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Solution-shearing of dielectric polymer with high
thermal conductivity and electric insulation
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Polymer dielectrics, an insulating material ubiquitous in electrical power systems, must be ultralight, mechanically
and dielectrically strong, and very thermally conductive. However, electric and thermal transport parameters are
intercorrelated in a way that works against the occurrence of thermally conductive polymer electric insulators.
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Here, we describe how solution gel-shearing-strained polyethylene yields an electric insulating material with
an outstanding in-plane thermal conductivity of 10.74 Wm™" K™' and an average dielectric constant of 4.1. The
dielectric constant and loss of such sheared polymer electric insulators are nearly independent of the frequency
and a wide temperature range. The gel-shearing aligns ultrahigh-molecular weight polymer crystalline chains for
the formation of separated and aligned nanoscale fibrous arrays. Together with lattice strains and the presence of
boron nitride nanosheets, the dielectric polymer shows high current density carrying and high operating tem-

perature, which is attributed to greatly enhanced heat conduction.

INTRODUCTION

Dielectric polymers can operate at a high breakdown voltage used
as electrical insulator material in contemporary high-power electric
systems and advanced electronics (1-4). However, the miniaturization
and resistive power loss in power electronic systems, producing an
average heat flux of 1000 up to 5000 W/cm?, is the absolute dominant
energy loss (5). If this large heat flux cannot be dissipated instantly,
the accumulated heat would lead to the temperature rise and cause
the loss of dielectric performance gradually in polymer dielectrics,
which require high operating temperatures and high breakdown
conditions. The thermal conductivity of a typical polymer insulation
material, such as Kapton polyimide, is around 0.17 W m™' K/,
inherently thermal insulating to conduct heat (6). Such poor thermal
properties of these materials limit heat rejection, thus limiting the
achievable power density and efficiency. Therefore, a principal
bottleneck in high-energy density power electronics can be polymer
dielectric insulation material. An electrical insulating performance
measured by high dielectric constant and dielectric strength, as well
as high thermal conductivity, has proved to be difficult since the
electric and thermal transport parameters, i.e., ¢ and «, are inter-
correlated in a way via the Wiedemann-Franz law. The polymer
insulators consisting of a cluster of discrete chains by weak inter-
molecular forces show a high resistance to heat transfer (phonons)
with a negligible electronic contribution, which works against the
occurrence of thermally conductive electric insulator (7). Advanced
insulation materials should also mitigate large voltage stress (dV/dt)
(8). The traditional method of using thicker insulation materials to
accommodate the higher voltages required for substantial system
efficiency is very unlikely to meet the technical metrics because
of the thermal and weight concerns. Therefore, a high dielectric
constant, a low dielectric loss, and a consistently high breakdown
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strength of thermally conductive polymer insulators are indispens-
able for high-power density electronics subjected to high voltages.
One of the nonmetallic thermal conductors is single-crystal
diamond having thermal conductivity of 2190 W m™" K™, which is
attributed to its exceptionally efficient heat transmission through the
lattice vibrations (9). This suggests a polymer material virtually “free”
of crystalline defects, where its backbone chains are macroscopically
aligned to enable ultrahigh thermal conductivity. This concept was
first proposed in 1977 by Gibson et al. (10) on the linear nonpolar
polyethylene with its repetition of —CHj; units and virtually no
branching. The demonstration was confirmed by drawing ultrahigh-
molecular weight polyethylene (UHMWPE) fibers with a remarkable
high thermal conductivity of 104 W m™! K™, higher than metals
such as platinum, iron, and nickel (11, 12). However, an emerging
UHMWPE electric insulator is dependent on many factors: the poly-
mer crystallinity, the crystallite orientation, and the chain length and
its molecular packing (13-16). To become an enabling thermally
conductive electric insulator material, the dilemma of polyethylene
is that such a symmetrical molecule is truly covalent with a low di-
electric constant (17, 18). In this case, it is essential to develop a new
strategy to achieve high thermal conductive electric insulator poly-
ethylene with high dielectric constant and strength (19-21). Here,
we solution-gel sheared UHMWPE (SUPE) to prepare the strained
flexible sheets and coatings (Fig. 1A). The markedly improved
dielectric properties and thermal conductivities are ascribed to the
alignment and close packing of ultrahigh-molecular weight crystal-
line chains, facilitating the formation of a large number of separated
nanocapacitor arrays (high k and high resistivity). To our knowledge,
the gel-shearing induced SUPE transparent thin films to have the
outstanding thermal conductivity of 10.74 W m™ K™! (20 times
higher than nonstrained polyethylene) and an average dielectric con-
stant of 4.1 (1.8 times higher than nonstrained polyethylene) com-
pared with the standard polymer dielectrics (Fig. 1B) (22-25).

