0.1 mm) were coated with a thin film of gold and a second
coating of graphite and then tested. DB voltages were tested in
accordance with ASTM method D149-09, the Standard Test
Method for Dielectric Breakdown Voltage and Dielectric
Strength of Solid Electrical Insulating Materials at Commercial
Power Frequencies (Ref. 20). Round 1-in.-diameter samples
were tested individually at a voltage ramp rate of 0.6 kV/s using
a 0.25-in.-diameter electrode. Either electrical tape was used or
the sample was submerged in oil to prevent air gaps. Up to five
1-in. rounds were tested from each film. Film thicknesses ran-
ged from 0.01 to 0.2 mm. The DB obtained for all films tested
was normalized using the average thickness of each sample.
Scanning electron micrograph (SEM) images were collected
using an operating voltage of about 6 KeV. Raman spectra were
collected using a 633-nm laser. Fourier transform infrared
(FTIR) spectra were collected using an Agilent Cary 670 spec-
trometer and Pike Technologies ATR (attenuated total
reflection) with a MIRacle™ performance diamond plate.
Thermogravimetric analysis (TGA) was performed by ramp-
ing samples from room temperature to 900 °C at 10 °C/min in
either a nitrogen or air atmosphere. Heat capacities (C,) were
measured using a differential scanning calorimeter (DSC).
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23 Synthesis and Processing

2.3.1 General Synthesis of PI Precursor, PAA

PAA solution was prepared using a previously published
method (Ref. 21). ODA (2.00 g, 10 mmol) and DMAc (25 mL)
were added into a 250-mL three-necked round-bottom flask
with a magnetic stirrer under nitrogen. After ODA was dis-
solved entirely, PMDA (2.18 g, 10 mmol) was added and stirred
overnight (12 to 18 h). An amber, viscous PAA solution was
obtained.

2.3.2  Functionalization of In-House-Prepared BNNT
and CE BNNS

A previously published method was used to functionalize
inhouse-prepared BNNT and CE BNNS (Ref. 22). The BN par-
ticles were dispersed in an HNOj solution (65 wt%), achieving
a final concentration of 1 mg/mL, and then sonicated (water
bath sonicator) for 6 h. This preliminary step was taken to intro-
duce OH functional groups on the surface of BNNT (F-BNNT)
or CE BNNS (CE F-BNNS). After three washing steps by ultra-
centrifugation in absolute ethanol, the samples were sonicated
for 12 h in APTES. Next, they were rinsed with deionized water
and dried overnight in the oven at 110 °C.

2.3.3  Preparation of PI Nanocomposite Films With
h-BN, F-BNNT, CE F-BNNS, or a Combination
Thereof

Nanocomposite films of PI and BN fillers (i.e., h-BN,
F-BNNT, and CE F-BNNS) were prepared by mixing the PI-
precursor PAA solution with BN fillers at the respective weight
ratio per sample specification. The heterogeneous solution was
dispersed using ultrasonication for 15 to 30 min (5 min on,
10 min off) at an operation frequency of 40 kHz and with an ice
bath to stabilize the temperature. Up to three processing cycles
may be required for proper dispersion of BN particles when
using a large amount of BN fillers (i.e., 10 wt% or more). The
resulting heterogeneous solution of PAA and BN filler was cast.
The film was dried under a fume hood (25 °C) for 12 to 24 h to
allow the solvent to evaporate. The resulting nanocomposite
film was transferred to a programmable oven for thermal
imidization (curing process) at 100, 200, and 350 °C, each for
1 h with a ramp time of 30 min. This process converted the
PAA-BN to the cured PI/BN nanocomposite film.



