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a b s t r a c t

Poly(methyl methacrylate)/zirconia (PMMA/ZrO2) nanocomposites with ZrO2 content as high as 15 wt%
were prepared by modifying non-aqueous synthesized ZrO2 nanoparticles with methacryloxypropyl-
trimethoxysilane (MPS) in tetrahydrofuran, dispersing MPS-functionalized ZrO2 nanoparticles in MMA
and following in situ bulk polymerization with controlled pre-polymerization time. The MPS-function-
alized ZrO2 nanoparticles showed an efficient crosslinking role in the polymerization, leading to
a complete gel of PMMA at 5 wt% of ZrO2 content. Homogeneous dispersion of the ZrO2 nanoparticles at
primary particle size level was observed in all nanocomposites, which results in good clarity of the
obtained nanocomposites. Hardness tests (pendulum hardness tests and indentation tests) and anti-
scratch tests (abrasion tests and nano scratch tests) were employed to probe the surface mechanical
properties of the nanocomposites. The properties of nanocomposites as a function of ZrO2 content,
revealing from various characterization techniques, are not consistent and discussed in detail. At low
ZrO2 content, the mechanical properties are enhanced by the formed crosslinking structure. However,
remarkable improvements of hardness and scratch resistance of PMMA were achieved when 15 wt% of
ZrO2 content was embedded.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(methyl methacrylate) (PMMA) is a typical transparent
amorphous polymer and has been widely used as an important
material for optical devices. PMMA has several advantages of good
flexibility, high strength and excellent dimensional stability,
however, suffers from the shortcomings such as poor heat resis-
tance, weak mechanical surface, low refractive index, etc. [1,2]. In
the past decade, inorganic nanoparticles (or nanophase materials)
are incorporated into PMMA to overcome its drawbacks or to
render it with new optical functionality. For examples, SiO2 [3], TiO2

[3–6], ZnO [3,7], ZrO2 [3,8], AlN [3] nanoparticles as well as clay [9]
were undergone surface treatment and embedded into PMMA via
in situ polymerization [3–7,9] or solution blending method [8] to
improve the thermal stability of PMMA. Alumina nanoparticles
coated with 3-glycidoxypropyltrimethoxysilane was used to get
PMMA/alumina nanocomposites displaying a room-temperature
brittle-to-ductile transition [10]. Calcium carbonate nanopowder,
modified with stearic acid, was incorporated into PMMA via in situ
polymerization to improve the abrasion resistance of PMMA [11].
: þ86 21 55664033.
u).
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Methacryloxypropyltrimethoxysilane (MPS)-modified colloidal
silica nanoparticles can increase the hardness of PMMA coating
from 3H to 5H [12]. Enhanced hardness as well as tensile strength
and tensile modulus were also demonstrated in MPS-grafted silica
nanopowder reinforced PMMA [13] and increased tensile strength
and tensile modulus reported in PMMA/clay nanocomposites [9].
Transparent luminescent PMMA/ZnS:Mn nanocomposites were
obtained by the bulk polymerization of transparent dispersions
containing manganese-doped ZnS nanoparticles [14] while PMMA/
ZnO nanocomposites with UV-absorption and moderately high
refractive index were prepared via in situ bulk polymerization in
the presence of tert-butylphosphonic acid-modified ZnO nano-
particles [15]. The other nanophase materials reported for the
preparation of PMMA-based nanocomposites include palladium
nanoparticles [16], Ni0.5Zn0.5Fe2O4 nanoparticles [17], C60 [18] and
so on. Although PMMA-based nanocomposites have been widely
investigated, there are two deficiencies in this research area. One
aspect lies in the insufficient evaluation of the surface mechanical
properties which are critical for practical application of the nano-
composites such as optical lens. Another aspect is stemmed from
the fabrication process. It could be easily seen that in situ bulk
polymerization was frequently used in the fabrication of PMMA-
based nanocomposites. To improve the compatibility of nano-
particles with PMMA matrix and meanwhile avoid the influence of
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nanoparticles on the polymerization of MMA, ligands with inert
character in radical polymerization are grafted onto the nano-
particles in most cases. With this kind of surface modification
aggregation of nanoparticles upon polymerization easily takes
place due to depletion force and thus reduces the transparency of
PMMA-based nanocomposite especially at high nanoparticle load
[3,7,15].