RESULTS AND DISCUSSION
In the solution gel-shearing process, a shearing rod drags the solution
gel across a heated substrate while driving the gel solution between
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Fig. 1. Solution gel-shearing induced SUPE films with the chain alignment microstructure. (A) Scheme of solution gel-shearing process and chain alignment in SUPE
film. (B) Comparisons of the thermal conductivity versus dielectric constants for this work and typical polymer dielectric and insulation materials. (C) Crystallinity versus
shearing speeds of SUPE films. (D) The d-spacing changes for shearing speed-dependent SUPE films, indicating the lattice strain presence. (E) Scanning electron microscopy
image showing a highly aligned fibrous structure induced under shearing speed of 10 mm/s. The corresponding atomic force microscopy image shows the nanofibrous
alignment induced by shearing. (F) Flexible and transparent SUPE films. (G) Demonstration of transparent flexible solution sheared UHMWPE coatings for copper wires
and copper foils for thermal conductive power infrastructures. Photo credit: Zheng Li, University at Buffalo.

the rod and the substrate at a controlled speed ranging from 5 to
60 mm/s together with the solvent evaporation (Fig. 1A and fig. S1)
(26, 27). Figure 1A illustrates the texture of transparent SUPE thin
films as a function of shearing speed. In addition to altering SUPE
thin film texture and domain sizes, gel-shearing speed also plays an
important role in the molecular packing (crystallinity) and strain
in the thin film. X-ray diffraction experiments are performed to
characterize the shearing-dependent crystallinity and lattice strain
(Fig. 1, C and D). A crystallinity of 93% can be achieved with a
shearing speed of 10 mm/s at which the ultrahigh-molecular weight
chains could be unfolded and aligned to a larger extent. As the
shearing speed increases, the (110) d-spacing increases by 1.7% in-
crementally from 4.09 to 4.16 A, and concurrently, the (200) d-spacing
decreases by 2.4% from 3.74 to 3.65 A (Fig. 1D). These d-spacing
changes only occur for in-plane lattice parameters, while the vertical
spacing does not change with shearing speed. In addition, peak
broadening is observed as the gel-shearing speed increases, which is
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consistent with the smaller crystallite or domain sizes resulting from
the rapid drying at a high shearing speed. To our knowledge, the
lattice strain in SUPE thin films has not been reported in the film
preparation. For a shearing speed of 10 mm/s (Fig. 1E), the oriented
nanofibrous array domains with lengths of up to centimeters are
observed with the long axis parallel to the shearing direction, while
the fabricated SUPE films are highly flexible and transparent (Fig. 1F).
This trend in SUPE shearing morphology can be observed as the
electrical insulation coatings for metallic wires and substrates in
thermal conductive power delivery infrastructures (Fig. 1G).

We measure the alignment effect on the dielectric performance
of flexible sheared SUPE thin films. The dielectric constant and dis-
sipation factor is measured as a function of frequency and tempera-
ture (Fig. 2). As shearing speed increases (Fig. 2A), the dielectric
constant increases to a maximum of 4.6 for SUPE thin films pre-
pared at a shearing speed of 20 mm/s. The dielectric constant de-
creases for faster shearing speeds to a value of 4.2 for SUPE prepared
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Fig. 2. Dielectric property and dielectric stability of shearing SUPE films. (A) Frequency dependence of the dielectric constants and dissipation factor for SUPE films
under different shearing speeds. (B) Gigahertz frequency dependence of dielectric constant and dissipation factor of SUPE films. (C) Temperature dependence of dielectric
constants and dissipation factor of SUPE films under various frequencies from 1 kHz to 2 MHz. (D) Electrode-dependent dielectric constant and dissipation factor for the

SUPE films.

