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Abstract−In-situ mechanical process for preparation of the polyvinyl alcohol (PVA) coated nano-B4C powder was
investigated by using a high-energy ball mill. The produced PVA coat on the surface of nano-B4C particles was ob-
served by x-ray diffraction (XRD) and confirmed by TEM images. The average particle size of the produced nano-
B4C/PVA particles was in the range of several tens to hundreds of nanometers depending on the milling conditions.
The polymer composites were fabricated by hot pressing ultra high molecular weight polyethylene (UHMWPE) powder
mixed with nano-B4C/PAV and micro-B4C powders, respectively. Nano-B4C/PVA dispersed UHMWPE shows slightly
lower crystallinity and stiffness than micro-B4C dispersed UHMWPE based on differential scanning calorimetry (DSC)
and dynamic mechanical analysis (DMA) evaluations.
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INTRODUCTION

Researches on ceramic/polymer nanocomposites have been grow-
ing exponentially during the last decades due to their structures and
properties which are useful for designing advanced engineering mate-
rials. Those ceramic/polymer nanocomposites show in general higher
mechanical, thermal, electrical, and optical properties compared to
pure polymeric materials [1-3]. For example, thermal, electric, and en-
vironmental resistive properties of high density polyethylene (HDPE)
could be enhanced by dispersing the ceramic nano-fillers in HDPE.
Polyethylene incorporated with ceramic nano-fillers such as SiO2,
Al2O3, and CaCO3, etc. has been widely explored in this regard [4-
7]. Among various ceramic materials, B4C is one of the most pro-
mising structural materials due to its melting point (2,427 oC) and
the Vickers hardness (>30 GPa) [8]. The B4C/ HDPE composite is
also useful for shielding neutrons in extreme radiation environments
such as nuclear reactors, space shuttles, satellites, and military armors,
etc. because of its superior high energy neutron attenuating and ther-
mal neutron absorbing behaviors due to high concentrations of hy-
drogen and boron (thermal neutron absorption cross-section of boron
~760 barn, barn=10−24 cm2), respectively [9,10]. However, there is
little information available related to preparations of this type of
material. Recently, it was reported that the neutron shielding effi-
ciency could be enhanced by using the smaller B2O3 filler dispersed
polyvinyl alcohol (PVA) [11]. Theoretical estimation for filler size-
dependent thermal neutron diffusion without absorption in nano-
structural material was also reported [12]. Preparations of such ma-
terials are difficult because of the agglomeration of the nanoparti-
cles in the polymer matrix due to high surface energy of the nano-
particles. Surface treatment of the nanoparticles to enhance the wet-
tability with the polymeric matrix is therefore necessary to inhibit

or minimize the agglomeration of the nanoparticles. Most surface
treatments of the nanoparticles involve the stepwise solution process
and also require complicated chemistry [2,13-15], whereas mechan-
ical surface modification is a simple and dried process using a mixer
or a ball mill [16,17]. Ball milling has been used for preparations
of either various nanoparticles or surface coated nanocomposites
[17-26]. Theoretical evaluations using the energy transfer between
the balls and materials have been also reported [27-30]. The present
investigation is focused on pulverization of micro-sized B4C pow-
der as well as PVA coating on the B4C particles. Prepared nano-
B4C/PVA and micro-B4C powders were mixed with ultra high molec-
ular weight polyethylene (UHMWPE) powder, respectively, then hot
pressed to fabricate the polymer composite sheets. Various analytic
tools were used to evaluate the thermo-physical characteristics of
the prepared nano-B4C/PVA particles and polymer composites.