Zirconia (ZrO2) material has advantages of chemical inertness,
excellent thermal stability, high refractive index and high hardness.
The nano-sized zirconia has been successfully used to fabricate
nanocomposite coatings with high hardness [19], high refractive
index [20–22] and improved scratch resistance [23]. ZrO2 nano-
powder was used to reduce the thermal expansion coefficient of
poly(ether-sulfone) for meeting its application in the connector of
optical fiber [24] while colloidal ZrO2 sols, prepared from reverse
emulsion technique, were found to increase the dielectric permit-
tivity of conductive polymer [25–27]. ZrO2 nanophase material has
also been combined with PMMA matrix [3,8,28,29]. However, most
of the studies [3,8,28] focused on the thermal stabilities and seldom
on the surface mechanical properties of the PMMA/ZrO2

nanocomposites.
In this work, highly crystalline ZrO2 nanoparticles, synthesized

from a solvothermal reaction of zirconium-(IV) isopropoxide iso-
propanol complex in benzyl alcohol [30], were employed to fabri-
cate PMMA/ZrO2 nanocomposites. These non-aqueous synthesized
ZrO2 nanoparticles are highly dispersible in organic solvents as well
as in MMA with the aid of ligands, as described in our previous
publications [31,32]. They had been successfully utilized to fabri-
cate transparent photopolymerized nanocomposites for volume
holographic gratings with the highest refractive index contrast (n1
of up to 0.024) [30] as well as for scratch resistant nanocomposite
coatings for polycarbonate [23]. Herein the non-aqueous synthe-
sized ZrO2 nanoparticles were modified with MPS and dispersed in
MMA. Highly transparent PMMA/ZrO2 nanocomposites with ZrO2

content as high as 15 wt% were successfully prepared via in situ
bulk polymerization of the MMA/ZrO2 dispersions with controlled
pre-polymerization time. Their surface mechanical properties, such
as hardness, scratch resistance, probed with various techniques
were especially paid attention to. Besides the acquisition of PMMA
sheets with enhanced mechanical surface, this study also sheds
light on the structure–hardness–scratch resistance relationship of
nanocomposites.
2. Experimental section

2.1. Materials

Zirconium(IV) isopropoxide isopropanol complex (99.9%) and
anhydrous benzyl alcohol (�99%,) were purchased from Aldrich.
Tetrahydrofuran (THF, �99.5%), MMA were the products of Sino-
pharm Chemical Reagent Corp. MPS (�98%) was obtained from
Sigma. Azo-bisisobutyronitrile (AIBN) was purchased from
Shanghai Guanghua Chemical Reagent Corp. (China), which was re-
crystallized in ethanol before use.
2.2. Synthesis of ZrO2 nanocrystals

The synthesis of ZrO2 nanocrystals was described in detail
elsewhere [32]. Zirconium (IV) isopropoxide isopropanol complex
(3.33 g) and 50 mL of anhydrous benzyl alcohol were weighed into
a 100-ml Teflon-lined autoclave. The Teflon-lined autoclave was
sealed and put in oven, and then heated to 240 �C. After 4 days, the
reaction mixture was cooled down, and a white turbid liquid
suspension was obtained. X-ray diffraction analysis indicated that
the solid product is cubic single-crystal ZrO2 nanoparticles with
high crystallinity [30,31].

2.3. Functionalization of ZrO2 nanocrystals with MPS

As-synthesized ZrO2 nanoparticle suspension was centrifuged
to remove benzyl alcohol, and then washed with absolute ethanol
by two cycles of sonication and centrifugation. The wet ZrO2

nanoparticles were dispersed in the pre-made THF/MPS solution to
achieve a solid content of 15 mg/g based on MPS-to-ZrO2 molar
ratio of 0.2:1. The dispersion was sonicated at room temperature for
20 min and put in an oven with temperature of 60 �C for 20 h.
Afterwards, the dispersion was concentrated to a ZrO2 concentra-
tion of about 200 mg/g by a rotary evaporator, then precipitated
with a large amount of methanol. The precipitate was washed with
methanol twice to remove the free MPS molecules, and dried under
vacuum at room temperature for 30 min.

