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Healing filler—matrix interfaces in drawn
BN/UHMWPE composites by a simple thermal
annealing treatmentf
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Han Zhang, 2 @ Dimitrios G. Papageorgiou, 2 ? Haixue Yan, (2@
Michael John Reece? and Emiliano Bilotti*?

Thermally conductive polymer dielectrics have great potential in modern electronic systems by efficiently
dissipating the generated heat and thus decreasing the working temperature. Here, unfunctionalised
boron nitride microplatelets (BN) and macromolecular alignment, induced by solid-state drawing, were
adopted to increase the thermal conductivity of ultra-high-molecular-weight-polyethylene (UHMWPE). A
thermal annealing treatment was then utilised to heal filler—matrix interface defects, created during
drawing, to enhance the dielectric properties. In particular, an annealed UHMWPE/1 wt% BN composite
film with a draw ratio of 20 showed a 20% increase in breakdown strength and a slight increase in
charge—discharge efficiency to 94%. This finding demonstrates a simple and fast method to optimize the
dielectric and thermal conduction properties of polymer composites films, without the need of any filler

rsc.li/rscapplpolym

1. Introduction

Polymer dielectrics play a very important role in electronics
such as capacitors and electronic packaging. However, their
low thermal conductivity largely limits the heat dissipation
and thus unavoidably results in heat build-up and limited
temperature ratings. Meanwhile, heat dissipation is becoming
an ever more important issue along with the development of
miniaturised, high-power and high-speed electronic systems. So
far, a variety of thermally conductive fillers have been incorpor-
ated into polymers to improve their thermal conductivity and
thus heat dissipation efficiency. Promising values have been
achieved only at very high filler concentrations, while sacrificing
other properties like mechanical and, more importantly, dielectric
properties."” One of the underlying causes for such a compro-
mise in properties lies in the poor filler-matrix interfaces. To
tackle this problem, one strategy is the surface modification of
the fillers, to improve their compatibility with the polymer
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surface functionalisation, which promises widening applicability of polymer film capacitors.

matrix.>™! However, the surface modifications, in most cases,

involves complicated synthesis and characterisation steps, as well
as low yields. Here, we incorporated unfunctionalized hexagonal
boron nitride (BN) microplates into UHMWPE, followed by uniax-
ial solid-state drawing to achieve high macromolecular orien-
tation and hence high thermal conductivity. BN has very good
electrically insulative property. It has been reported that the
single crystal hexagonal boron nitride has a breakdown strength
as high as 1200 MV m™" when the external field is in the direc-
tion of its c-axis,"”* comparable to diamond (~1000 MV m™*)."?
Besides, it also has a high thermal conductivity, ~400 W m™
K '.''> UHMWPE has a great potential on achieving high
thermal conductivity after molecular alignment by uniaxially
stretching, with values up to 104 W m™" K™* for a draw ratio of
400."® Unfortunately, solid-state drawing can also introduce
defects, including voids and debonding of the filler/matrix inter-
face. Herein, a simple thermal annealing treatment was employed
to partially heal such defects, resulting in an increase in break-
down strength and a decrease in dielectric loss.

1

2. Experimental methods
2.1. Materials

Elinova® material grade, a multi-layer platelet-like hexagonal
Boron Nitride powder (BN), was purchased from Thomas
Swan. Ultra-high-molecular-weight-polyethylene (UHMWPE)
was obtained from Royal DSM in the Netherlands (Stamylan
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UH 034), with a weight-average molecular mass of approxi-
mately 3.3 x 10° g mol™" and an average particle size (D50) of
150 um. Xylene was purchased from Thermo Fisher Scientific
Inc. (The Netherlands).