2.3.4  Preparation of Nanocomposite Films With h-BN,
F-BNNT, CE F-BNNS, or a Combination Thereof,
Using Defloc Z3

DMACc (32.68 mL, 30.73 g) and the Defloc Z3 DA (0.5 or
5 wt%, per sample specification) were placed into a 120-mL
glass beaker with a magnetic stirrer and stirred for a couple of
minutes. BN fillers (i.e., h-BN, F-BNNT, and CE F-BNNS,
wt% based on PAA solution, per sample specification) were
added to a beaker in an ice bath (to control temperature gener-
ated from the process) and dispersed using ultrasonication for
15 to 30 min (5 min on, 10 min off) at an operation frequency
of 40 kHz. ODA (4.00 g, 20 mmol) was added, and the solution
was stirred magnetically at ambient temperature (25 °C) under
nitrogen until the ODA was fully dissolved. PMDA (4.36 g,
20 mmol) was added slowly while stirring. The solution was
stirred until no particles were visible (12 to 18 h), and a viscous
PAA-BN heterogenous solution was obtained. Before casting,
the PAA-BN solution was mixed again for 5 to 15 min. A film
was cast onto an uncoated Mylar® film, and the thickness was
controlled by using an adjustable doctor blade. The film
was placed under the hood for 12 to 24 h to allow the solvent to
evaporate. The dried BN/PAA nanocomposite film was
placed in a programmable oven, as previously described in
Section 2.3.3, to obtain the BN/PI nanocomposite film.

2.3.5 Preparation of Nanocomposite Film of PI With
CFE BNNS

The (CFE BNNS)/PI nanocomposite film was prepared by
mixing the Pl-precursor PAA solution with CFE BNNS at the
respective weight ratio, per sample specification. The hetero-
geneous solution was added to a beaker in an ice bath and placed
in an ultrasonicator for 15 to 30 min of total process time (e.g.,
5 min on with 10 min off) at an operation frequency of 40 kHz.
The resulting heterogeneous solution of PAA and CFE BNNS
was cast onto an uncoated Mylar® film using an adjustable doctor
blade. The (CFE BNNS)/PAA nanocomposite film was dried
under a fume hood (25 °C) for 12 to 24 h to allow the solvent to
evaporate. The resulting nanocomposite film was transferred to a
programmable oven for thermal imidization, as described in
Section 2.3.3, to obtain (CFE BNNS)/PI nanocomposite film.

3.0 Results and Discussion

The TC and DB of the resulting PI nanocomposites using BN
fillers such as h-BN, BNNT, and BNNS at various weight
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percentages (wt%) are presented and discussed here. Table 1
summarizes the types of BN fillers, their respective synthesis
processes, and the loading levels used. Figure 2 displays SEM
images of the BN types. Commercially available h-BN
(Figure 2(a)) was acquired with a particle size of ~45 pm and
layer thickness ranging from 2 to 5 pm. The CVD BNNT
synthesized in house had diameters ranging from 20 to 50 nm
and lengths in the micron range (Figure 2(b)). Layer thickness
for in-house CE BNNS produced was approximately 20 to
50 nm (Figure 2(c)). For CFE BNNS (Figure 2(d)), the layer
thickness ranged from 2 to 10 nm.

BNNS prepared by CE (Figure 2(c)) show vertical stacking
of nanosheets promoted by weak intermolecular forces,
including van der Waals forces and instantaneous dipole-
induced dipole forces, characteristics of 2D honeycomb lattices
of firmly bound boron and nitrogen atoms (Ref. 23). In the case
of CFE-prepared BNNS, a higher surface area was achieved
because of smaller BN particle sizes, reducing the number of
layers.

BN fillers were added directly to the PAA solution and
dispersed using ultrasonication. PAA is typically compatible
with dipolar aprotic solvents, which makes it convenient to
integrate BN fillers before thermal imidization. However, a
stable dispersion within an inorganic filler and polymeric
matrix solution is still challenging to achieve (Ref. 23).
Initially, some precipitation was observed at the bottom of the
flask after a couple of minutes with the addition of either h-BN
or CE BNNS. Acceptable dispersion was achieved with sam-
ples of BNNT; however, the viscosity rapidly increased, posing
challenges for dispersion at higher loading levels. Additionally,
after casting, particulate agglomeration was observed.

TABLE L.—SUMMARY OF PI-NANOCOMPOSITE
AND PI-COMPOSITE SYSTEMS INVESTIGATED

Polymeric BN filler type Synthesis Loading,
matrix process wt%
BNNT CVD 10, 12, 17,20
F-BNNS*® CE 10
F-BNNT and F-BNNS |CVD, CE |10/10
PI h-BN CA 20, 60

h-BN and F-BNNT CA,CVD |[10/2
h-BN and F-BNNT CA,CVD [10/10

BNNS CFE 7,14,24,34
*Functionalized with APTES.




\ K

. e

Figure 2.—SEM images of BN forms. (a) h-BN. (b) BNNT. (c) CE BNNS. (d) CFE BNNS.
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(b) Functionalized with APTES (F-BNNT).