2.4. Preparation of PMMA/ZrO2 nanocomposites slice

A certain amount of MPS-functionalized ZrO2 nanoparticles was
mixed with MMA (about 18 ml) and sonicated at ambient
temperature for 20 min. The obtained MMA/ZrO2 dispersion was
kept overnight. Another sonication of 20 min was carried out before
polymerization. The initiator, AIBN (0.06 wt% based on the weight
of MMA), was added into the dispersion. The polymerization
reaction was conducted at 75� 2 �C under mechanical stirring until
the reactant attained a desired viscosity. Then, the viscous pre-
polymer was transferred into a glass mold and kept at 40 �C for 24 h
and 100 �C for 1 h to complete the polymerization. PMMA/ZrO2

nanocomposite slices were obtained by disassembling the mold.

2.5. Characterization

Thermogravimetric analysis (TGA) was carried out using a Per-
kin Elmer TGA-7 instrument (USA) at a heating rate of 10 �C/min in
air. The solid-state 29Si NMR spectra were acquired by a Bruker
DMX500 spectrometer (Germany) equipped with a 4-mm MAS
probe head.

Transmission electron microscopy (TEM Hitachi H-600 instru-
ment, Hitachi Corp., Japan) was used to observe the morphology of
nanocomposites. The specimens were prepared using an ultrami-
crotome. Thin sections of about 50 nm were cut from the nano-
composite slices without further staining. The gel fraction and the
polymerization conversion of the nanocomposites were deter-
mined by Soxhlet extracting experiments using THF as the solvent
with 48 h of reflux. The gel fraction was calculated by the mass of
the nanocomposite remained after extraction (M1) dividing the
initial mass of the nanocomposite (M0). However, the mass of
the free PMMA chains dissolved in THF (M2) was counted in the
calculation of polymerization conversion (C), and therefore the
polymer conversion was obtained according to the equation,
C¼ (M1þM2)/M0. The UV/vis transmission spectra were obtained
with a UV-1800PC spectrophotometer (Shanghai Mei-Pu-Da
Instrument Corp., Ltd., China). The transmission data at a wave-
length of 550 nm were adopted.

The pendulum hardness of the nanocomposites was measured
with the 707 KP pendulum hardness rocker (Sheen Instrument Ltd.,
UK). The time of the Koenig-pendulum swing from 6� to 3� was
automatically recorded at 20 �C. The average value from three
measurements on different sites of the same sample was adopted.
Indentation tests were performed on a CSEM Indenter (SA Corpo-
ration, Switzerland). A three-side pyramid diamond indenter was
employed. Loading and unloading rates were set as 33 nm/s and
holding time as 5 s. The maximum load applied was 20 mN. Before



Fig. 1. TGA curves of the as-synthesized ZrO2 and MPS-functionalized ZrO2

nanocrystals.
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each indentation measurement, the tip was calibrated with a stan-
dard quartz (reduced elastic modulus 69.6 GPa). Unloading curves
were used to analyze the elastic modulus and the hardness of the
samples.

The scratch resistance was evaluated by two methods: abrasion
experiments and nano scratch tests. The former was conducted on
a 5131 abrader (Taber, USA) at 20 �C using a CS-10 abrasion wheel,
500 g load and 20 cycles. The optical transmissions before (T0) and
after (T1) abrasion were measured with a UV-1800PC spectropho-
tometer (Shanghai Mei-Pu-Da Instrument Corp., Ltd., China) at
a wavelength of 550 nm. The reduction of transparency (DT) was
calculated by the equation:

DT ¼ T0 � T1

T0
� 100% (1)

The lower value of DT means a better scratch resistance of the
sample. Nano scratch test was conducted using a Nano Indenter XP
system (MTS Systems Corporation, USA). A Berkovich diamond tip
with a diameter of 2 mm was used. An initial surface profile of the
samples was detected by a pre-scan procedure with a minimum
load of 0.1 mN. After that, the tip was pushed with increasing load
from 0 to 100 mN into the sample, and moved with a constant
velocity of 10 mm/s. The surface profile was recorded by a depth
sensor. A post-scan was performed to determine the deformation
recovery and the residual depth of the scratch after the diamond tip
was removed. Three parallel scratches were carried out for each
sample and average values were adopted.
Fig. 2. 29Si NMR spectrum of MPS-modified ZrO2 nanoparticles.
3. Results and discussion

