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Abstract: Composites with the addition of alumina nanofillers show improve-
ment in mechanical properties.Poly(methyl methacrylate), PMMA, was used as
a matrix and two different types of nancfillers having extremely different
shapes were added into the matrix to form the composites. The reinforcements
were based on alumina nanoparticles having either a spherical shape or whis-
kers with alength to diameter ratio of 100. The influence of the size and shape
of the alumina fillers and the loading on the mechanical properties of the pre-
pared composite were studied using nanoindentation measurements and dyna-
mic mechanical analysis. It was observed that both alumina whiskers and sphe-
rical aumina nanoparticles added in the PMMA matrix improved the mecha-
nical properties of the composites, but the improvement was significantly
higher with reinforcement by alumina whiskers. The concentration of the rein-
forcing spherical alumina nanoparticles and alumina whiskers in the PMMA
matrix varied up to 5 wt. %. The best performance was obtained by the addi-
tion of 3 wt. % of alumina whiskers in the PMMA matrix in terms of the
mechanical properties of the obtained composite.

Keywords. polymer composite; particle shape; nanoindentation; dynamic
mechanical analysis.

INTRODUCTION

Poly(methyl methacrylate) (PMMA) has been used in a wide range of fields
and applications, such as for rear-lights and instrument clusters of vehicles, and
appliances and lenses for glasses. PMMA in the form of sheets affords panels for
building windows, skylights, signs, displays, sanitary ware, LCD screens, furni-
ture and many other applications where transparency is an important factor.l
PMMA is prepared by an addition reaction that requires the presence of an ini-
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1296 BEN HASAN et al.

tiator, such as benzoyl peroxide that is decomposed by either heating or the addi-
tion of a chemica activator such as dimethyl-p-toluidine that can serve in an
autopolymerization reaction.2:3 PMMA polymer based materials are used as bone
cement. The pure resin does not have sufficient strength and is reinforced using
oxide particles or other fillers in order to obtain the material that could be used
under load bearing conditions.#> Another use of PMMA based resins is in dent-
istry for different applications, such as denture basis, orthodontic appliances, and
provisional restorations.6

The addition of fillers in the form of alumina nanoparticles having different
shapes and sizes into a polymer that serves as a matrix improves the mechanical
behavior of the obtained composite material. The main problems encountered
with addition of nanoparticles are mixing and uniform distribution of the nano-
particles in the matrix material because nanoparticles tend to agglomerate.’-11
There are several techniques of enabling a good dispersion of nanoparticles and
these include: direct mixing of polymer and nanoparticles, in situ polymerization
in the presence of nanoparticles, and simultaneous in situ polymerization and
nanoparticles formation.12 The main candidate materials for addition as nanofil-
lers into a polymer matrix are fine nanoparticles of oxides, such as silica,13 tita-
nia, 14 zirconial® and alumina.1é The addition of oxide nanoparticles into a poly-
mer matrix for preparation of bulk composites and films was the topic of alarge
number of research publications.1? Ultrasonication was reported to be an effect-
ive method to obtain a homogeneous dispersion of nanofillers in the monomer.18

The shape of the fillers also influenced an improvement of the mechanical
properties of composites.17—21 |t iswell known that shape is very important when
describing the flow properties of powder particles.22-24 As much as the particle
shape is important in flow characteristics of fillers, it is also of importance in
interactions with a composite matrix that determine the performance of compo-
site materials on the macro scale.

The focus of the present research was a study of the influence of the shape
and quantity of the alumina nanofillersin a PMMA polymer matrix on the mech-
anical properties of the obtained composite material. Composites based on a
PMMA matrix with the addition of alumina nancofillers of different shapes, i.e.,
spherical aumina nanoparticles and alumina whiskers, were prepared. The mech-
anical behavior of the obtained composites was studied using the dynamic mech-
anical analysis (DMA) and nanoindentation techniques. The shape of the fillers
and their distribution in the composite were studied by scanning electron micro-
scopy. The dimensions of the reinforcements were measured using image anal-
ysistechniques.

