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1. INTRODUCTION

Polymer nanocomposites have attracted much attention not
only in scientific fields but also in industrial applications due to the
excellent abilities of nano-sized fillers. The first major success with
nanocomposites was the nylon-6/clay nanocomposite (Toyota
Central R&DLaboratories., Inc.) with significant improvements in
the Young’s modulus and the tensile strength.1 Since then, works
on nanocomposites have been conducted on a wide variety of
combinations togetherwith thermoplastics (styrenics, polyolefins)
and thermosetting polymers (epoxy resins and phenolics) with
various fillers, such as layered silicates and carbon-based nanoma-
terials. Nanocomposites have been reported to provide remarkable
improvements in materials properties, including mechanical, ther-
mal, and barrier properties, compared with those of polymer itself
and micro-sized fillers composites.2,3

Carbon-based nanomaterials, such as carbon nanotubes, are
well-known for their incredibly high mechanical properties
(Young’s modulusg1 TPa and tensile strength = 100�150 GPa),
and they have attracted interest as reinforcing fillers for polymer
nanocomposites.4�7 However, the success of the reinforcement
has been limited because of their tendency to form agglomerates
in polymer matrices.8,9 In recent years, nanodiamond (ND) has
been produced by several procedures, such as by explosion, and it
has been exploited in some fields of nanotechnology.10�12

Diamond is well-known for its excellent properties, such as the
highest bulk modulus, the highest thermal conductivity, high
wear resistance, chemical inertness, and good electrical insulating
properties. Therefore, ND has been expected to offer polymer
nanocomposites optimal properties due to its own excellent proper-
ties, which can approach the values of single-crystal diamond.13

In this study, we selected poly(vinyl alcohol) (PVA), a water-
soluble and biodegradable polymer, as a polymermatrix. PVA has
been widely used not only in scientific fields but also in industrial
fields.14,15 In addition, PVA has been extensively studied as a
matrix for polymer composites, and its high performance has
been often reported.8,16�18 We prepared PVA/ND nanocompo-
sites by simple casting from an aqueous suspension, and we
investigated the structure and properties of the nanocomposites.

2. EXPERIMENTAL SECTION

2.1. Materials. PVAwas supplied fromNippon Synthetic Chemical
Industry Co., Ltd., with its commercial name “Gohsenol NH-18”; the
degree of polymerization is 1800, and the degree of saponification is
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more than 99%. ND aqueous suspension was supplied from Bando
Chem. Ind.; the ND content is 2.75 wt %. ND powder was synthesized
by the detonation of explosive compounds, including TNT (2-methyl-
1,3,5-trinitrobenzene) and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine),
under an inert atmosphere. The detonation soot was purified by
oxidation with the strong acids, such as permanganic acid, nitric acid,
and sulfuric acid, followed by annealing. After rinsing, the ND powder
was dispersed in water by wet milling process in bead mill. All the
materials were used as received.
2.2. Sample Preparation. The PVA/ND nanocomposites were

prepared by a simple casting method. ND aqueous suspension was
ultrasonicated for 1 h. PVA powder was then added to the ND aqueous
suspension. The suspension was continuously stirred at 90 �C for 3 h to
dissolve PVA. The ND content (0�5 wt % vs PVA) was controlled by
the amount of PVA added. The PVA/ND aqueous suspension was cast
into a Petri dish and dried at room temperature and then in a vacuum at
40 �C for 48 h. The film thickness was controlled at 100 μm.
2.3. Characterization. The ND particles and the PVA/ND

nanocomposite were observed using a field emission scanning electron
microscope (FE-SEM) (JEOL, JSM-6700F) at an accelerating voltage of
10 kV. Pt/Pd was deposited on the sample surface prior to observation.
Fourier transform infrared spectrum (FTIR) of ND was recorded on a
FTIR spectrophotometer (Perkin-Elmer, Spectrum GX FT-IR System
I-KS) using the KBr method. The resolution was 2 cm�1. X-ray
photoelectron spectroscopy (XPS) measurements were carried out with
an ESCA-3400 spectrometer (Shimadzu Co.). The sample surface was
irradiated by Mg KR radiation, generated at 8 kV and 30 mA. X-ray
diffraction (XRD)was performed using an X-ray diffractometer (Rigaku,
RINT2100) equipped withNi-filtered CuKR radiation. The X-ray beam
was operated at 40 kV and 20 mA. The 2θ scan data were collected at
0.02� intervals at a scanning speed of 1.0�/min.