3.1. Preparation of MPS-functionalized ZrO2 nanoparticles

The dispersion of ZrO2 nanoparticles in MMA without any
agglomeration was demonstrated [31] using MPS as the ligand. In
this work, MPS-functionalized ZrO2 nanoparticles were first
prepared in THF and free MPS molecules were removed by
precipitation with methanol. The critical factors influencing the
dispersion and functionalization of ZrO2 nanoparticles in THF are
the molar ratio of MPS-to-ZrO2 and ZrO2 concentration [23]. A
least MPS-to-ZrO2 molar ratio of 0.11:1 to achieve a ZrO2 nano-
particle dispersion at primary particle size level was ever indicated
in our previous studies [31]. Herein, the MPS-to-ZrO2 molar ratio
of 0.2:1 was adopted to guarantee the rapid attaching of MPS.
With this MPS-to-ZrO2 molar ratio, the effect of ZrO2 concentra-
tion on the preparation of transparent ZrO2 dispersion was
investigated. A transparent ZrO2 dispersion was reached after
5 min of sonication at 1.5 wt% of ZrO2 concentration but after
20 min of sonication at 2.0 wt% of ZrO2 concentration. When the
ZrO2 concentration was further increased to 6 wt%, completely
transparent ZrO2 dispersion was not obtained no matter how long
the sonication process was, implying that some ZrO2 nanoparticles
may turn into hard aggregates. The great impact of ZrO2 concen-
tration on the dispersing of ZrO2 nanoparticles has been explained
by the colliding probability of nanoparticles and the easier water
adsorption of non-aqueous synthesized ZrO2 nanoparticles in the
air [23]. Therefore, a lower ZrO2 concentration, 1.5 wt%, was
selected during modification process to avoid the formation of
ZrO2 aggregates.

In addition, we surprisingly found that the ZrO2 dispersion
would transform into translucency after about 6 h of magnetic
stirring at 60 �C. As a consequence, the MPS-functionalized ZrO2

nanoparticles are poorly dispersible in MMA. This phenomenon is
opposite to the common viewpoint that stirring help the dispersion
of nanoparticles, and the reason is just studying under way. To
make sure the better dispersion of the MPS-modified ZrO2 nano-
particles in MMA the surface modification process was undergone
without stirring. The modification time also impact the dispersion
of MPS-functionalized ZrO2 nanoparticles in MMA to some extent.
A cursory investigation suggested that 20 h of modification time
would be preferred.

Therefore, the optimized process for the preparation of MPS-
functionalized ZrO2 nanoparticles would be as follows: MPS-to-
ZrO2 molar ratio 0.2:1, ZrO2 concentration 1.5 wt%, sonication time
20 min at room temperature, heating time: 20 h at 60 �C, and no
stirring. The corresponding MPS-functionalized ZrO2 nanoparticles
were characterized by TGA, as shown in Fig. 1. The TGA curve of the
as-synthesized ZrO2 nanoparticles is also presented in Fig. 1.
Clearly, MPS-functionalized ZrO2 nanoparticles have an increased
weight loss relative to as-synthesized ZrO2 nanoparticles, which is
attributed to the organic components of the attached MPS. The 29Si
NMR spectrum of the MPS-modified ZrO2 nanoparticles is pre-
sented in Fig. 2. The signals at 49.7 ppm, 55.9 ppm and 63.8 ppm
corresponding to the T1, T2 and T3 structure are all observed, sug-
gesting that MPS molecules was attached to ZrO2 nanoparticles
based on the bonding fashions shown in Scheme 1. To our surprise,
the signal at 42.2 ppm due to T0 structure is also clearly exhibited,
although the sample has been washed with methanol four times
before measurement. The T0 structure may be resulted either from
the remained free MPS molecules or from the MPS molecules that
were attached to ZrO2 nanoparticles via coordination of C ] C bond
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with the exposed zirconium atom (see Scheme 1). Combining TGA
results with 29Si NMR spectrum, the amount of the attached MPS
can be calculated as 16.0 g/100 g ZrO2, namely 62.4 C¼ C bonds
attached to each ZrO2 nanoparticle (size: 3.8 nm).
Fig. 3. Photograph of (1) as-synthesized ZrO2/MMA dispersion and (2) MPS-func-
tionalized ZrO2/MMA dispersion.
3.2. Preparation of PMMA/ZrO2 nanocomposites via in situ
polymerization

In situ bulk polymerization was employed to prepare PMMA/
ZrO2 nanocomposites in this work because bulk polymerization is
an industrial process for preparation of optical PMMA sheet. With
this method, fabrication of transparent MMA/ZrO2 dispersion is
critical to acquire transparent PMMA/ZrO2 nanocomposite. Fortu-
nately, the obtained MPS-functionalized ZrO2 nanoparticles are
quite ‘‘soluble’’ in MMA. Transparent ZrO2/MMA dispersion can be
obtained even at ZrO2 concentration of 20 wt% via simple sonica-
tion, as shown in Fig. 3. An as-synthesized ZrO2/MMA dispersion
was also given in the figure for comparison.