at a speed of 60 mm/s. We attribute the decrease in the dielectric
performance observed at shearing speeds above 20 mm/s to the de-
crease in its crystallite domain and alignment (Fig. 1), causing an
increase in the grain boundaries for weaker electronic overlapping
of the ultrahigh-molecular weight chains. These dielectric films are
also stable for ultrahigh frequency in gigahertz ranges (Fig. 2B); in
addition, the sheared SUPE offers the stable dielectric constant and
dissipation factor in the frequency range of 10° to 10° Hz at high
temperatures (Fig. 2C), while no relaxation of electronic dipoles is
observed at high temperatures. We attribute our higher dielectric
performance of SUPE films to the improved electronic coupling
between aligned ultrahigh-molecular weight chains in the strained
films (1). This conclusion is further supported by the observation
that high dielectric performance is observed for different electrode
contacted films while maintaining the same textures and crystallinity.
The results of electrode-dependent dielectric constant and dissipa-
tion factor for the SUPE films indicated that the electrode hardly
affects the dielectric of the SUPE films (Fig. 2D).

The shearing speeds play an important role in controlling thermal
conductivities of flexible SUPE films (Fig. 3A). As the shearing speed
increases, thermal conductivities of SUPE films along the shearing
direction are notable improved, achieving 10.74 W m™' K 'at a
shearing speed of 10 mm/s. A further increase of shearing speed
induces a lower in-plane thermal conductivity (e.g., 9 W m™' K’
for 60 mm/s), which is consistent with the smaller crystallite or
domain sizes resulted from the fast drying at a high shearing speed.
The nonsheared polyethylene film has an in-plane thermal conduc-
tivity of 0.45 W m~' K™'. Figure 3B shows the stress versus strain
curves of flexible SUPE films. With increasing the shearing speed
from 5 to 60 mm/s, the yield strength of SUPE films increases
from 11 to 17 MPa caused by the polymer chain alignment (28).
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The failure strengths increase from 19.5 to 24 MPa, and the failure
strains of films increase from 720 to 950%, smaller than those with
speed of 5, and 60 mm/s with strains of 920 and 950%, respectively,
which are caused by highly aligned polymer chains. We next studied
high-power electric insulation properties at high temperatures by
using thermal conductive SUPE dielectric substrates (Fig. 3, C and D).
As shown in Fig. 3C, the current ampacity of printed Cu hybrid
electronics on SUPE clearly outperforms typical polymer dielectrics
(i-e., Kapton). The current carrying capability of Cu features on
SUPE is 25% larger than that of Kapton substrate. As the tempera-
ture is further raised to 100°C, the antenna performance of printed
Cu electronics maintains as that of SUPE at 25°C (Fig. 3D). This
indicates that, by replacing Kapton with SUPE, the electric insulation
performance (high dielectric performance and high thermal con-
ductivity) can eliminate the complex cooling system. The superior
electric insulation performance of SUPE over other polymer dielec-
trics stems from its substantially increased dielectric performance
and thermal conductivity at elevated temperatures.

The steady-state temperature distribution in the materials is mod-
eled using finite element methods to compare thermal responses of
Kapton and the SUPE used as electric insulator coating (see the
Supplementary Materials). The simulation results are shown in
Fig. 3 (E and F), in which the temperature in the bottom surface is
fixed to 200°C, replicating the materials being in contact with copper
conductor under the applied current density. Kapton poses isotropic
thermal property with thermal conductivity of ~0.17 W m™' K,
while the SUPE is anisotropic owing to the aligned polymer chains such
that the conductivity in the x direction increases to ~11 Wm ™ K.

It can be seen in Fig. 3 (E and F) that because of the remarkable
enhancement in directional thermal conductivity of SUPE, its steady-
state internal temperature distribution is 42% lower than common
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Fig. 3. Thermal and mechanical performance of SUPE films and its flexible hybrid electronics applications. (A) In-plane thermal conductivities versus shearing speed
for SUPE films. (B) Tensile stress versus strain curves of shearing SUPE samples. (C) Resistivity change versus current density of printed copper features on flexible Kapton
and SUPE film substrates. (D) Temperature dependence of the scattering parameter S11 for printed copper-SUPE antenna device within frequency ranging from 0 to
4.8 GHz. The inset is the antenna setup for printed copper features on SUPE substrate. Finite element simulations of the steady-state temperature distribution in (E) Kapton

and (F) SUPE films. Photo credit: Zheng Li, University at Buffalo.

polymer insulation materials such as Kapton operating under the
same environments. In these simulations, the average internal tem-
perature is 52.5°C in SUPE and 89.9°C in Kapton. Such advanced
thermal property of SUPE makes them a desired electric insulator
material, while Kapton is expected to be overheated under high
electrical current and even lose its electrical insulator functionality.