EXPERIMENTAL

B4C (average particle size of ~5µm, purity >99.9%, Kojundo)
and PVA (molecular weight of 50,000, purity >99.9%, Aldrich)
powders were used as raw materials. A high-energy ball mill (Pul-
verisette 6, Fritsch) with two stainless steel (STS) jars with the vol-
ume of 133 cm3 was used for milling. The milling temperature was
maintained lower than 60 oC by tap water cooling. The jars were
sealed with a rubber O-ring and operated at 1 atm of the air. The
weight ratio between B4C and PVA was 1 : 1, while the ball to powder
weight ratio was 10 : 1. STS balls with 6 mm diameter were used.
Rotation speeds of the disk were varied from 400 to 800 rpm de-
pending on the milling conditions. Prepared nano-B4C/PVA and
micro-B4C powders were mixed with UHMWPE (Ticona GUR)
powder by using a powder mixer, respectively, prior to preparation
of the polymer composites. The nano-B4C/PVA and micro-B4C dis-
persed UHMWPE sheets (thickness ~30 mm) were then fabricated
by hot pressing at 190 oC and 20 MPa for 20 min, respectively. The
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characteristics of the prepared samples in each step were evaluated
by using various analytic tools, including the particle size analyzer
(PSA), X-ray diffraction (XRD), scanning electron microscope (SEM),
and transmission electron microscope (TEM). The thermo-physical
characteristics of the nano- and micro-B4C particle dispersed UHM-
WPE sheets were also analyzed by means of differential scanning
calorimetry (DSC) and dynamic mechanical analysis (DMA).

EXPERIMENTAL RESULTS

1. Characteristics of Nano-B4C/PVA Powder
To produce the nano-sized B4C particles, micro-sized B4C pre-

mixed with PVA powder was pulverized in a high energy ball mill.
Prior to pulverization of powders, the amount of transferred energy
from the balls to powder by collisions was estimated based on the
model introduced by Magini et al. [28]. For the STS and ZrO2 (zir-
conia) balls, ∆E/Qmax=(4.43×104) db ωp

1.2/σ, where ∆E is the trans-
ferred energy, Qmax is the maximum quantity of trapped material on
the surface of a ball, db is the diameter of a ball, ωp is the rotation
speed of the disk, and σ is the surface density of powder on a ball,
is plotted in Fig. 1. Both STS and zirconia balls show similar pattern
of energy transfer per unit mass, while the STS balls show slightly
higher energy transfer than the zirconia balls. Based on this estima-
tion, the STS ball was chosen for the experiments. Fig. 1 also shows
the milling energy dependent particle size reduction during initial
10 min of pulverization. The average particle size decreases as the disk
rpm increases, i.e., milling energy increases, as expected. The average
size of bare nano-B4C was measured by PSA (90Plus, Brookhaven
Instruments Corp). Prior to particle size measurement, the PVA coat
on the surface of B4C was dissolved in distilled water and ultrason-
ificated for 10 min to prevent the agglomeration between the parti-
cles. Although PSA measurements produce multimodal size distri-
butions, which indicates some particles are not fully pulverized, the
average particle size obtained from the unimodal distribution shows
the trends of size reduction produced from the milling process even
though it is broadened.

Degrees of pulverization for the B4C particles from ~5 µm (raw
powder) to ~50 nm depending on the milling time are shown in Fig.
2. Milling was performed with and without PVA at 700 rpm to com-

pare the effect of the polymeric surfactant. The average size of the
B4C particles was decreased steeply at the initial stage of pulveri-
zation from ~5µm to ~600 nm for both cases. However, further
size reduction was not efficient when pulverized without PVA, while
the size was decreased efficiently to below 100 nm when pulver-
ized with PVA. This indicates that the re-aggregation of the B4C
particles without PVA might be more severe than that with PVA
under the same experimental conditions. Also, the milling energy for
crushing powder should overcome the potential energy of aggrega-
tion between B4C particles. It was reported that the preparation of

Fig. 1. Average B4C particle size dependent on the milling energy
and the estimations of transferred energy, ∆E/Qmax, for the
STS and ZrO2 balls.

Fig. 3. X-ray diffraction patterns for pure PVA, B4C, and nano-
B4C/PVA composites for various milling time.

Fig. 2. Decrease of the average size of B4C dependent on milling
time at 700 rpm with and without PVA.
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nano-B4C powder by the mechanical milling process without sur-
factants requires extremely long milling time longer than ~100 h at
200 rpm to produce ~300 nm B4C particles [18,19]. However, B4C
with the surfactant could be crushed more efficiently to nano-scale
if a high energy ball mill is used. It is clear that milling of B4C to-
gether with the surfactant can enhance the pulverization efficiency,
while the surface of the particles can be coated simultaneously with
the polymeric agent which can enhance the wettability of the nano-
particles in the polymeric matrix.