Tensile properties were determined using a tensile tester, Autograph
AGS-1kND (Shimadzu Co.); the initial length of the specimen was
20 mm, and the extension rate was 2 mm/min. The number of tested
specimens was more than ten. The toughness (K) was determined as the
area surrounded by the stress (σ)�strain (ε) curve. It was calculated
using the equation

K ¼
Z ε¼ εmax

ε¼ 0
σ dε=d ð J=gÞ ð1Þ

where σ is the stress (Pa), ε the strain (%), and d the density (m3/g).
Dynamic mechanical analysis was performed with a dynamic me-

chanical analyzer, DVA-220S (ITK Co., Ltd.), under nitrogen flow. A
heating rate was 6 �C/min, and a frequency of 10 Hz was employed.
Humidity dependence of the storage modulus was also measured by
changing the relative humidity (RH) with 1% RH/min at 60 �C.

The melting point (Tm) was measured by a differential scanning
calorimeter (DSC) (Seiko Instruments Inc., DSC-220CU). A heating
rate of 10 �C/min was used under nitrogen flow. The thermal decom-
position temperature (Td), defined as a temperature of 5 wt % thermal
weight loss, was determined by a thermogravimeter (TG) (Seiko
Instruments Inc., TG/DTA-220CU). A heating rate of 10 �C/min
was employed under nitrogen flow. Thermal conductivity measure-
ments were carried out on a series of PVA/ND nanocomposites as a
function of the ND content. The measurements were conducted using a
precise and prompt thermal property measuring instrument (Kato Tech
Co., Ltd., KES-F7). The thermal conductivity λ (W/(m K)) can be
obtained from the equation

λ ¼ WD
AΔT

ð2Þ

whereW is the thermal loss of heat plate (W),D the thickness of sample
(m), A the area of heat plate (m2), and ΔT the temperature differ-
ence of sample (K). Thermal expansion behavior was measured using

TMA/SS-120CU (Seiko Instruments, Co.). A heating rate was 10 �C/min
under nitrogen flow. The instrument was operated in tension mode
under the stress of 1 MPa.

The ultraviolet�visible (UV�vis) spectra were observed at room
temperature using a UV�vis spectrophotometer (Hitachi Ltd., U-2000)
at a wavelength scan rate of 400 nm/min.

3. RESULTS AND DISCUSSION

3.1. Characterization. Figure 1 shows field emission scanning
electron microscopy (FE-SEM) photographs of the ND parti-
cles. The size of the primary ND particles was found to be
up to 10 nm. The smokelike structure was also observed to
surround the ND particles; this was found to contain graphitic
carbons.19�21

Figure 2a shows the Fourier transform infrared (FTIR) spec-
trum of the ND particles. Absorption bands around 2830�2960
and 1300�1400 cm�1 can be assigned to C�H stretching and
deformation vibration of alkyl group, respectively.22 The band at
1628 cm�1 can be assigned to stretching vibration of aromatic sp2

carbon bond which can be related to graphite around the ND
particles. The spectrum revealed another bands from oxygen
containing functional groups, at 1759 cm�1 (CdO stretching
vibration in carbonyl, carboxyl groups) and around 1100�
1200 cm�1 (C�O stretching vibration in ethers).23�25 Strong
absorption bands assigned as hydroxyl groups appeared in the
spectra area of 3300�3500 cm�1 (O�H stretching vibration) and
1620�1630 cm�1 (O�H bending vibration).23,24 These are
originated from the hydroxyl groups of adsorbed water on the
particles in air because there exist many dangling bonds on the
diamond structured surface of the ND particles.25 In addition, a
process of “self-functionalization” occurred during the preparation
of the ND particles, acquiring “functional cover” including these
oxygen-containing functional groups.26 The spectra area of
1600�1650 cm�1 is most likely to be connected with several
band superposition including asymmetric O�N vibration of
R�O�NO2 groups. Usually the ND particles were produced
by explosion using trinitrotoluene and hexogen mixture.27 Thus,
the observed nitrogenmay be the residue in a process of producing
the ND particles.
Figure 2b�d shows (b) X-ray photoelectron spectroscopy