Similar to the common bulk polymerization of MMA, in situ bulk
polymerization of MMA/ZrO2 dispersion was also conducted by two
steps: pre-polymerization under stirring and subsequent poly-
merization in a glass mold. As we know, a proper viscosity attained
by pre-polymerization step is paramount for a bulk polymerization
process. Table 1 summarizes the pre-polymerization time to reach
a desired viscosity (0.9 Pa s) for the MMA/ZrO2 dispersions con-
taining various ZrO2 contents. As the ZrO2 content increases, the
pre-polymerization time increases at a ZrO2 content up to 3 wt%,
and then quickly shortens at high ZrO2 load level. The above change
of pre-polymerization time with ZrO2 load could be explained by
the immobilized MPS segments on the surface of ZrO2 nano-
particles which can participate in the copolymerization. The MPS
radicals, initiated or transferred, were less active both in propaga-
tion and in termination reaction due to the restricted diffusion.
Scheme 1. The bonding fashions of MPS with ZrO2 nanoparticles.
Since pre-polymerization was conducted before the gel effect of
polymerization occurs, the polymerization rate is dominated by the
propagation rate at that stage. Therefore, reduction of propagation
rate due to addition of MPS-functionalized ZrO2 nanoparticles will
ultimately lead to the decline of polymerization rate, which well
explains the extended pre-polymerization time at low ZrO2

concentration. However, at high ZrO2 load, the desired viscosity can
be reached at low monomer conversion because of the efficient
crosslinking role of MPS-functionalized ZrO2 nanoparticles. As
a result, the pre-polymerization time shortens at high ZrO2 load,
despite of the reduced polymerization rate. When the ZrO2 content
is 20 wt%, the crosslinking effect is so remarkable that the poly-
merization reactant transforms from the desired viscosity to
crosslinked gel within 10 min, which make the pre-polymerization
un-controllable. Therefore, the PMMA/ZrO2 nanocomposites with
ZrO2 content above 15 wt% was not involved, despite of the
successful preparation of MMA/ZrO2 dispersion at high ZrO2

concentration.
The gel fraction of the nanocomposites is also listed in Table 1. It

can be seen that the gel fraction reaches 72% even at 1 wt% of ZrO2

content and is close to 100% at 5 wt% ZrO2 content. This result
indicates that the MPS-functionalized ZrO2 nanoparticles take part
in the polymerization, and as a matter of fact, act as an efficient
crosslinking monomer during the polymerization of MMA.
3.3. Optical clarity of PMMA/ZrO2 nanocomposites

Fig. 4 shows the UV–vis transmission spectra of the PMMA/ZrO2

nanocomposite slices with different ZrO2 contents. The figure
illustrates that incorporation of ZrO2 nanoparticles causes a slightly
declined transparency relative to neat PMMA. Moreover, the
transparency of the nanocomposites reduces with increasing ZrO2

content. However, even for the nanocomposites with the lowest
transparency (15 wt% ZrO2), it still retains 86% in transmission
(550 nm) relative to neat PMMA. On the contrary, the



Table 1
Polymerization results of MMA/ZrO2 dispersions.

Sample PMMA0 PMMA05 PMMA1 PMMA2 PMMA3 PMMA5 PMMA7 PMMA15

ZrO2 concentration (wt%) 0 0.5 1 2 3 5 7 15
Conversion (%) 97.0 98.2 98.0 99.0 98.9 98.9 99.1 99.3
Pre-polymerization timea (min) 40 50 55 63 80 30 25 15
Gel fraction,% 0 42.2 72.0 82.6 93.3 98.3 98.0 99.3

a Note: the time to reach a viscosity of 0.9 Pa s (75 �C) at reaction temperature of 75 �C.