Surfaces of the BNNT and CE BNNS were functionalized
using APTES following the reported method described in
Section 2.3.2 to enhance dispersion in the PAA solution.
Functionalization reduces particle agglomeration and mini-
mizes Van der Waals forces for better dispersion. Both func-
tionalized materials were extensively characterized by infrared.
Figure 3 shows SEM images of before (Figure 3(a)) and after
(Figure 3(b)) functionalization.

Table II summarizes the composite films with different
weight percentages and their respective TCs. The data show the
most significant increases in TC occurred when functionalized
nanoparticles were used. Adding 12 wt% h-BN did not improve
TC of the neat PI (no fillers). One contributing factor to this
result is the insufficient particle-to-particle contact to improve
phonon transport and thus increase TC. As previously reported
in the literature, the filler’s properties cannot adequately trans-
fer to the polymer matrix if these interactions are ineffective

NASA/TP-20240015511

TABLE II.—EFFECT OF BN FILLER TYPE AND
CONCENTRATION ON TC OF PI

NANOCOMPOSITE FILMS
Filler Concentration, TC,
wt% W/m-K
No filler 0 0.12+0.01
h-BN 12 0.11£0.01
F-BNNS®? 10 0.30+0.02
F-BNNT and F-BNNS#P 10/10 0.29+0.02
F-BNNT® 10 0.79+0.04
F-BNNT® 12 0.91+0.03
F-BNNT® 17 0.93+0.05
F-BNNT® 20 1.59+0.08

*Prepared in house by CE followed by functionalization.
“Prepared in-house using modified CVD method followed by functionalization.

or absent (Ref. 24). Another critical factor is processing. The
nanocomposite should, ideally, have no microscopic voids or
very minimal voids. The appearance of microscopic voids
depend on several factors, including how the nanocomposite is
processed (i.e., mixing, casting, hot pressing, curing, etc.), con-
centration, size, shape of fillers, particle agglomerates, and
interfacial mismatch (Ref. 25). In this case, the presence of
voids or large interfaces leads to more air gaps and thus more
phonon scattering, which ultimately suppressed thermal
conduction.

TC increases were observed using either F-BNNS or a
combination of F-BNNT and F-BNNS (each 10 wt%). For these
nanocomposite films, an improvement of more than 2x was
obtained. The SEM images revealed that functionalized BNNT
were well distributed throughout the sample (Figure 4).
However, BNNS were only partially well distributed: areas with
BNNS were found to restack due to Van der Waals forces and
instantaneous dipole-induced dipole interactions (Figure 4(a)),
despite functionalization allowing for microscopic voids.

Significant improvement in TC was achieved using F-BNNT
at 10, 12, 17, and 20 wt%. Figure 5 displays the TC plot as a
function of F-BNNT weight percent. F-BNNT/PI at 10 wt%
content achieved a TC improvement of >6x. By increasing
F-BNNT content to 12 and 17 wt%, the TC improvement was
>7x compared to the neat PI.

SEM images were obtained for the 12-wt% F-BNNT/PI
nanocomposite film (Figure 6). The sample surface (Figure 6(a))
and the cut cross section (Figure 6(b)) show uniformly dis-
tributed F-BNNT. Obtaining an actual fracture surface was
impossible because the thin film was very tough and would not
produce a clean fracture.



Figure 4—SEM images of F-BNNT(10 wt%)/F-BNNS
(10 wt%)/PIl nanocomposite film. (a) Restacked nanosheets.
(b) Higher magnification image. Arrows show F-BNNT in
polymer matrix.
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Figure 5.—Thermal conductivity of F-BNNT/PI
as function of F-BNNT weight percent.
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Figure 6.—SEM images of F-BNNT/PI nanocomposite at
12 wt% F-BNNT. (a) Surface view. (b) Cross-sectional view.
Arrows identify F-BNNT.

The highest TC of 1.59 W/m-K was obtained for 20 wt%
PI/F-BNNT, which is equivalent to a 13-fold improvement.
However, these films were observed to become less flexible.

The next approach used exfoliated BNNS produced by the
CFE method. The CFE method efficiently produces high-
quality 2D BNNS at high throughput. X-ray diffraction (XRD)
and Raman spectroscopy were used to characterize the baseline
properties of the CFE BNNS; very low variation in the batch-
to-batch consistency was found for the BNNS produced by this
method.