UHMWPE gel is also prepared in the presence of boron nitride
(BN) nanosheets, shown in figs. S3 to S6. The BN nanosheets, a
wide-bandgap (~6 eV) electric insulator material with thermal con-
ductivity in the range from 300 to 2000 W m™" K™/, are prepared
through liquid-phase exfoliation (Fig. 4A) (29, 30). The thermal,
mechanical, and dielectric performances are affected by the micro-
structures of SUPE/BN nanocomposite, the concentration and dis-
tribution of BN in SUPE matrix, and the interactions between BN
nanosheets and polymer chains (31, 32). The Fourier transform
infrared spectroscopy of SUPE and SUPE/BN nanocomposites in
Fig. 4B shows the transmittance intensity increase for the composite
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with 2 and 4 weight % (wt %) BN compared with SUPE, signifying
the vibration strength changes of chemical groups in SUPE and
SUPE/BN composites due to the BN and polymer chain interactions.
The absorption peaks of 2917, 2848, 1467, and 722 cm " are attributed
to methylene nonsymmetry stretch vibration, methylene symmetry
stretch vibration, methylene nonsymmetry changing angle vibration,
and methylene swing in plane vibration, respectively (33). The di-
electric constant and Young’s modulus versus BN concentrations in
SUPE/BN are shown in Fig. 4C. The dielectric constant would in-
crease from 4.12 to 4.42 with increasing BN concentration from 0 to
4 wt %. The stress-strain curves for SUPE/BN nanocomposites are
shown in fig. S2, in which mechanical properties (modulus and
strength) of SUPE/BN nanocomposites are increased with the addi-
tion of small quantities of exfoliated BN nanosheets (less than 6 wt %).
The flexible SUPE film has a Young’s modulus of 325 MPa and a
failure strain of 870%, where the molecular chains inside readily move
or relax under an applied load. The Young’s modulus of SUPE/BN
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Fig. 4. Structural, dielectric, mechanical, thermal, and electrical properties of SUPE/BN composite films. (A) Transmission electron microscopy image of hexagonal
BN (h-BN) nanosheets used in this work. The inset demonstrates the flexibility of transparent SUPE/BN composite film. (B) Fourier transform infrared spectroscopy spectra
of SUPE and SUPE/BN composites with 2 and 4 wt % h-BN nanosheets. (C) Dielectric constant and Young’s modulus versus BN concentration for SUPE/BN composites. The
inset is the out-of-plane and in-plane thermal conductivity of SUPE/BN composites. (D) Dielectric strength of SUPE/BN composites with 2, 4, 6, and 8 wt % BN.

increases to 430 MPa when the BN concentration reaches 6 wt %
and followed by a fall-off in modulus at a higher concentration of
BN, which is attributed to the aggregation of BN nanosheets. Such
behavior is also observed in some studies on polymer-nanotube and
polymer-graphene composites (19, 33). The thermal conductivities
of SUPE/BN composites are also significantly enhanced in the
thickness direction. Figure 4C also demonstrates the thermal con-
ductivity versus the concentration of BN for SUPE/BN composites,
where the SUPE/BN with 10 wt % BN is featured by the out-of-plane
thermal conductivity of 0.35 W m™ K™, approximately three times
of out-of-plane thermal conductivity of SUPE. This could result from
the thermal transport pathway composed of BN nanosheets in the
SUPE/BN composite. Enhanced dielectric strength and high thermal
conductivity are a long-term pursuit for the electrical insulation
materials for the protection of high-power electronic applications.
The dielectric strength of SUPE/BN is studied in Fig. 4D, which
shows the superior electrical breakdown voltage of 11 kV/mm for
SUPE/BN with 4 wt % BN. The composites with a higher or lower
concentration of BN show the decreased electrical breakdown volt-
ages, which are in accordance with the mechanical performance of
SUPE/BN composites based on the Stark-Garton relationship (34).
In this study, solution SUPE shows not only significantly increased
thermal conductivity but also high dielectric properties, particularly
considering the nonpolar nature of polyethylene. The in-plane thermal
conductivity of sheared flexible sheets reached 10.74 W m™' K/,
which is over 20 times higher than that of unstrained films. In addi-
tion, a high and robust dielectric constant across a broad tempera-
ture range and frequency is also found in flexible SUPE sheets. This
improvement came from the synergistic collaboration of chain