Fig. 4. UV–vis spectra of PMMA/ZrO2 nanocomposites with various ZrO2 contents.
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transmittance of the nanocomposite slices drops drastically in the
UV region as ZrO2 content increases, suggesting the UV-blocking
character of the ZrO2 nanoparticles to some extent.

The high transparency of the nanocomposites could also be
revealed from their appearances. The photographs of the typical
nanocomposite slice with 15 wt% of ZrO2 content as well as the neat
PMMA slice are displayed in Fig. 5. No obvious optical difference
could be distinguished with naked eyes for these two samples. The
appearances of other nanocomposites are similar. So, the PMMA/
ZrO2 nanocomposites presented herein would be suitable for the
fabrication of optical devices.

The high optical clarity of PMMA/ZrO2 nanocomposites is
contributed from the fine dispersion of ZrO2 nanoparticles in the
nanocomposites. Fig. 6 typically gives the TEM image of the
nanocomposite with 15 wt% of ZrO2 content. The figure clearly
discloses that the ZrO2 nanoparticles with about 4 nm of size are
homogeneously dispersed in the PMMA matrix at primary particle
size level.
Fig. 5. Photographs of (a) neat PMMA slice (PMMA0) and (b) PMMA/Z
3.4. Hardness of PMMA/ZrO2 nanocomposites

Two kinds of tests, i.e. pendulum hardness test, nanoindentation
test, were employed to determine the hardness of the PMMA/ZrO2

nanocomposites. The pendulum hardness test is based on the
principle that the amplitude of the pendulum’s oscillation will
decrease more quickly when supported on a softer surface, which is
usually used as a measurement of the hardness of organic coatings.
Fig. 7 shows the pendulum hardness of the nanocomposites as
a function of ZrO2 content. The figure clearly indicates that the
pendulum hardness increases with increasing ZrO2 content but
interestingly exhibits three evolutional regions. At ZrO2 content
less than 2 wt% (Region I), the pendulum hardness quickly
increases with increasing ZrO2 content, which should be mainly
due to the rapid increasing crosslinking density of the nano-
composites as shown in Table 1. However, the pendulum hardness
changes a little in the range of 2–5 wt% (Region II). It could be
attributed to the fact that the nearly all PMMA chains have been
restricted by the ZrO2 nanoparticles when the ZrO2 content exceeds
2 wt%. The crosslinking cannot increase the pendulum hardness
any more, and moreover, the ZrO2 content is not high enough to
cause an obvious increase of pendulum hardness. As a conse-
quence, a plateau of pendulum hardness is observed in this range of
ZrO2 content. A considerable enhancement of pendulum hardness
is observed when ZrO2 content is continuously raised to 7 wt% and
15 wt% (Region III). The higher ZrO2 content should be responsible
for the higher pendulum hardness in this region. Therefore, for the
thermoplastic polymer reinforced with inorganic nanoparticles via
chemical bond interaction, the hardness of the nanocomposite
would be dominated by the crosslinking density at low nano-
particle concentration level (Regions I and II) and by the volume
fraction of nanoparticles at high nanoparticle concentration level
(Region III).

The microhardness, marking the ability of the material’s resis-
tance to the local surface deformation, from indentation tests was
listed in Table 2 for neat PMMA and PMMA/ZrO2 nanocomposites
with 5 wt% and 15 wt% of ZrO2 content. A small increase of hard-
ness is observed at 5 wt% of ZrO2 content, whereas a great
improvement of hardness, namely more than twofold of the
rO2 nanocomposite slice with 15 wt% of ZrO2 content (PMMA15).



Fig. 6. TEM micrograph of PMMA/ZrO2 nanocomposite with 15 wt% of ZrO2 content.

Table 2
Indentation hardness of PMMA/ZrO2 nanocomposites.