2.2. Sample preparation

Pure UHMWPE and BN/UHMWPE composite films were pre-
pared through a two-step process involving solution casting
and solid-state drawing. To prepare the films, BN (at 1 and
7.5 wt% concentrations) were dispersed in xylene using ultra-
sonication at full power and room temperature for approxi-
mately 1 hour until visible aggregates disappeared. UHMWPE
powder was then added to the dispersion, followed by a
second ultrasonication step at room temperature for
30 minutes after degassing. The mixture was continuously
stirred in an oil bath at around 125 °C until the Weissenberg
effect (a phenomenon observed in viscoelastic fluids')
became evident. Subsequently, the mixture was kept at 125 °C
without stirring for 2 hours to fully dissolve the UHMWPE in
xylene, resulting in UHMWPE solutions with a concentration
of 1 wt%. These solutions were cast into aluminium trays and
air cooled to room temperature. After 7 days of evaporation at
room temperature, dry films were obtained. The same pro-
cedure was followed to fabricate pure UHMWPE films, exclud-
ing the dispersion and introduction of fillers. The resulting
films were then cut into rectangular specimens measuring
22 mm x 48 mm. These specimens underwent a two-stage
solid-state drawing process to achieve specific draw ratios (DR,
defined as the ratio of the final length to the initial length).
The first stage of drawing, up to a DR of 20, was performed at
120 °C, while the second stage was conducted at 125 °C. The
drawing process was carried out using a universal tensile tester
(Instron 5900R84, U.K.) equipped with an environmental
chamber, with a crosshead speed of 320 mm min™". To deter-
mine the draw ratio, ink marks were made on the surface of
the specimen at regular intervals of 2 mm prior to the drawing
process, and the displacement of these marks was measured.
The specimens were labelled as B-x-DR-y, while the pure
UHMWPE specimen was labelled as PURE-DR-y. In these
labels, x denotes the content of boron nitride (in wt%) and y
represents the draw ratio. Table S1} gives a summary of the
fabricated BN/UHMWPE samples.

Thermal annealing is carried out by putting the drawn
samples (without constraint) into a furnace (Thermo Electron
LED GmbH) preheated at 100 °C for 20 min. After the heat
treatment, the samples were taken out from the oven and
cooled by air.

2.3. Characterization

Scanning electron microscopy (SEM) (FEI Phenom, the
Netherlands) analysis was carried out on the BN filler and the
surface of the drawn pure UHMWPE and BN/UHMWPE compo-
site films. Raman spectroscopy was performed on a Renishaw
invia Raman Microscope using a 442 nm laser. The scans were
performed with a 50 s accumulation time and shift range of
3000-900 cm ™. Transmission electron microscopy (TEM) was
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conducted with a JEM-F200 field emission transmission electron
microscope. Optical Microscopy (OPM) was carried using an
Olympus BX60 microscope, in transmitted light mode. In situ
high temperature OPM was implemented by mounting a Linkam
stage (HFS600), on the specimen stage of the optical microscope,
and heating the films at a speed of 1 °C min~" until melting. The
Linkam stage enabled the modulation of the temperature and
heating speed of the sample.

The thermal conductivity (K) was determined using the
equation below:

K=Cu-p-a (1)

In this equation, Cy represents the heat capacity (under
constant pressure) of the samples, 1.8 ] kg™* K™* for UHMWPE
and 794.4 J kg™ K" for BN, p stands for the density, taken
approximately as 1000 kg m™® for UHMWPE and 210 kg m™>
for BN, and « represents the thermal diffusivity in m* s™. Cy
and p of BNJ/UHMWPE composites was calculated by the direct
rule of mixtures. To measure the thermal diffusivity (a), a
custom-built setup was utilized. This setup consisted of a
pulsed tunable laser beam (superK COMPACT superconti-
nuum) with a frequency of 1 Hz, which generated heat waves
that propagated periodically into the sample. An infrared
camera with high resolution (FLIR T660) was used as a detec-
tor. The camera was equipped with an IR micro-lens with a
pixel size of 50 x 50. The thermal diffusivity was determined
using the Angstrom method. For each sample (30 mm x
10 mm), 10 measurements were conducted along the direction
parallel to the solid-state drawing direction."®*®

Gold electrodes, with a thickness of approximately 100 nm
and a diameter of either 2 mm (for bipolar hysteresis loop
measurements) or 5 mm (for dielectric spectroscopy measure-
ments), were sputtered onto both sides of the drawn films.
Bipolar hysteresis loops were obtained at room temperature
using a ferroelectric tester (NPL, Teddington, UK) with a tri-
angle waveform and a frequency of 10 Hz.”>*' It should be
noted that the maximum voltage generated by the tester was
10 kv, limiting the field that could be applied to relatively
thick specimens. The frequency dependence of the dielectric
properties was characterized using a Precision Impedance
Analyser (4294A, Agilent, Santa Clara, CA).