(CFE BNNS)/PI nanocomposite films were prepared at 7, 14,
24, and 34 wt%. The inset in Figure 7 is a digital image of the 24
wt% film, showing its flexibility with no cracks when bent.
Figure 7 compares each nanocomposite film's TC. As the CFE
BNNS content increases, TC improves compared to the neat PI:
adding 14 wt% doubled the TC compared to that of the neat PI,
and there is a TC increase of 6x for the 24 wt% nanocomposite.
The highest TC was obtained for the 34 wt% (CFE BNNS)/PI
nanocomposite of 2.53 W/m-K, representing an increase of 20x.
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Figure 7.—TC as function of (CFE BNNS)/PI concentration
and digital image of 24 wt% nanocomposite film.

Figure 8 shows SEM images for (CFE BNNS)/PI at 24 wt%.
Well-distributed CFE BNNS can be observed throughout the
film’s cross section and surface in Figure 8(a) and Figure 8(b),
respectively. The CFE BNNS combined with the PAA solution
had better dispersion, resulting in a more consolidated structure
with minimal microvoids. The findings remained consistent for
the 34 wt% (CFE BNNS)/PI nanocomposite film.

DB occurs when the voltage across an electrically insulating
material exceeds a threshold, causing a dramatic drop in electrical
resistance and a nearly unrestricted flow of electrical current across
the material (in the direction of the electric field). Sample thick-
ness, defects, and imperfections influence the breakdown (Ref. 26).

In this case, Defloc Z3 was used as a DA to improve dispersion
and obtain better suspended BN fillers to avoid precipitation and
agglomerations during casting. Defloc Z3 is a triglyceride typi-
cally used as a deflocculant to help disperse inorganic particles to
form a stable solution. The synthesis of the PAA was carried out
in situ with BN fillers. Adding DA significantly improved the BN
particle suspension, allowing the production of a thin film by
casting with no filler precipitation observed.

1.00 um

L aaili i

Figure 8.—SEM images of 24 wt% (CFE BNNS)/PI nanocomposite. (a) Cross-sectional view. (b) Surface view.
(c) Cross-sectional view at higher magnification. (d) Cross-sectional view at still higher magnification.
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TABLE III.—DIELECTRIC STRENGTH
OF PI AND BN/PI COMPOSITE FILMS

Film? Film DA DS, ¢
thickness,? wt% kV/mm
mm
PI neat 0.05 0 175+16
0.11 0 10043
PI-DA 0.05 0.5 164420
0.13 0.5 82+6
DA 0.05 5.0 155+22
0.10 5.0 83+12
h-BN/(PI-DA), 20 wt% 0.05 0.5 95+£27
h-BN/(PI-DA), 20 wt% 0.10 0.5 67+19
h-BN/(PI-DA), 60 wt% 0.14 0.5 42+8
h-BN/(PI-DA), 60 wt% 0.10 5.0 69+7
h-BN(10 wt%)/ 0.13 5.0 803
F-BNNT(2 wt%)/
(PI-DA)

BN filler content is measured as the weight percentage of the ODA-PMDA
mass.

Thickness average.

‘DA Defloc Z3 content is measured as weight percentage of DMAc solvent
mass.

DS is average of five films.

Table III summarizes the DB strength in BN/PI films.
Typically, higher dielectric strength (DS) is expected for thin
films. In this case, DS for neat PI films of 0.05 and 0.1 mm
thicknesses was 175 and 100 kV/mm, respectively (Table III).
The effect of varying DA concentrations on DS was also
studied for neat PI films. A DS of 164 kV/mm was obtained for
a PI film containing 0.5 wt% DA (thickness of 0.05 mm). This
represents a 6.5 percent decrease in DS compared to the neat PI
of similar thickness. A lower DS, 82 kV/mm, was obtained for
PI films with a thickness of 0.1 mm and 0.5 wt% of DA
compared to that of the neat PI film at a similar thickness.
Based on these results, it is noted that the DA affects the DS of
the PI film. The decrease in DS for samples containing the DA
could be attributed to the bonds in the DA becoming more
polarized in the electric field; as these polar bonds become
more strained in the electric field, the polarization of the
composite increases, leading to faster DB.

Figure 9 compares the DS and the weight percentage of BN
fillers for film thicknesses of 0.05 and 0.1 mm. Most PI films
with various BN fillers and DA concentrations have lower
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DS than PI-DA. For 20 wt% h-BN/(PI-DA) (0.5 wt%), a
95 kV/mm DS was obtained, representing a 53 percent decrease
in DS compared to that of the PI-DA with a thickness of
0.05 mm.