EXPERIMENTAL

The spherical aluminum oxide nanoparticles were declared to have a diameter of less
than 50 nm and were obtained from Aldrich. The alumina whiskers were also commercialy
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MECHANICAL BEHAVIOR OF PMMA COMPOSITE 1297

available from Aldrich, and they were characterized by diameters of 2—4 nm and lengths of
200400 nm. This enabled the use of very different alumina fillers with the spherical alumina
nanoparticles having a length to diameter ratio of 1, while this ratio was approximately 100
for the alumina whiskers.

Mecaprex KM, PRESI (Grenoble, France) is a two-component autopolymerizing acrylic
resin. The first component consists of KM powder (PMMA powder containing dibenzoyl
peroxide (DBPO) initiator) and the second contains KM liquid monomer (methyl methacryl-
ate monomer (MMA) with N,N-dimethyl-p-toluidine activator). Spherical alumina nanopar-
ticles or alumina whiskers were added to the KM liquid. The mixture was sonicated for 60
min and KM powder was dispersed in the mixture. The mixing was realized by hand during
2 min and the mixture was poured into a form having dimensions suitable for dynamic mecha-
nical analysis (DMA) and nanoindentation testing. The form was covered with a glass cover
to ensure that the surface of the specimen remained smooth. A PMMA/MMA mass ratio of
0.75 was used as this ratio minimizes shrinkage, as suggested by the manufacturer (PRESI)
and as previously reported in the literature.’® The monomer was polymerized at 25 °C. The
instruction for use given by the producer says that the polymerization is complete in 20 min at
a temperature between 20 and 23 °C. However, the obtained composites were then addi-
tionally exposed to a temperature of 37 °C for 30 days in order to obtain a stabile composition
of the polymer matrix before the samples were mechanically tested.?> The compositions of the
PMMA/alumina whiskers and PMMA/alumina spherica nanoparticles composites prepared
for analysisin this study are summarized in Table |. The samples prepared using the spherical
alumina nanoparticles as fillers are denoted as P1, P3 and P5 for contents of 1, 3 and 5 wt. %
of the filler, respectively. The samples using alumina whiskers as fillers were denoted as W1,
W3 and W5 for contents of 1, 3 and 5 wt. % alumina whiskers, respectively.

TABLE I. The compositions of composite specimens prepared using the PMMA as the matrix
and alumina spherical nano particles and aluminawhiskers asfillers

Quantity par- MMA+initiator PMMA Mass

Sample description Sample ticleswhiskers, g mass, g g
PMMA without filler PMMA - 2.290 1.710
PMMA with 1 wt. % spherical P1 0.045 2.540 1.910
alumina nanoparticles

PMMA with 3 wt. % spherical P3 0.135 2.540 1.870
alumina nanoparticles

PMMA with 5 wt. % spherical P5 0.225 2.440 1.830
alumina nanoparticles

PMMA with 1 wt. % alumina w1 0.045 2.540 1.910
whisker

PMMA with 3 wt. % alumina W3 0.135 2.540 1.870
whisker

PMMA with 5 wt. % alumina W5 0.225 2.440 1.830
whisker

The mechanical behaviors of neat polymer and PMMA/aumina fillers nanocomposites
were studied by DMA — cantilever bending and force control nanoindentation. Scanning elec-
tron microscopy was used to study the morphology of the spherical alumina nanoparticles and
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alumina whiskers prior to incorporation into the polymer and to study the distribution of the
spherical alumina nanoparticles and alumina whiskersin the matrix after polymerization.