The charge-discharge efficiency (i) is determined by the
ratio of the electric energy discharged relative to the electric
energy charged, which is ascertained through the analysis of
the displacement-electric field (D-E) loops. The term (1 — 7)
can be construed as the measure of energy loss, commonly
referred to as dielectric loss. The two-parameter Weibull ana-
lysis equation was utilised to determine the breakdown
strength (E},) of the drawn UHMWPE and UHMWPE/BN nano-
composites during ferroelectric hysteresis tests:**>*

P(E)=1—exp {— (;j)r (2)

For each film sample, a minimum of ten specimens were
subjected to testing to obtain the experimental breakdown

© 2025 The Author(s). Published by the Royal Society of Chemistry
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field (E). The statistical cumulative probability of dielectric
breakdown (P(E)) and the Weibull parameter (), were also con-
sidered in the analysis.

3. Results and discussion

3.1.
films

Drawn pure UHMWPE and BN/UHMWPE composites

The SEM and TEM images reveal that the BN fillers have an
average size of 1 micro-meter (Fig. 1a-c), with a hexagonal crys-
talline structure, verified by the diffraction pattern in Fig. 1c.
Even though dispersed by ultra-sonication for a long time in
diluted isopropanol solution, the BN platelets have a tendency
to form aggregates with a dimension of several micro-meters
(Fig. 1a). The Fig. 1d-1 show the optical microscopy of pure
drawn UHMWPE and BN/UHMWPE composites. Pure drawn
UHMWPE with different draw ratios all show an obviously
fibrous morphology. At a draw ratio of 20, there are nearly no
obvious defect within the ordered and fibrous area. Further
drawing from 20 to 60 draw ratio led to a more fibrous mor-
phology but also generated more defects (appeared as black
dots and denoted by the red cycles). The drawn composite
films also showed a highly oriented and fibrous morphology.

Owt% BN | “‘r'

nh y Y T

1wt% BN |4 | 1F 8

7.5wt% BN it

Fig. 1
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Since the BN is not transparent and has a lateral dimension
~1 pm, it scattered visible light and appeared as small black
dots in the optical microscopic images. From Fig. 1g-i, it can
be observed that 1 wt% BN was distributed relatively uniformly
in the UHMWPE matrix, with only a slight aggregation evident
in low draw ratio samples (4 = 20). However, when the filler
content was increased to 7.5 wt%, serious filler aggregation
was observed in composite films, at all draw ratios, appearing
as clusters of black lines composed of BN aggregates (Fig. 1j-1).
Independently from the filler distribution, the introduction of
BN induced transverse cracks (perpendicular to the drawing
direction) in the films, for draw ratios of 40 or higher (pointed
by black arrows). Transverse cracks are associated to the dete-
riorated drawability and preliminary over-drawing, possibly
caused by poor compatibility and thus poor interface between
BN and UHMWPE matrix.

In addition to the optical microscopic results, the SEM
images (Fig. 2) of the surface of the drawn pure UHMWPE and
BN/composites films all showed fibrous morphology, with
higher draw ratios imparting a more oriented and fibrous mor-
phology. The BN filler is observable on the surface of the com-
posites with high draw ratio, e.g. B1-DR60 and B7.5-DR60. In
B7.5-DR60, large voids parallel to the drawing direction are
formed, some of which are larger than 20 pm, causing a

(@) SEM micrograph. (b) TEM micrograph. (c) Diffraction pattern of BN filler, indexed by PDF#85-1068. (d—1) Optical microscopic images of

drawn pure-UHMWPE and BN/UHMWPE composites with different filler concentrations and draw ratios (from the left to the right: films with draw
ratio of 20, 40 and 60; from top to the bottom: films with 0, 1, 7.5 wt% BN fillers; double arrows denote the drawing direction).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of the lateral surface of pure UHMWPE and BN/UHMWPE composites films with different draw ratios. (a) PURE-DR20, (b)
PURE-DR40, (c) PURE-DR60, (d) B1-DR20, (e) B1-DR40, (f) B1-DR60, (g) B7.5-DR20, (h) B7.5-DR40, (i) B7.5-DR60.

partial fibrillation of the film. Some of BN agglomerates,
located closer to the external surface of the films, seem to have
been detached from the polymer matrix and migrated to the
external surface during drawing.