It was observed that in the case of films at 0.1 mm thickness,
increasing the DA content from 0.5 to 5 wt% increased the DS
from 42 to 69 kV/mm for films containing h-BN at 60 wt%.
The best results were achieved with the composite film h-BN
(10 wt%)/F-BNNT (2 wt%)/(PI-DA): only a 4 percent decrease
in DS was observed compared to that of the PI-DA (5 wt%).
Also, adding 2 percent of just F-BNNT improves the DS and
helps to overcome the decrease in DS generally observed with
the increase of DA in PI-DA samples.

SEM images of PI films were obtained to evaluate the h-
BN/PI surface and cross section. Figure 10 shows SEM images
corresponding to a PI-DA (0.5 wt%) film (Figure 10(a)), a PI-
DA (0.5 wt%) film containing 60 wt% h-BN (Figure 10(b)),
and the cut cross section of the sample shown in Figure 10(b)
(Figure 10(c)). The SEM image of PI-DA (0.5 wt%) in
Figure 10(a) appears smoother than the PI sample containing
h-BN in Figure 5(b), revealing surface imperfections in the
latter. Moreover, a close look at the cross section reveals voids.
Lower breakdown voltage of the composites can be attributed
to the sample surface imperfections and voids.

In contrast, a good dispersion and stable suspension were
obtained for CFE BNNS when mixed with PAA solution
without the need for dispersion agents. The DB strength of the
(CFE BNNS)/PI nanocomposite was more consistent, as seen
in Figure 11. The decrease in DS for the 24 and 34 wt% (CFE
BNNS)/PI nanocomposites (thickness of 0.02 mm) was
observed to be 7 and 12 percent, respectively. For the 24 wt%
(CFE BNNS)/PI sample, the DS for nanocomposites of 0.05
and 0.07 mm thickness was 138 and 129 kV/mm, respectively.
This corresponds to a 24 and 29 percent decrease compared to
that of the neat PI.

SEM images of PI films were obtained to evaluate the surface
and cross section of 24 wt% (CFE BNNS)/PI. Figure 12 shows
SEM images of the surface of neat PI and both the surface and
cut cross section views of the 24 wt% (CFE BNNS)/PI nano-
composite sample. A more uniform surface (Figure 12(b)) and
well-distributed CFE BNNS (Figure 12(c)) can be observed
throughout the film's surface and cross section, resulting in a
more consolidated structure with minimal microvoids. This
allows the properties of the BNNS to be transferred more
efficiently through the polymeric matrix without the need for
chemical functionalization or a DA.
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Figure 10.—SEM images of PI-DA films. (a) Surface view of PI-DA (0.5 wt%). (b) Surface view of
h-BN (60 wt%)/(PI-DA) (0.5 wt%). (c) Cross-sectional view of h-BN (60 wt%)/(PI-DA) (0.5 wt%).
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Figure 12.—SEM images of 24 wt% (CFE BNNS)/PI films. (a) Surface view of neat PI. (b) Surface view of
24 wt% (CFE BNNS)/PI. (c) Cross-sectional view of 24 wt% (CFE BNNS)/PI.
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4.0

This report discussed the effects of boron nitride (BN) filler
type and loading on the thermal conductivity (TC) and
dielectric strength (DS) of polyimide (PI) composite films
containing either nano- or micrometer-size fillers or a
combination of both. In-house-prepared BN nanotubes (BNNT)
and BN nanosheets (BNNS) prepared by chemical exfoliation
(CE BNNS) needed to be functionalized for better distribution
throughout the polymer matrix to improve TC and DS. In
general, TC increases with the addition of the inorganic
particles if there is sufficient phonon transport. BNNS prepared

Conclusions
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using the compressible flow exfoliation (CFE) method show
better dispersion without chemical functionalization. TC
significantly increased when CFE BNNS were added to the PI.
However, adding a dispersing agent (DA) and BN fillers for an
in situ synthesis of the polyamic acid (PAA) solution did not
result in an improvement in the DS properties of the PI
nanocomposite films. The DS of the (CFE BNNS)/PI nano-
composite films was considerably better without chemical
functionalization, DAs, or in situ PAA synthesis. The findings
indicate that the most promising PI nanocomposite system that
leads to an optimal balance of TC and DS for electric insulation
application is the one that uses CFE BNNS as a nanofiller.
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