(XPS) wide spectrum and the table of XPS analysis as well
as (c) C 1s and (d)O 1s spectra of the ND particles. Figure 2b
represents the sharp peaks of oxygen and carbon on the ND
surface. From the table in the top right of Figure 2b, the ND
particles contain 15.9% of O, which can be related to the
absorbed H2O and oxygen containing functional groups.
Judging from the results of XPS as well as that of FTIR

Figure 1. FE-SEM photograph of ND particles.
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(Figure 2a), carboxyl, carbonyl, and ether groups exist together
with hydroxyl groups. In addition, we could observe the small
peak at around 400 eV, which indicates the existence of nitrogen.
As described above, nitrogen seems to be produced during the
ND production process. From Figure 2c, the C 1s spectra can be
curve resolved into four peaks including the most intense peak at
285.6 eV (peak 1); the bulk diamond components of sp3 carbon
and alkyl group, the peak at 283.4 eV (peak 2); graphitic carbon
species of sp2 carbon, the peak at 287.7 eV (peak 3); ethers, and
the peak at 288.6 eV (peak 4); carbonyl groups. The O 1s
spectrum deconvolution reveals that the spectrum can be fit with
three maxima. The peak at 532.6 eV (peak 1) can be related to
carboxyl, carbonyl, and ethers groups. The other two peaks
(peaks 2 and 3) may possibly attribute to H2O and oxygen.28

As described above, the oxygen-containing functional groups
on the surface of the ND particles are considered to contribute
not only to the good dispersion of the ND particles into
aqueous medium but also to the strong interaction, including
hydrogen bonding, between ND and PVA (Scheme 1). Kor-
obov et al.29 reported that the nanophase of water was absorbed
on the surface of the ND particles has a huge impact on the
dispersibility of ND.
The FE-SEM photographs of the cross section of the PVA/ND

nanocompositewith 5wt%ND loading is shown inFigure 3a. The
ND particles were almost well dispersed in PVAmatrix. However,
small agglomerates 100�200 nm in size could be observed, as
shown in the top-right corner of the figure. These agglomerates
can serve as thermally conducting channels. The results of thermal
conductivity measurements are shown below.
Figure 3b shows the X-ray diffraction (XRD) profiles of the

PVA film, the PVA/ND nanocomposites, and the ND particles.
The diffraction peaks assigned as 111 and 220 reflections of
diamond structure were observed clearly for the ND particles at
2θ = 43.9� and 75.3�, respectively. These indicate that the ND
particles possess three-dimensional diamond structure even at a
size of no more than 10 nm. In the profiles of the PVA/ND
nanocomposites with ND contents over 5 wt %, the 111
reflection also overlapped with the 202 reflection of PVA. From
the profile, the crystallinity (Xc) of PVA was determined to be
28%. The Xc of the nanocomposites increased to 34% and 36%
with 1 and 5 wt % ND loading, respectively. Similarly, for the
annealed samples, the Xc value also increased by the incorpora-
tion of the ND particles (Figure S1).
3.2. Mechanical Properties. Figure 4a shows the stress

(σ)�strain (ε) curves of the PVA film and the PVA/ND nano-
composites with different ND contents. The PVA film showed the