Fig. 3 shows the Raman spectroscopy of the drawn films.
Peaks at 1129 and 1062 cm™' represent in-phase and out-of-
phase all-trans C-C stretching vibrations, which come from the

PURE-DR20

b | ----- ' > "'s‘mlm

B A A Ao B1-DR20

S @0 T =

2 ! p 1295

£ i e

| | J 1515“"
I ** |B7.5-DR2
BN
1000 1500 2000 2500 3000

Raman shift /cm™

Fig. 3 Raman spectroscopy of the drawn UHMWPE and BN/UHMWPE
composite films: PURE-DR20, B1-DR20, B7.5-DR20 and the filler BN.
The inset figure shows the enlarged spectroscopy between 1200 and
1500 cm™.
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orthorhombic crystalline phase and extended chains in the
amorphous phase produced by the uniaxial drawing. The
sharp peak at 1365 cm™" is the characteristic peak of BN and is
due to the E,; phonon mode, which is analogous to the G
peak in graphene.”**> For the drawn BN/UHMWPE compo-
sites, the intensity of the 1365 cm™" peak increased along with
the BN content. The area between 1200 and 1500 cm™" of
PURE-DR20, B1-DR20 and B7.5-DR20 is enlarged for clarity in
the insets (Fig. 3). The peak at 1295 and 1415 cm ™" in all three
samples are related to CH,-twisting vibration and CH,-
bending vibration in crystal phase, respectively.”®

The main difference of the Raman spectroscopy between
the pure matrix and composites with draw ratio of 20 lies in
the two peaks 1438 and 1460 cm™" which relate to the amor-
phous phase of UHMWPE. The occurrence of the peak at
1438 cm ™" can be attributed to a random coil structure charac-
terised by multiple gauche bonds, while the peak at 1460 cm ™
corresponds to the presence of chain assemblies primarily in
the trans conformation, but lacking the organised arrange-
ment typically found in the crystalline phase. In the pure
matrix with draw ratio of 20, the two peaks are quite broad
and hardly recognizable. In the composites with the same
draw ratio, the two peaks at 1438 and 1460 cm™" become very
obvious, verifying higher amorphous phase content induced
by the introduction of BN.*’

The breakdown strength (E}) of the drawn films are shown
in Fig. 4a and b. Increasing the draw ratio from 20 to 60
slightly decreased the breakdown strength of pure polymer
films, possibly because of the voids and defects generated by
the drawing process. At all three draw ratios, 1 wt% BN gave

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a—b) Breakdown strength of the drawn pure UHMPWE and BN/UHMWPE composites films as a function of the filler content and draw ratio,

respectively. (c) Charge—discharge efficiency of the drawn pure UHMPWE and BN/UHMWPE composites with 0, 1, 7.5 wt% BN, at 20, 40, 60 draw
ratios and 100 MV m~. (d) The thermal conductivity of drawn pure UHMPWE and BN/UHMWPE composites.

rise to a large drop of the breakdown strength, more than 100
MV m™'. A further increase in filler content to 7.5 wt%,
however, did not bring about significant other changes in
breakdown strength. This behaviour can be explained by the
different levels of filler dispersion in BN/UHMWPE composites
with different BN content and of breakdown strength of the
phases. Weak interfaces and defects are introduced with the
addition of BN in the UHMWPE matrix, causing premature
breakdown, under high electric field, which explains the large
drop of E;, by 1 wt% BN. However, increasing the BN content
from 1 to 7.5 wt% induced a significant filler agglomeration
(lower level of filler dispersion), which might have limited the
expected increase of surface area with filler content, partially
compensated by the beneficial effect of the intrinsic high
breakdown strength of BN.