Methods of characterization

DMA analyzes. Dynamic mechanical analysis was used to examine the performance of
the PMMA matrix composite reinforced using alumina spherical nanoparticles or alumina
whiskers and to measure the influence of the shape of the alumina fillers on the behavior of
the resulting materials. The data obtained from this analysis included the storage modulus
(B), tangent delta (tan ) and the glass transition temperature (Tg). The storage modulus
reveals the ability of the composite to store elastic energy associated with recoverable elastic
deformation. Together with tan J, the storage modul us describes the behavior of the composite
under stress in a defined temperature range. DMA was performed on a DMA Q800 (TA Ins-
truments) under a nitrogen atmosphere in the single cantilever mode. Storage modulus and
loss factor (tan ) were calculated for rectangular specimens of size 35 mmx13 mmx3 mm at
afrequency o = 1 Hz. Temperature range was changed from room temperature to 160 °C at a
heating rate of 3 °C min'.,

Nanoindentation. The nanoindentation test was performed using a Hysitron Tl 950
Tribolndenter equipped with in situ SPM imaging (Hysitron, MN). The Berkovich indenter
has an average radius of curvature of about 100 nm. The tests were performed in the force-
controlled feedback mode. The indentation maximum load was set at 4 mN for each tested
sample. The loading and unloading times as well as the hold time at the peak force were set to
25 s each. For each loading/hold/unloading cycle, the applied load value was plotted with
respect to the corresponding position of the indenter. The resulting |oad/displacement curves
provide data specific to the mechanical nature of the material under examination. All the
results were obtained by the Oliver and Pharr method 24 and using an assumed sample Poisson
ratio of 0.36 for the calculation of the reduced elastic modulus. Established models were used
to calculate the quantitative indentation hardness (H) and reduced elastic modulus values (E)
for such data.

The specimens were polished using alumina paste having abrasive grains of up to 0.02
um until a flat surface was obtained. The specimens were about 1 mm thick, having dimen-
sions 3 mmx3 mmx2 mm and were placed on the specimen holder in the nanoindenter. Loads
of 4 mN were used for the tests. In order to obtain reliable results, 9 indentations were made
for each type of sample on random locations.

Analysis of the morphology of the specimens. The morphologies of the alumina nano-
fillers were examined using a field emission scanning electron microscope (FESEM), MIRA3
TESCAN, operated at 20 kV. The morphology of the PMMA polymer matrix and composites
reinforced by the nanofillers were examined using a scanning electron microscope (SEM),
Jeol JSM 5800, operated at 20 kV.

RESULTS AND DISCUSSION

Very fine spherical alumina nanoparticles and alumina whiskers tend to
agglomerate and they were delivered in their agglomerated form from the pro-
ducer. The field emission scanning electron microscopy (FESEM) micrographs
of the agglomerated spherical alumina nanoparticles and alumina whiskers prior
to sonication are shown in Fig. 1. The mean diameter of the spherical alumina
nanoparticle agglomerates as received from producer was 87 um and that for the
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alumina whiskers was of 1.1 um. These values were obtained using image anal-
ysistools applied to the images shown in Fig. 1.

SEM HV: 20 kv WO: 8.47 mm 1 I

View field: 5.42 pm Det: InBeam 1 ym
SEM MAG: 40.0 kx  Date(midly): 0710813

View field: 1.41 mm Det: InBeam 200 pm
SEMMAG: 153 x  Date(midly): 07/0913

(b)

Fig. 1. The FESEM micrographs of agglomerated alumina nanoparticles and whiskers as

received from the producer prior to sonication, a) particles agglomerates having a mean
diameter of 87 um b) whiskers having a mean diameter of 1.1 pm.