Scheme 1. Schematic Illustration of the Interaction between
PVA and ND Particles

Figure 2. (a) FT-IR spectrum of ND particles, (b) XPS spectrum and XPS analysis table of ND particles, (c) C 1s XPS spectrum of ND particles, and
(d) O 1s XPS spectrum of ND particles.
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typical σ�ε curve for a conventional polymer film with yielding.
The tensile strength (σmax) in these curves, equal to the yielding
stress, and the Young’s modulus (E) increased drastically with
the ND content.
Figure 4b shows the relationships between the E, the σmax, and

the ND content of the PVA/ND nanocomposites. The E of
the nanocomposite was found to be 150% higher than that of the
PVA film and reached 9.7 GPa with only 1 wt %ND loading. The
σmax increased by 30% (at 5 wt % ND loading) compared with
that of the PVA film (see also Table 1). The remarkable increase
in E and σmax were also observed in the annealed samples (Figure
S2a,b). This high mechanical performance implies that a suffi-
ciently small size and good dispersion of ND particles achieved a
large interfacial area, causing the strong interaction between PVA
and ND to increase. Besides the excellent reinforcement effect of

the ND particles, the high E value of the nanocomposites also
attributed to the increase of the Xc of the PVA matrix. Therefore,
the outstanding mechanical properties of ND were imparted to
the nanocomposites effectively.
Diamond is known for its extremely high E value, above 1000

GPa. The incorporation of diamond particles in PVA matrix as a
filler is expected to increase the E of the composite remarkably.
As a first approximation, this increase can be predicted using a
simple rule of mixture with the equation

Ec ¼ EfVf þ Emð1� Vf Þ ð3Þ

where Ec, Ef, and Em are the E of the composites, filler, andmatrix,
respectively, and Vf is the volume fraction of filler. Assuming
Ef = 1050 GPa,30 Em = 3.7 GPa, and that 1 wt % ND loading

Figure 3. (a) FE-SEM photographs of the cross section of a PVA/ND nanocomposite with 5 wt % ND loading. (b) X-ray diffraction profiles of PVA
film, PVA/ND nanocomposites, and ND particles.

Figure 4. (a) Stress (σ)�strain (ε) curves of as-cast PVA film and PVA/ND nanocomposites. (b) Relationships between Young’s modulus (E), tensile
strength (σmax), andND content of PVA/NDnanocomposites. (c) Relationship between relative change of the Young’s modulus (E) versus that of PVA
and filler content of PVA/carbon-based nanomaterial (ND, SWNTs,31 GO,32,33) composites.
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corresponds to Vf = 0.005, Ec is estimated to be 8.9 GPa, which is
comparable to the observed value (9.7 ( 0.6 GPa).
Figure 4c shows the comparison of the E value with other

carbon-based nanomaterial composites reported in the literature.
Liu et al.31 worked on the composites of PVA with single-walled
carbon nanotubes (SWNTs), being functionalized the surface
with multiple hydroxyl groups in order to overcome the agglom-
eration of SWNTs in the PVA matrix. They reported that the E
value increased from 2.4 to 4.3 GPa with 0.8 wt % SWNTs
loading compared with the case of the PVA film (1.8 times). On
the other hand, Liang et al.32 and Xu et al.33 reported that the E
value increased linearly with the incorporation of graphene oxide
(GO) in the PVA matrix. Graphene oxide (GO), one of
functionalized graphene materials, bears oxygen-containing
groups on basal planes and edges of graphene. These groups
attach the desired characteristic of water dispersibility to the
pristine graphene. Therefore, the nanodispersion in the PVA
matrix can be expected. The E value reported by Liang et al.
increased from 2.1 to 3.4 GPa (1.6 times) with 0.7 wt % GO
loading, and Xu et al. reported an increase from 2.1 to 6.1 GPa
(2.9 times) with 5 wt % GO loading, compared with the case of
the PVA film. In comparison to those of other composites, the E
value of the PVA/ND nanocomposites drastically increased at a
low content of ND particles (less than 1 wt %). The PVA/ND
nanocomposite achieved an E value of 9.7 GPa with only 1 wt %
ND loading, which is the highest value among the examined
carbon-based nanomaterial composites. Asmentioned above, the
nanophase of water was absorbed on the surface of the ND
particles, which could not be observed in the other examined
carbon-based nanomaterial composites. Accordingly, the ab-
sorved water will have a large effect not only on the dispersibility
of ND but also on the interaction with the PVAmatrix and derive
the optimal reinforcement effect of ND.