As for the charge-discharge efficiency (), shown in Fig. 4c,
an introduction of 1 wt% BN did not have a significant influ-
ence on the charge-discharge efficiency of samples with draw
ratios of 20/40. However, higher filler loading resulted in
much higher decrease, for all draw ratios. Addition of 7.5 wt%
BN led to a decrease of 3.5% for film with draw ratio of 20 and
8% for films with draw ratio of 40 and 60. The poor filler-
matrix interface and the filler agglomeration deteriorated the
drawability of composite films and caused a large increase in
defects and voids upon drawing, when compared to pure
polymer films, which therefore increased the dielectric loss,
particularly at higher draw ratios. Correspondingly, the dielec-
tric spectroscopy results (Fig. S1f) also reveal the increased
tan 6 along with the increase content of BN.

Though the breakdown strength and charge-discharge
efficiency were decreased a bit, the thermal conductivity can

© 2025 The Author(s). Published by the Royal Society of Chemistry

be increased significantly (Fig. 4d). At a high draw ratio of 60,
the increase of thermal conductivity is negligible. This can be
explained by the large volume of voids near the polymer/filler
interface, created by overdrawing, which is detrimental to the
heat transfer efficiency. On the contrary, at draw ratio of 20
and 40, the positive effect of the highly thermally conductive
BN fillers surpassed the negative effect of the deteriorated
interface and increased void content, the introduction of BN
largely increased the thermal conductivity of UHMWPE.

3.2. Effect of thermal annealing

The introduction of BN filler led to an enhancement of
thermal conductivity of UHMWPE, but it caused an increase of
dielectric loss and a decrease of breakdown strength because
of the weak interface between BN and UHMWPE matrix. The
interface was deteriorated during the drawing process, generat-
ing more defects and thus resulting in a larger decrease of
charge-discharge efficiency by BN, particularly at higher draw
ratios. A thermal annealing treatment (100 °C for 20 min) was
attempted to partially heal the defects generated during the
drawing process.

After the thermal annealing treatment, the breakdown
strength of B1-DR20, B7.5-DR20 and B1-DR40 largely increased
by 20%, 27% and 19%, respectively, but that of B7.5-DR60
decreased by 43% (Fig. 5). For other samples (i.e. PURE-DR20/
40/60, B1-DR60, B7.5-DR40/60), the anneal treatment had a
neglectable effect on the breakdown strength (Fig. S2t). The
detailed values of the breakdown strength are presented in
Table S2.1 One assumption for this phenomenon is that the
thermal annealing treatment could improve the filler-matrix
interfaces by partially healing the small voids generated by the

RSC Appl. Polym., 2025, 3, 361-369 | 365
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Fig. 5 Weibull distribution of the breakdown strength of and (a) B1-DR20, (b) B1-DR40, (c) B7.5-DR20 and (d) B7.5-DR60, before and after the

thermal annealing treatment.

introduction of BN fillers, while enlarging the large voids (e.g.
transverse cracks) in composite films with large draw ratio
(i.e., 60).

However, more evidence would be needed to confirm this
hypothesis.

As for the dielectric spectroscopy, the thermal annealing
treatment had only minor effects, with dielectric constant
being unchanged (Fig. 6a). The charge-discharge efficiency, on
the other hand, increased for both 1 wt% and 7.5 wt% BN/
UHMWPE composites at low draw ratios of 20 or 40 (Fig. 6¢
and d), while slightly decreased for pure UHMWPE, at all three
draw ratios (Fig. 6b), and largely decreased for composites
with the largest draw ratio of 60 (Fig. 6¢ and d).

In Fig. S3,7 it can be observed that the thermal annealing
treatment decreased the thermal conductivity for all the
samples with different filler concentrations and draw ratios.
The effect of thermal annealing is partially analogous to the
effect of lowering the draw ratio, as the entropy of the polymer
macromolecules increases (i.e. orientation decreases) upon
relaxation.”® However, the annealing treatment did not change
the overall dimensions of the films. Therefore, it could have
affected the morphology at a microscopic level, without influ-
encing their macroscopic characteristics, which could be
potentially used to tailor and refine the thermal and dielectric
properties to meet specific requirements.