The morphology of the samples having 3 wt. % of spherical alumina nano-
particles and 3 wt. % of alumina whiskers and of the polymer without reinforce-
ment were examined using a scanning electron microscope (SEM), Jeol JSM
5800, operated at 20 kV, Fig. 2. In Fig. 2b, the micrograph of the sample having
3 wt. % of alumina whiskersis given and in Fig. 2c, the micrograph of the com-
posite having 3 wt. % of the spherical alumina nanoparticles is presented. These
images were used to measure the diameters of the alumina spherical nanopar-
ticles agglomerates till visible in the micrograph. The results of measurements
presented in Fig. 2c show that the mean diameter of the spherical alumina nano-
particle agglomerates decreased to 0.47 um in the composite containing 3 wt. %
spherical alumina nanoparticles. The main length of the agglomerates of the alu-
mina whiskers visible in the composite was reduced to 0.27 um. The appreciable
reduction in the sizes of the visible agglomerates of the spherical alumina nano-
particle, as well as the reduction in the sizes of the visible agglomerates of the
alumina whiskers, indicate that the agglomerates dimensions were reduced and
that the spherical alumina nanoparticles and the alumina whiskers that were not
agglomerated were well distributed in the polymer, bringing improvements in the
mechanical properties.
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Fig. 2. The SEM micrographs of a) PMMA
without reinforcement, b) composite having
PMMA matrix and 3 wt. % of alumina whis-
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DMA was used to compare the behavior of the pure PMMA to the behavior
of the composites with additions of alumina fillers. It was observed that incur-
poration of both spherical alumina nanoparticles and alumina whiskers resulted
in an increase in the values of the storage modulus for the composites in the
measured range of temperatures, Fig. 3.

The glass transition temperature Tg can be determined from the DMA results
as the maximum of the curve showing the dependence of tan ¢ vs. temperature.
The changes of Tg in dependence on the type and quantity of additives are shown
in Fig. 4. Composites having 3 wt. % of added alumina whiskers showed an inc-
rease in the Tg value of 3 °C, which was the maximum increase observed in
specimens prepared within the scope of this research. For samples containing
spherical alumina nanoparticles, the largest increase in the Tg value was aso
observed for the composite with 3 wt. %, but this increase was less significant.
This proves that both the spherical alumina nanoparticles and the alumina
whiskers were in good contact with the matrix.

The storage moduli for composites having a PMMA matrix and spherical
alumina nanoparticles or alumina whiskers as reinforcements are compared to the
values for the unreinforced PMMA in Fig. 5. The composite containing 3 wt. % of
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Fig. 4. Changes in Ty of the PMMA
matrix composite materials having
spherical alumina nanoparticles or alu-
mina whiskers as additives.

spherical alumina nanoparticles showed the largest increase in the value of the
storage modulus (23 %) among the composites prepared with spherical alumina
nanoparticles. All the composites having the alumina whiskers as reinforcements
showed increases in storage modulus compared to that of pure PMMA. The
addition of 3 wt. % alumina whiskers resulted in an increase of 63 %. The addi-
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tion of 5 wt. % of alumina whiskers did not improve the storage modulus value
more than the addition of 3 wt. % of alumina whiskers and this could be exp-
lained by the difficulty in mixing and breakage of the agglomerates when the
concentration of alumina whiskers was larger than 3 wt. %. The values of tan ¢
presented in Fig. 6 are in accordance with observations made for the storage
modulus.

0.60
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el 040 -

1000 & 0.0
0.20 - I
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0 - 5 0.00 n .
0 1 3 5

x/wt. % x/wt. %

€Y (b)
Fig. 5. @ The dependence of E’ for the PMMA matrix composite materials having spherical

aumina nanoparticles or aluminawhiskers as additives; b) relative increase in E' of the
composites compared to the PMMA polymer matrix.
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DMA gave the characteristics of the composite at the macro-level and such
properties describe the behavior of the entire specimen under load at different
temperatures. The nanoindentation test enabled the properties of the composite to
be studied at the nano- and micro-level. From nanoindentation results, it is
possible to determine whether the properties have uniform val ues throughout the
specimen and to discuss possible inhomogeneities of the distribution of the rein-
forcement in the composite.