The reinforcement effect of the ND particles in the wide range
of temperature (from�150 to 200 �C) was revealed by dynamic
mechanical analysis (DMA). Figure 5a shows the temperature
dependence of the storage modulus (E0) and the tan δ of
the PVA film and the PVA/ND nanocomposites. For the tan
δ, the main dispersion, so-called Ra, around 61 �C is assigned as
the glass transition (Tg) of the PVA matrix. The peak of this Ra

dispersion of the PVA/ND nanocomposite with 1 wt % ND
loading shifted to a higher temperature (69 �C) and decreased in
intensity compared to that of the PVA film. Similarly, the
β dispersion around �5 �C was suppressed by the ND loading.
The E0 value increased within the entire temperature range when
the ND particles were incorporated. In particular, above Tg, the
decrease of E0 was suppressed and a high E0 value wasmaintained.
The reinforcement effect caused by the ND particles is consid-
ered to be due to the suppressed motion of the polymer chains in
the amorphous phase.16,34�36 In addition, the PVA/ND nano-
composites maintained a high E0 value even under high humidity
in the range 15%�90% (Figure 5b). This indicates that the
penetration pass of water in the PVAmatrix was prolonged by the
nanodispersion of the ND particles; thus, the relaxation of the
PVA molecular chains was suppressed.
3.3. Thermal Properties. Figure 6a shows the differential

scanning calorimetry (DSC) thermograms of the PVA film and
the PVA/ND nanocomposites. The endotherm assigned as the
melting temperature (Tm) of pure PVA (around 225 �C) was
clearly observed in every case. From the DSC curves, an increase
in the Tg caused by the incorporation of the ND particles was
observed: this is in agreement with the results in Figure 5a. The
Tg and the Tm of the PVA film and the PVA/ND nanocompo-
sites are summarized in Table 2. The Tm of the PVA/ND
nanocomposites were similar to that of pure PVA. Therefore,
as mentioned above, the incorporation of theNDparticles had an
effect not on the crystalline regions but largely on the amorphous
region of the PVA matrix and suppressed the molecular motion.
Figure 6b shows the thermogravimetric (TG) traces of the

PVA film and the PVA/ND nanocomposites. The onset tem-
perature of the thermal degradation (Td) of the PVA/ND
nanocomposite with 5 wt % ND loading was about 13 �C higher
than that of the PVA film (Table 1). This indicates that the
nanodispersion of the ND particles can act as a barrier to hinder
the volatile decomposition products throughout the composites;
thus, the thermal stability can be improved by the incorporation
of the ND particles.37

Many theoretical and empirical models of thermal conductiv-
ity have been developed to describe themixing rules of two-phase

Table 1. Young’s Modulus (E), Tensile Strength (σmax), Strain
at Break (εmax), and Toughness (K) of PVA Film and PVA/
ND Nanocomposites

E, GPa σmax, MPa εmax, % K, J/g

PVA 3.7( 0.2 95( 2.5 72( 3.1 43

PVA/ND 0.1 wt % 6.4( 0.5 111( 4.6 55( 8.9 45

PVA/ND 0.5 wt % 7.4( 0.6 114( 5.2 44( 2.1 34

PVA/ND 1 wt % 9.7( 0.6 115( 5.2 41( 5.6 27

PVA/ND 5 wt % 10.6( 0.8 124( 5.4 16( 2.9 11

Figure 5. (a) Temperature dependence of the storage modulus (E0) and mechanical tan δ of PVA film and PVA/ND nanocomposites. (b) Relative
humidity dependence of the storage modulus (E0) of PVA film and PVA/ND nanocomposites at 60 �C.
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composite systems. The most common models to predict
thermal conductivity are Maxwell’s eq 4 and Bruggeman’s eq 5:

