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Abstract

An ultra-flexible hexagonal boron nitride (h-BN)/ polymethyl methacrylate (PMMA) composite with extra-large elongation at rupture was
prepared by introducing micron-sized surface-modified h-BN platelets into a PMMA matrix. At 32 wt% loading of surface-modified h-BN, the
composite can be folded freely and has an elongation at rupture of 68%, which is over 30 times larger than that of PMMA. Such results are due to
the lubricant nature and the sliding of h-BN platelets.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hexagonal boron nitride (h-BN) is a structural analog and
the isoelectronic counterpart of graphite. Like graphite, it
possesses many exceptional in-plane properties such as high
bulk modulus, high thermal conductivity, etc., which can lead
to numerous applications [1–3]. For example, h-BN is often
introduced into a polymer matrix as inorganic fillers in an
attempt to improve the properties of the composites. Various
types of h-BN, including, but not limited to, micro-particles,
nanotubes, nanosheets, etc., have been tried to make high-
performance polymer composites, especially high-thermal-
conductivity polymer composites [4–8].

Generally, when hard inorganic fillers are introduced into a
polymeric matrix, thermal conductivity, thermal stability, hard-
ness and many mechanical properties of the composites will
increase, while the flexibility and elongation at rupture will
decrease. The reduction of flexibility and elongation at rupture is
due to the restriction of the motion of polymer chains by the
fillers [9–11]. Nielsen proposed a model to predict the decrease
of the elongation at rupture of the polymer matrix composites at
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different filler loadings [12]. Nielsen's equation is described as
εc/εm¼1−φf

1/3, where εc and εm are the elongations at rupture of
the composite and matrix respectively and φf is the volume
fraction of the filler. Based upon Nielsen's model, the elongation
of the composite is always smaller than that of the matrix, with
very few exceptions [13].
Here, we report a hydrothermal method to perform a surface

modification on h-BN platelets and a simple procedure to
prepare the surface-modified h-BN/PMMA composites. Inter-
estingly, the composite at 32 wt% h-BN loading shows ultra-
flexibility and extraordinary large elongation at rupture.
Detailed studies were carried out and a mechanism was
proposed to explain this rare phenomenon.
2. Experimental

In order to enhance the interfacial interactions between h-
BN and the polymer matrix, h-BN was first surface-modified,
similarly to the modification of BNNTs by Zhi et al. [14].
h-BN (SICCAS, Shanghai, China; purity499.5%, ∼0.6 μm)
was mixed with 30% hydrogen peroxide (Guoyao Chemicals
Co. Ltd., Shanghai, China; AR grade) at 0.1 g/ml. The
mixture was sealed in an autoclave and stirred for 24 h.
And then, the mixture was heated up to 100 1C and kept at
that temperature for 24 h. After being cooled to room
ghts reserved.
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temperature, the mixture was filtered and washed by de-
ionized water three times, and then dried at 50 1C under
vacuum. To prepare the composites, the desired amount of
BN was added to 45 ml methyl methacrylate (Guoyao
Chemicals Co. Ltd., Shanghai, China; CP grade, used as
received) monomer, and sonicated for 5 min before 42 mg α-
α'-azoic-isobutyronitrile (Guoyao Chemicals Co. Ltd., Shang-
hai, China; CP grade, used as received) was added. After
being stirred at 90 1C for 90 min, the viscous mixture was
poured into a Teflon mold and sealed. The mold was then
placed in an oven at 50 1C for 48 h, and 100 1C for another
24 h. After cooling, the composites were obtained. Each
sample was processed under the same conditions.

The SEM images were taken by a Hitachi S-570
scanning electron microscope. The mechanical properties
were evaluated by a universal material testing machine
(Instron-5566). The thicknesses of the samples containing 0, 8,
13, and 32 wt% m-BN were measured to be 0.225, 1.421,
0.525, and 0.251 mm, respectively, and uniform along the
length of the strip. Tests were performed at a rate of 10 mm/
min. Fourier transform infrared (FT-IR) spectra were taken
with a Thermo Nicolet Nexus spectrometer between 400
and 4000 cm−1. XRD patterns were recorded via a Rigaku
X-ray diffractometer (D/Max-2250 V) using CuKα radia-
tion. Photographs were taken by a SONY DSC-S800 digital
camera.
Fig. 1. (a) FT-IR spectra and (b) XRD profiles of pristine h-BN (p-BN) and
3. Results and discussion