PVA coat on the surface of the B4C nanoparticles was observed
by the x-ray diffraction (D/MAX-3C, Rigaku) spectrum. The x-ray
diffraction patterns of pure PVA, pure B4C, and the B4C particles
covered with PVA milled at 700 rpm for different milling time are
shown in Fig. 3. The peak heights for PVA decrease as the milling
time increases, and the peaks are finally disappeared for powder
milled for 50 min. This means that the amorphous phase of PVA
on the B4C surface was generated from the semi-crystalline struc-
tured initial PVA. The Fe impurity was also observed for milled
nano-B4C/PVA powder, which was produced during the milling
process as expected. Consequently, the in-situ approach we explored
in this investigation efficiently produced the finer nanoparticles dur-
ing a short period of time and also coated the surface of the nano-
particles using a polymeric surfactant simultaneously. In addition
to the x-ray diffraction patterns, PVA coat on the B4C nanoparticles
was also confirmed by TEM images. Fig. 4(a)-(d) shows the TEM
(JEM-2100F, JEOL Ltd. Japan) morphologies of the nano-B4C/PVA
particles milled at 700 rpm for 50 min. The shapes of most of the

crushed particles are spherical-like and coated with PVA (Fig. 4(d)).
The images also show some particles are constituted with the smaller
particles of several tens of nanometers. This means that some aggre-
gations of the nanoparticles are inevitable for this type of milling
process. However, it might be useful to produce the nanosized B4C
particles coated with PVA without any aqueous agent or compli-
cated chemistry. In the in-situ coating process, the surfactant parti-
cles can be trapped between the colliding balls experiencing plastic
deformation and flattening to be coated on the surface of the host
particles. Such flattened surfactant particles adhere with the host
particles so that they can coat the surface of the host particles forming
a film.
2. Morphologies of B4C-UHMWPE Composites

The as-prepared nano-B4C/PVA composites and micro-B4C with
1.5 and 5.0 wt% were mixed with UHMWPE powder and the sheets
were fabricated by hot pressing, respectively. A powder mixer was
used for homogeneous blending of the filler and polymer powders.
Fig. 5 shows the SEM (Sirion, FEI Netherlands) micrographs of
5.0 wt% (a) micro-B4C dispersed UHMWPE and (b) the nano-B4C/
PVA dispersed UHMWPE, respectively. As shown in Fig. 5(a), the
size of micro-B4C is ~5 µm, which is the same as the starting raw
particles. This indicates that the agglomeration between the particles
for hot pressing is not serious from a dispersion standpoint. How-
ever, the adhesion of the particles with the polymer matrix looks
poor presumably because no surfactant was applied for the micro-
B4C particles prior to fabrication. On the other hand, the image (Fig.
5(b)) of the nano-B4C dispersed UHMWPE samples shows the homo-

Fig. 4. TEM morphologies of the nano-B4C/PVA composites milled at 700 rpm for 50 min; (a) distribution of nanocomposites, (b), (c)
typical shapes of the nanocomposite, (d) shape of surface coat on the nanocomposite.
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geneously dispersed nanometric particles as well as good adhesion
of the particles with the polymer matrix. Adhesion of the particles
with the polymeric matrix is very important to enhance the thermo-
mechanical properties of the polymer composites. If adhesion of
the inorganic fillers with the polymeric matrix is not good, the prop-
erties of the polymer composites could be deteriorated compared
to those for pure polymer.
3. Thermo-mechanical Properties of B4C-UHMWPE Compo-
sites

By using the endothermic heating process of the prepared poly-
mer composites, thermal characteristics were evaluated by means
of DSC (DSC-Q100, TA Instrument) analyses. Parameters includ-
ing the melting temperature (Tm), the enthalpy of fusion (∆Hm), and
the degree of crystallinity (Xc) of the UHMWPE composites were
obtained from the DSC curves in Fig. 6 and are listed in Table 1.
The degree of crystallinity Xc of the UHMWPE composites com-
pared to pure UHMWPE can be calculated by using the relation
Xc=∆Hm(Tm)/∆Ho

m(Tom), where ∆Hm(Tm) is the enthalpy of fusion
at Tm for the UHMWPE composite and ∆Ho