Sample name ZrO2 content,
wt%

Microhardness,
MPa

Elastic modulus,
GPa

PMMA0 0 427 3.7
PMMA5 5 470 4.1
PMMA15 15 882 4.9
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hardness of neat PMMA, is attained at 15 wt% of ZrO2 content.
Therefore, both the pendulum hardness tests and indentation tests
demonstrate that non-aqueous synthesized ZrO2 nanoparticles can
enhance the hardness of polymer. Nevertheless, a remarkable
improvement of hardness can be achieved only at high ZrO2

content.
The elastic modulus of the nanocomposites was also obtained

from indentation tests and shown in Table 2. It increases directly
with increasing ZrO2 content, being somewhat different from the
trends of microhardness. Whatever, both the microhardness and
elastic modulus demonstrate the reinforcing role of ZrO2 nano-
particles for PMMA.
Fig. 7. Pendulum hardness of the PMMA–ZrO2 nanocomposite slices with different
ZrO2 contents.
3.5. Scratch resistance of PMMA/ZrO2 nanocomposites

Abrasion tests were used to simulate the anti-scratch perfor-
mance of PMMA/ZrO2 nanocomposite in real world in term of
transparency reduction. The results are shown in Fig. 8. The
reduction of transparency gradually decreases as the ZrO2 content
increases. Some fluctuant data are observed for the samples con-
taining 2 wt% and 3 wt% of ZrO2 content, which may be resulted
from the measured error. The best anti-scratch performance is
achieved at 15 wt% of ZrO2 content. That is, the reduction of
transparency considerably decreases from 11.8% (neat PMMA) to
3%, indicating the great improvement of scratch resistance. In
comparison with the hardness results, we could find that the
scratch resistance of PMMA/ZrO2 nanocomposite is proportional to
the hardness, that is, higher hardness corresponding to better
scratch resistance.

Nano scratch tests were also done to evaluate the scratch
resistance of PMMA/ZrO2 nanocomposites. Fig. 9 displays the
penetration depth profiles as well as the residual depth profiles for
the samples PMMA0, PMMA5 and PMMA15. Some vales are clearly
seen on the penetration profile curves. Careful inspection indicates
that these vales are not due to the cracks that generally occur under
critical load in nano scratch test of coatings, but caused by the
rough surface because of the existence of apophysis and impurities
on the surface of the sample, evidenced from the photograph in
Fig. 10. Cracks did not actually happen in the nano scratch experi-
ments under the applied load range for all three samples herein.
Fig. 9 illustrates a slightly lower penetration depth for PMMA5 and
nearly equal penetration depth for PMMA0 and PMMA15 under the
same load, indicating ZrO2 nanoparticles slightly impact the
penetration depth during scratch tests. This result is somewhat
deviated from the indentation test in which the microhardness
obviously increases, namely the indentation depth obviously
decreases, with increasing ZrO2 content. Why the penetration
depth and indentation depth of nanocomposites have different
Fig. 8. The reduction of the transparency of the PMMA/ZrO2 nanocomposite slice with
different ZrO2 contents after abrasion.



Fig. 9. Profiles of penetration depth and residual depth of PMMA0, PMMA5 and
PMMA15 samples in the nano scratch tests.
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trends with increasing nanoparticle content is subjected to further
confirmation. As for the residual depth profiles, it can be seen that
PMMA5 and PMMA15 have an overlapped curve and exhibit shal-
lower troughs relative to PMMA after scratch. Especially at pene-
tration depth less than about 890 nm (corresponding to 62.1 mm of
scratch distance and 12.4 mN of load) the troughs completely
recover, meaning that any scratch damages with the depth lower
than about 1 mm will not destroy the surface of the nanocomposite.
The recovery of the scratch trough is also high but not complete for
pure PMMA at lower penetration depth.

The reflow capability (R) of the sample in the whole applied load
range can be calculated by the equation, R¼ (dp� dr)/dp, where dp

and dr denote the penetration depth and residual depth, respec-
tively. The calculated R values as well as their smoothed curves are
plotted in Fig. 11. Except for some fluctuant R data under extremely
Fig. 10. Photograph of the surface of PMMA15 after nano scratch test.
low load (i.e. <5 mN) resulting from measured error, all curves
reveal an initial decline of R with increasing load, and reach plateau
R values of 0.67, 0.73 and 0.74 for PMMA0, PMMA5 and PMMA15,
respectively, above load of about 25 mN. It is obvious that the R
values of nanocomposites are higher than that of pure PMMA,
especially in the low load range. The higher R values disclose the
higher elasticity of the nanocomposites, which could be contrib-
uted from the crosslinking of PMMA chains and/or the enhanced
rigidity of PMMA after incorporation of ZrO2 nanoparticles.
However, the R values are close to each other for PMMA5 and
PMMA15 although PMMA15 has a much higher hardness than
PMMA5 (Table 2). Recalling the fact that PMMA5 and PMMA15
have the same crosslinking degree (Table 1), it can be deduced that
the elastic recovery during scratch tests is attributed to the cross-
linking rather than the rigidity of the samples.