FT-IR spectra of pristine h-BN (p-BN) and surface-modified
h-BN (m-BN) are shown in Fig. 1a. Two strong characteristic
absorption bands of h-BN can be clearly identified. The peak
around 1377 cm−1 is due to B–N stretching vibrations, while
the peak at 814 cm−1 is attributed to the B–N–B out-of-plane
bending [15]. After surface modification, a new absorption
band at 2021 cm−1 can be observed in m-BN, which probably
corresponds to some types of boron and oxygen bonding
[16,17], coming from the reaction with hydrogen peroxide.
Zeta potential measurements show that after surface modifica-
tion, zeta potential changes from −39.45 mV to −51.50 mV,
also indicating significant surface properties change. A larger
zeta potential usually means better dispersibility [18].
According to the XRD profiles in Fig. 1b, the BN crystal

structure does not change before and after surface modifica-
tion. However, there are notable changes in h-BN morpholo-
gies seen by SEM. Before surface modification, the p-BN
shows perfect platelet morphology. The edges of the platelets
are smooth and intact (Fig. 1c). After surface modification, the
edges of many m-BN platelets show clear layered structures
(Fig. 1d). It seems that h-BN layers, which perfectly stacked
with each other previously, slide to some extent with respect to
each other during the hydrothermal surface modification
process.
surface-modified h-BN (m-BN); SEM images of (c) p-BN and (d) m-BN.



Fig. 2. (a) Photographs of composites with solids loading of 0.2 wt% BN; (b) stress–strain curves of PMMA and its composites, inset: expansions near 0% stress;
(c) ultimate strengths (▲) and Young's moduli (■); (d) the experimental (■) and calculated (△) (based on the Nielsen equation) elongation at rupture of the
composites versus m-BN loading, inset: photograph of the m-BN/PMMA composite film (0.25 mm thick) with 32 wt% m-BN loading.
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Photographs of BN/PMMA composites are shown in
Fig. 2a. Apparently, m-BN particles distribute more homo-
geneously in the PMMA matrix than p-BN. This is because,
after surface modification, the new bondings on the surface of
m-BN enhanced their interaction with the polymer matrix, and
the larger zeta potential of m-BN leads to better dispersibility
in the polymer matrix [14,18]. Meanwhile, there are no
apparent agglomerations of the BN flakes, and they exist in
the form of single flakes. And when increasing the p-BN
loading to 24 wt%, the composite just broke into pieces after
polymerization. Thus, we focus our research on m-BN/PMMA
composites.

The stress–strain curves of three m-BN/PMMA composites
and pristine PMMA are shown in Fig. 2b. Ultimate strengths
and Young's moduli of the composites versus m-BN loadings
are summarized in Fig. 2c.

It seems that the tensile strengths of the composites decrease
after h-BN micro-platelets are introduced into the polymer
matrix. Based on a simple shear lag model, the applied load
during stretching is transferred to the inorganic platelets
through shear stresses developed in the polymer matrix. The
ultimate tensile strength of the composite δc can be described
as δc¼αVpδp+(1−Vp)δm, where δp and δm are ultimate tensile
strengths of the inorganic platelet and the polymer matrix,
respectively, Vp is the volume fraction of platelet fillers and α
is a parameter related to the aspect ratio of the platelet and is
always less than one [19,20]. Since h-BN layers are held
together by weak Van der Waals forces [21], it makes sense
that the tensile strengths of the composites are lower than that
of the polymer. Young's modulus also decreases as h-BN
loading increases.
The experimental and calculated (based on the Nielsen

equation) elongations at rupture of the composites versus BN
loadings are presented in Fig. 2d. It is reported that when
30 vol% h-BN was introduced into HDPE, the elongation at
rupture dropped from original 650% to only 45% [22]. Such
drops are even much greater than predictions from Nielsen's
equation [12]. But in our case, the elongation at rupture of the
composites increases significantly with the m-BN loading,
which is rather rare.
The increase in elongation at rupture of our system seems to

be much more dramatic at higher m-BN loadings. At 32 wt%
m-BN loading, the corresponding composite becomes so
flexible that a 0.25-mm-thick composite film can be folded
freely without breaking it, just like a piece of tape (see
Fig. 2d inset). At higher loadings, m-BN may form a
continuous phase, which might contribute to the super-
flexibility. Unfortunately, the viscosity of the h-BN/MMA
mixture increases very fast with the increase of h-BN loading.
The processability of the high h-BN loading composites
becomes very poor. Thus 32 wt% BN loading is the highest
loading we studied.