Lietal., Sci. Adv. 2021; 7 : eabi7410 29 September 2021

alignment, lattice strain, and compact connection arrangement,
making it possible to obtain both high thermal conductivity and
high dielectric properties. A holy grail energy-efficient polymer
dielectric material demonstrated in this study has superior thermal
conducting, mechanical and dielectric durability, and reliability
across broad temperature and frequency ranges. These findings
overcome two important hurdles in high-temperature electric insu-
lation polymer materials by rationally designing the hierarchical
structure through solution gel-shearing and lattice strains and by
manufacturing lightweight, flexible polymers that can be shaped
into intricate configurations for safe applications in high-power
electronics and flexible advanced electric systems.

MATERIALS AND METHODS

Sheared UHMWPE film fabrication

UHMWPE powders (1 g) are mixed with 40 ml of decalin in a glass
culture dish under convective thermal treatment at 170°C for
30 min. Then, the UHMWPE gel is drop-casted on a preheated glass
substrate at 170°C, and the UHMWPE gel is rolled along a certain
direction with different controlled speed by shear force. Last, the
sheared UHMWPE film is formed and peeled off from the glass
substrate at room temperature.

Sheared UHMWPE/hexagonal BN composite film fabrication
BN powders (1 g; diameter of 50 um) are mixed with 300 ml of iso-
propanol to exfoliate monolayer or several-layer hexagonal BN
(h-BN) nanosheets via ultrasonic sonication for 3 hours in ice bath
with the parameters of 30-kHz cycle with 10-s pulse and 20-s stop.
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The upper liquid is centrifuged after waiting for 12 hours and vacuum-
dried for the next step. UHMWPE powders (0.2 g) are mixed with
10 ml of decalin in glass culture dish, which is then thermally treated
at 170°C for 50 min. The UHMWPE/BN composites are prepared
by a similar shearing method by adding different amounts of liquid-
exfoliated BN nanosheet (0 to 10 wt %).

Morphology and structural characterization

The ultraviolet-visible (UV-vis) absorption and transmittance spec-
tra are collected using an Agilent Cary 7000 UV-vis near-infrared
spectrophotometer. A Raman microspectroscopy experiment is
performed using a Renishaw inVia Raman microscope (Renishaw
Inc., Hoffman Estates, IL), equipped with a Leica DM LM microscope
(5%, 20x%, and L50x objectives). Spectra are collected using a
Renishaw diode laser [488 nm; irradiated area, ~2 pm by 2 pm;
grating, 1200 lines (I)/m]. The microstructure examination is per-
formed on the Carl Zeiss AURIGA CrossBeam Focused Ion Beam
Electron Microscope with an accelerating voltage of 200 kV and
a point resolution of 0.19 nm. Thermal transitions are determined
using a PerkinElmer (Shelton, CT) differential scanning calorimeter
with a heating rate of 10°C/min. Thermal degradation is measured
on a thermogravimetric analyzer (SDT Q600, TA Instruments,
USA) under N, atmosphere. The crystal structure is character-
ized by x-ray diffraction (Rigaku Ultima IV instrument operating
with a CuKo radiation).

Mechanical, dielectric, and thermal property

Tensile stress-strain curves for the sheared UHMWPE or UHMWPE/BN
samples are performed with a Mark-10 universal testing machine.
The thermal conductivities of both UHMWPE/BN and alignment
UHMWPE are tested by Thermtest Hot Disk TPS 2200. The dielectric
constant and dissipation factor are determined from an LCR meter
with a frequency from 100 Hz to 2 MHz (Agilent E4980A). The
dielectric testing area is defined as 1 cm by 1 cm using the shadow
mask method.

Printable electronics for material reliability evaluations

The in-house copper ink is printed onto the dielectric substrates (35).
To evaluate the effect of commercial Kapton and SUPE, the printed
copper features with a length of 5 cm, a width of 2 mm, and a thickness
of 10 um are deposited on Kapton and SUPE substrates for the sta-
bility evaluation under different current density and temperatures.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi7410
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