Although abrasion tests and nano scratch tests demonstrated
the improved scratch resistance of PMMA via embedding with
non-aqueous synthesized ZrO2 nanoparticles, the two methods do
not display the same trend on the scratch resistance of nano-
composites as a function of ZrO2 content. PMMA15 exhibits
a much better anti-scratch performance in abrasion tests but
slightly better in nano scratch tests. The inconsistent results were
also observed by Nothhelfer et al. [33] when they characterize the
anti-scratch performance of the coatings by nano scratch experi-
ments and Rota-Hub multi scratch tests. It is apparent that the
scratch resistance result depends on the character of the probe
employed [34,35]. In our experiments, the discrepancy of the
scratch resistance may be owed to the different hardness of the
probe. It is well known that hard material easily penetrates into
soft material and causes damage of the soft material. In abrasion
tests, the probe is silica-filled rubber wheels with comparable
hardness as nanocomposites, and hence, a pronounced improve-
ment of scratch resistance is manifested as the hardness of
nanocomposite increases. Whereas in nano scratch tests, the
probe is a diamond tip with ultrahigh hardness (w90 GPa), the
increment of the hardness of PMMA/ZrO2 nanocomposites from
0.47 GPa to 0.88 GPa is negligible in comparison with the diamond
tip and thus cannot baffle the penetration of the tip to a remark-
able degree. Since optical PMMA devices in real world are sub-
jected to scratches by soft objects such as scrubbing clothes,
brushes, fingers, abrasion tests would be more reliable than nano
scratch tests to examine the influence of ZrO2 nanoparticles on
the scratch resistance of PMMA.
Fig. 11. Reflow capability of PMMA0, PMMA5 and PMMA15 in the nano scratch tests
(thick solid lines are the corresponding smoothed curves).
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4. Conclusions

Transparent PMMA/ZrO2 nanocomposites were successfully
prepared by modifying non-aqueous synthesized ZrO2 nano-
particles in THF, dispersing MPS-functionalized ZrO2 nanoparticles
in MMA and following bulk polymerization. The MPS-functional-
ized ZrO2 nanoparticles worked not only as the nanofiller but also
as the efficient crosslinking monomer. PMMA completely trans-
ferred into crosslinked gel at 5 wt% of ZrO2 content. Because of the
participation of ZrO2 nanoparticles in the polymerization of MMA,
the pre-polymerization time was greatly influenced and had to be
adjusted according to the ZrO2 content. PMMA/ZrO2 nano-
composites with high ZrO2 content, i.e. 20 wt% and more, cannot be
successfully prepared through bulk polymerization due to the
serious gel effect. TEM observation indicated that ZrO2 nano-
particles are homogeneously dispersed in PMMA matrix at primary
particle size level, and therefore, leading to good transparencies of
the obtained nanocomposites even at 15 wt% of ZrO2 content.

Hardness and anti-scratch tests with various techniques
revealed an interesting structure-property relationship for the
PMMA/ZrO2 nanocomposites. Due to the formation of crosslinked
structure, a quick increase of pendulum hardness was observed at
extremely low ZrO2 content (i.e. 0.5 wt%). However, an obvious
hardness enhancement of PMMA was realized only at high ZrO2

content (i.e. 15 wt%), evidencing from both pendulum hardness
tests and indentation tests. The abrasion tests showed a steady
increment of scratch resistance of PMMA/ZrO2 nanocomposite with
increasing ZrO2 content. The best anti-scratch performance, that is,
3.0% of the reduced percentage of transparency after abrasion test
(11.8% for pure PMMA), was reached for the nanocomposite with
15 wt% of ZrO2 content. Nevertheless, the enhancement of scratch
resistance via addition of ZrO2 nanoparticles was not pronouncedly
exhibited in nano scratch tests. However, the anti-scratch
improvement by the crosslinked elasticity of nanocomposite could
still be sensed especially at low penetration depth. These findings
would be useful in the design and characterization of nano-
composites for the cases in which inorganic nanoparticles are
employed to improve the surface mechanical properties of ther-
moplastic polymer objects.
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