λc ¼ λm
λf þ 2λm � 2Vf ðλm � λf Þ
λf þ 2λm þ Vf ðλm � λf Þ ð4Þ

1� Vf ¼ λf � λc
λf � λm

λm
λc

� �1=3

ð5Þ

where λc, λm, and λf are the effective thermal conductivity of the
composites, matrix, and filler particles, respectively, and Vf is the
volume fraction of the filler.38 Assuming λm = 0.135 W/(m K)
and λf = 2000 W/(m K),39 the λc value for the PVA/ND
nanocomposite with 1 wt % ND loading gives 0.14 W/(m K)
using both eqs 4 and 5.
The relationship between the observed thermal conductivity

and the ND content of the PVA/ND nanocomposites is shown
in Figure 6c. The thermal conductivity of the nanocomposite
with 1 wt % ND loading reached 0.17 W/(m K), which is 25%
higher than that of the PVA film and 20% higher than the

calculated values. Thermal conductivity has been explained by the
effectivemedium theory for polymer�nanoparticle composites.10,40

Because of particle�matrix interfacial thermal resistance, the
thermal conductivity of polymer nanocomposites with small
spherical particles can be predicted to decrease. In contrast, an
increase can be seen for a filler with a high aspect ratio due to
sufficiently small interfacial resistance.41 For the PVA/ND
nanocomposite system, however, the thermal conductivity in-
creased in spite of the low aspect ratio of ND. As mentioned
above, the ND particles formed some agglomerates within the
PVA matrix. This suggests that ND agglomerates served as
thermally conducting channels that contribute to the increased
overall thermal conductivity of the nanocomposites.42

Figure 6d shows the thermal expansion behavior of the PVA
film and the PVA/ND nanocomposites. The thermal expansion

Figure 6. (a) DSC thermograms of PVA film and PVA/ND nanocomposites. (b) Thermogravimetric traces of PVA film and PVA/ND
nanocomposites. (c) Relationship between the thermal conductivity (λ) and ND content of as-cast PVA/ND nanocomposites. (d) Thermal expansion
behavior of PVA film and PVA/ND nanocomposites under 1 MPa.

Table 2. Thermal Properties of PVA Film and PVA/ND
Nanocomposites

Tg,

�C
Tm,

�C
Td,

�C
R (40�50 �C),

10�5 K�1

R (80�90 �C),
10�4 K�1

PVA 62 225 263 8.8 6.9

PVA/ND 0.1 wt % 69 225 269 8.1 6.5

PVA/ND 0.5 wt % 73 226 273 6.6 5.4

PVA/ND 1 wt % 80 226 275 6.3 5.1

PVA/ND 5 wt % 79 226 277 5.7 4.4

Figure 7. Optical images (top) and UV�vis spectra (bottom) of PVA
film and PVA/ND nanocomposites. The film thickness was 100 μm.
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was suppressed and the linear thermal expansion coefficient
R between 40�50 and 80�90 �C decreased linearly as the
loading of ND as shown in Table 1. This indicates that, as
described above, the ND particles suppressed the molecular
motion of PVA, and then the effective reinforcement was
achieved.
3.4. Transparency. Figure 7 shows the ultraviolet�visible

(UV�vis) spectra of the PVA film and the PVA/ND nanocom-
posites. The optical images of the PVA film and the PVA/ND
nanocomposites are also superimposed in the top part of the figure.
The PVA film exhibited more than 90% transparency across the
visible light region. This high transparency enables PVA to be used
as a polarizer film in an electric device. Though, with increasing ND
content, the transparency decreased, the PVA/ND nanocomposite
with lower ND loading achieved a high transparency level close to
that of the PVA film. This indicates that the transparency remained
high even with 1 wt % ND loading in the visible region.

4. CONCLUSIONS

Nanodispersion of the ND particles in the PVA matrix was
achieved by using a simple casting method from aqueous
medium. The mechanical properties of the PVA/ND nanocom-
posites increased remarkably by the incorporation of ND parti-
cles. The E values of the nanocomposites were comparable to
that of calculated up to 1 wt % ND loading. Therefore, the ideal
reinforcement effect of ND was revealed. For the thermal
properties, the thermal conductivity of the PVA/ND nanocom-
posite increased drastically even at a low content of ND particles.
Furthermore, while possessing the outstanding properties of ND,
the nanocomposites maintained the high optical transparency of
PVA. Therefore, we created ideal nanocomposites by using ND,
which will be able to compete as a nanofiller against conventional
carbon-based nanofillers for polymer composites.
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