m(Tom) is the enthalpy
of fusion at equilibrium melting temperature To

m for pure UHM-
WPE [29]. According to Fig. 6 and Table 1, melting points for most
polymer composites including pure UHMWPE are about the same
at ~132 oC. Similar melting points between the samples might be
due to maintained flexibility of the polymer chains even for the B4C
fillers dispersed in the medium. Similar results were also observed

for the nanosized calcium carbonate dispersed HDPE composite
[7]. However, enthalpy of fusion for 5.0 wt% nano-B4C dispersed
UHMWPE is the lowest, while 1.5 wt% micro-B4C dispersed UHM-
WPE show the highest same as pure UHMWPE. This means that
addition of B4C in UHMWPE decreases the crystallinity of the com-
posites compared to pure UHMWPE. It is assumed that the filler
particles decrease the mobility of the UHMWPE chains for pro-
ducing crystalline structure [32,33]. As a result, the degree of crys-
tallinity decreases as the filler contents increase and filler size de-
creases. It is also assumed that the good adherence of the smaller
particles with the polymer matrix contributes to lower mobility of
the polymer chains.

The dynamic mechanical properties of pure UHMWPE, micro-
B4C dispersed UHMWPE, and nano-B4C dispersed UHMWPE com-
posites were also evaluated by means of DMA (Q800, TA Instru-
ments) in the temperature range 40 to 180 oC and the heating rate
of 10 oC/min using the samples whose size was 35 mm×10 mm×
1.5 mm. Fig. 7 shows the storage modulus and tanδ for 1.5 wt%
nano-, and micro-B4C dispersed UHMWPE composites and pure
UHMWPE. The storage modulus for pure UHMWPE is higher than
those for B4C dispersed UHMWPE composites, while the storage
modulus for micro-B4C dispersed UHMWPE is slightly higher than
that for nano-B4C dispersed UHMWPE. This means that the stiff-
ness for pure UHMWPE could be decreased by addition of B4C
fillers, especially by adding nano-B4C at lower temperature region.
This is somewhat different from the other result increasing the stiff-
ness by adding ceramic fillers in polymer [5]. This might be due to

Fig. 5. SEM morphologies for 5.0 wt% (a) micro-B4C and (b) nano-
B4C particles dispersed UHMWPE sheet fabricated by pow-
der hot pressing.

Fig. 6. DSC curves for pure UHMWPE, micro-B4C dispersed UHM-
WPE, and nano-B4C dispersed UHMWPE.

Table 1. DSC thermal parameters for pure UHMWPE, micro-B4C/
UHMWPE, and nano-B4C/UHMWPE composites

Materials Tm (oC ) ∆Hm (J/g) Xc

pure UHMWPE 132.79 101.90 35.38
micro-B4C/UHMWPE (1.5 wt%) 132.62 102.18 35.48
nano-B4C/UHMWPE (1.5 wt%) 132.53 95.94 33.31
micro-B4C/UHMWPE (5.0 wt%) 131.84 96.53 33.52
nano-B4C/UHMWPE (5.0 wt%) 131.98 94.42 32.78
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interruption of the long polymer backbones and chains in the UHM-
WPE matrix by the ceramic impurities causing lower load transfer
in polymer.

CONCLUSION

The present investigation is focused on the in-situ pulverization
of micro-sized B4C powder and dry coating of the B4C particles
using polymeric surfactant PVA for modification of the particle sur-
face properties and/or functionality. This type of one-step dry coat-
ing method does not involve any complicated chemistry and multi-
step solution processes such as micro-emulsion and sol-gel, etc. The
average particle size of the produced nano-B4C/PVA particles was
in the range of several tens to hundreds of nanometers depending
on the milling conditions. PVA layer on the surface of nanoparticles
was confirmed by XRD spectrum and TEM images. The degree
of crystallinity decreased as the B4C filler content increased and
the size of the B4C particles decreased. By dispersing B4C fillers,
stiffness of UHMWPE was decreased. Consequently, in-situ pul-
verization and surface treatment process developed in this investi-
gation can be applied for production of the surface-coated nano-
particles, while enhancement of the thermo-mechanical properties
of the UHMWPE composites requires more researches in depth.
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