Fig. 3. SEM images of snapped cross sections of (a) p-BN/PMMA composite (7 wt% loading) and (b) m-BN/PMMA composite (32 wt% loading); (c) higher
magnification SEM of (b); (d) BN powder from m-BN/PMMA composite (32 wt% BN loading) being stretched to break and then calcined at 600 1C (circles are
curled edges and sliding layers).
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Snapped cross sections of a brittle p-BN/PMMA composite
and a flexible m-BN/PMMA composite (32 wt% m-BN load-
ing) were carefully examined by SEM. SEM images in Fig. 3a
and b reveal that the fracture behavior of two BN/PMMA
composites is totally different. In Fig. 3a, the cross section of the
brittle p-BN/PMMA composite is smooth, typical of brittle
fracture [23], which is similar to that of PMMA. It reveals that
when the sample is stretched, the fracture of a p-BN/PMMA
composite is basically determined by the PMMA matrix. The
elongation at rupture and tensile strength are also close to those
of PMMA.

However, Fig. 3b tells a different story. The cross section of
the m-BN/PMMA composite becomes much rougher. The
flake-like particles in Fig. 3b are obviously m-BN micro-
platelets. Actually, the cross section of the flexible m-BN/
PMMA composite looks similar to the well-known “pull-out”
phenomenon fiber-reinforced composites and ceramic compo-
sites in which particulate fillers are introduced to improve the
fracture toughness of the brittle ceramic matrix [24,25]. As for
platelet-reinforced polymer composites, it has been proposed
that there are two failure modes. One is the platelet fracture
mode which results from strong interactions between the
inorganic fillers and the organic matrix and usually associates
with strong but brittle materials. The other is the platelet pull-
out mode which is due to the weak interfacial bondings and
associates with weak but ductile materials [26,27]. In our
cases, it seems that the h-BN platelets are also being pulled out
of the polymer matrix. But, there are actually more happenings
in our system.
Fig. 3c gives a closer look at the BN particles at the fracture
section in Fig. 3b. Compared with original m-BN particles
(Fig. 1d), besides layered structures, several obvious changes
can be noticed. The BN platelets at the fracture section seem to
become thinner than original platelets and some curly edges
are present. In order to remove the possible illusion from
PMMA, one composite film with 32 wt% m-BN loading was
stretched to break and then calcined at 600 1C. Thinner
platelets and curly and layered structures are clearly present
in the SEM images of the obtained powder (Fig. 3d), which is
proved to be h-BN by XRD (Fig. 4a; top).
Based upon SEM observations, it seems that the h-BN

layers in the composites can slide by the shear force during
stretching. As shown in Fig. 4a, the d-spacing of the layer
distance of BN in the m-BN/PMMA composite is slightly
larger than that of p-BN/PMMA, p-BN and m-BN. It seems
that due to stronger interactions, methyl methacrylate mole-
cules can “swell” the m-BN and the “swelling” disappears
upon removal of PMMA. Based upon Lifshitz's model, such an
increase in d-spacing will lead to about 5% loss of binding
energy between BN layers [28,29]. Apparently, the Van der
Waals forces between the layers of m-BN in m-BN/PMMA
composites are weakened and the layers become more slidable/
peelable. Due to these changes, the Van der Waals forces
between the BN layers may become weaker than the bonding
forces between m-BN and the PMMA matrix and the strength
of PMMA itself.
During stretching, as a proposed hypothesis illustrated in

Fig. 4b, the stress applied on the composite is transferred to h-



Fig. 4. (a) XRD patterns of m-BN, BN/PMMA composites and BN from m-BN/PMMA (32 wt% BN loading) composite film being stretched to break followed by
calcination at 600 1C and (b) proposed mechanism of m-BN/PMMA composite during stretching.
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BN platelets by shear stresses developed in the matrix [19]. The
m-BN platelets as the weakest link yield first to slide to form
visible (by SEM) layered structures. Ultimate slide leads to layers
being peeled off from each other to form thinner BN platelets.
The curly features come from the released stress after break.
Sliding of m-BN layers seems to be the most possible reason for
the uncommon increase of the elongation at rupture in the m-BN/
PMMA composite. Our approach seems to provide a possible
pathway to weaken the binding force between h-BN layers.

4. Conclusions

In summary, an ultra-flexible h-BN/PMMA composite was
prepared by introducing surface-modified h-BN into a PMMA
matrix. At 32 wt% BN loading the elongation at rupture of the
m-BN/PMMA composite, which can be folded freely, is
increased to 68%, over 30 times higher than that of original
PMMA. The extraordinary increase of the elongation at
rupture and super-flexibility of the composites are results
from the delicate balance among the interaction strengths of
h-BN layers, inorganic–organic interfaces which are strongly
affected by the surface modification and the morphology of the
fillers (shape and aspect ratio). During stretching, the compo-
site fails as the platelets “pull out” with obvious sliding. It
suggests a potential general route to improve the flexibility of
polymer composites.
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