To further explore the related mechanism, in situ optical
microscopy was used to study the morphology change of the
B7.5-DR60 (Fig. 7a-d) at elevated temperature. The fibrous

366 | RSC Appl. Polym., 2025, 3, 361-369

morphology, originated from the drawn UHMWPE matrix, was
preserved up to a temperature of 142 °C. The white straight
lines are the transverse cracks perpendicular to the drawing
direction, caused by overdrawing (draw ratio = 60). During
thermal annealing, there is no observable change on the crack
when heated to 140 °C. However, when the temperature
reached 142 °C (very near to the melting temperature of
145 °C, Fig. S5t), the crystal cluster, composed of highly
oriented molecules on either side of the crack, started to con-
tract, verified by the enlarged crack and more curved crystal
clusters. Further increasing the temperature to 144 °C not only
enlarged the crack more seriously but also gave rise to a partial
melting (i.e. a structural collapse from the top of the observed
area), caused by the uneven heating process.

To interpret the increased breakdown strength by anneal
treatment for composite films with low draw ratio and the
decreased breakdown strength for films with both high filler
content and draw ratio, the following mechanism can be for-
mulated. During the mild anneal treatment (100 °C for
20 minutes), molecular relaxation was accelerated, reducing
the orientation of extended chains and increasing self-
diffusion. As a result, small defects (especially longitudinal
voids) could be healed or partially healed to smaller sizes
(leading to increased charge-discharge efficiency for samples
in relatively good quality, Fig. 6¢ and d), unlike large transverse
voids and cracks, which could even be enlarged (Fig. 7a-d).
However, the breakdown strength of the drawn pure matrix, at
any draw ratios, did not change after this anneal treatment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and the 7 even slightly decreased, suggesting that the anneal
treatment did not have any positive healing effect on pure
drawn UHMWPE films. Therefore, it is reasonable to speculate
that the healing process preferentially happens at/near the
filler-matrix interface. Samples with low draw ratio and low
filler loading, contain only small longitudinal voids and very
few transverse voids, as verified by the OPM (Fig. 1d-1). After
the anneal treatment, the positive effect of partially healed
longitudinal voids overshadowed the negative effect of
enlarged transversal voids, leading to an enhanced breakdown
strength and 7. However, at increased filler content and/or
draw ratio, the negative effect of more transverse voids gener-
ated, became the dominant effect, resulting in a largely
decreased Ey, e.g. for B7.5-DR60.

The observed decrease in thermal conductivity is expected,
and ascribed to the reduced chain orientation during anneal
treatment, verified by the decreased peak intensity of peaks at
1129 and 1062 cm ™" in Fig. 7e and f. To be noticed, these two
peaks represent all-trans C-C stretching vibrations and thus
related to the content of extended chains in both crystalline
and amorphous phase (i.e. chain alignment).

4. Conclusion

In conclusion, BN was introduced into UHMWPE followed by
uniaxially solid-state drawing to fabricate dielectric composite
films with high thermal conductivity. The thermal conductivity
was increased significantly by BN doping (29% with a 1 wt%
BN and draw ratio of 40), but dielectric properties (dielectric
loss and breakdowns strength) were sacrificed because of a
weak filler-matrix interface and poor filler distribution. A
simple thermal annealing treatment was utilised to tackle this
problem. After 20 min annealing at 100 °C, the defects located
near/at the filler-matrix interface were partially healed, leading
to an increase of more than 20% in breakdown strength of
composite films with low draw ratios. Compared to the orig-
inal B1-DR20 film, the annealed film B1-DR20 showed a 20%
increase in breakdown strength, up to 421 MV m™', an
increased charge-discharge efficiency of 94% at 100 MV m™"
(by 1%). With a high thermal conductivity of 16 W m™" K™,
the annealed film B1-DR20 have great potential in electronic
applications such as capacitors, electronic packaging. This
finding demonstrates a simple and fast method to tune the
dielectric and thermal conduction properties of drawn
polymer composites films, without the need of any filler
surface functionalisation, which promises widening applica-
bility of polymer films in capacitors, thermal management
and substrate technology.
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