The obtained results gave insight into the influence of the shape and amount
of the alumina fillers added on the obtained mechanical properties of PMMA
matrix composite. Data showing the changes of the modulus of elasticity of the
PMMA matrix/alumina spherical hanoparticles and PMMA matrix/aluminawhis-
ker composites in dependence on the type and amount of alumina fillers added
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are given in Fig. 5. It could be seen that both the alumina spherical hanoparticles
and alumina whiskers made the composites stiffer compared to the PMMA poly-
mer, even if only 1 wt. % of spherical alumina nanoparticles was added. Addition
of spherical alumina nanoparticles into the composition did not dramatically
change the values of mechanical properties, modulus and hardness, of the
obtained composite. The addition of 3 wt. % spherical alumina nanoparticles
resulted in a composite material having properties that had higher values of the
modulus of elasticity and hardness as measured using the nanoindentation
method. The addition of 5 wt. % of spherical alumina nanoparticles did not imp-
rove additionally the mechanical properties of the PMMA matrix composite. The
improvement of mechanical properties obtained using 1 wt. % of alumina whis-
kers gave better properties than the PMMA matrix composite containing the
same quantity of spherical alumina nanoparticles. The addition of 3 wt. % of
whiskers gave maximum stiffness improvement of the PMMA matrix composite
material and the obtained composite had the maximum value of the modulus of
elasticity that was improved by 56 % compared to the polymer without rein-
forcement. The addition of 5 wt. % of alumina whiskers did not further improve
the values of mechanical properties measured using the nanoindentation method.
From the data presented, the addition of 3 wt. % of alumina whiskers gave the
material having the best modulus of elasticity. This is a considerable reinforce-
ment for a small addition of aluminawhiskers.

The results of hardness measurement exhibited the same trend as those for
the modulus of elasticity for PMMA matrix/spherical alumina nanoparticle com-
posites. The addition of 1 wt. % of spherical alumina nanoparticles gave a slight
deterioration in the hardness of the material. The PMMA matrix composite with
3 wt. % of spherical alumina nanoparticles gave the best performance concerning
the hardness of the PMMA/spherical aumina nanoparticle composites. The addi-
tion of 5 wt. % of alumina whiskers did not improve additionaly the hardness of
the PMMA matrix composite. The addition of 3 wt. % of alumina whiskers gave
an increase in hardness of the material that was 40 % improvement compared to
the PMMA polymer without the addition of thefillers.

A comparison of the nanoindentation curves for the PMMA polymer without
the addition of reinforcement and for composites having 3 wt. % of spherical
alumina nanoparticles and 3 wt. % aluminawhiskersisgivenin Fig. 7.

Comparison of DMA and nanoindentation results

Both the nanocindentation measurements of the modulus of elasticity and
hardness and the DMA measurement of the storage modulus prove that the com-
posite having 3 wt. % of alumina whiskers had the best mechanica properties
among the studied composites. The nanoindentation (Figs. 8 and 9) and DMA
(Fig. 5) results are in accordance proving that the addition of spherical alumina
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nanoparticles was less efficient compared to the addition of alumina whiskers
with avery high value of the length to diameter ratio.
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Fig. 7. Nanoindentation curves showing the dependence of the force on displacement for the
PMMA polymer and the composite having 3 wt. % of spherical alumina nanoparticles or
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When comparing the results obtained on reinforcing a PMMA matrix of a
composite with spherical alumina nanoparticles to those obtained on reinforcing
the same PMMA polymer with functionalized spherical particles, it could be
observed that better values of the mechanical properties, i.e.,, modulus of elas-
ticity and hardness, were obtained using the functionalized silica particles than
the values found in the present study.13 The preparation of the samples in this
study was performed according to the instructions obtained from the producer
and the specimens were left at atemperature of 37 °C for 30 days. In the previous
study, the specimens were heated at 60 °C after the preparation and later up to
110 °C in order to eliminate stress and residual monomer. It is possible that these
conditions that included heat treatment of the specimen to eliminate completely
the monomer from the composition whereas in the present case when only atem-
perature of 37 °C was applied for 30 days, complete monomer conversion was
not attained. This could be the reason that the small amount of residual monomer
was present that served as a plasticizer in the composite.13 The content of resi-
dual monomer and allergic or cytotoxic effects of dentures based on acrylic
resins may be related to powder to liquid ratio, storage time, temperature, poly-
merization method and this will be the subject of afuture study. In this paper, the
basic research was focused on the influence of size, shape and loading of nano-
particles on the mechanical properties of acrylic polymers.

As has been shown, alumina nanofillers have the possibility to improve the
values of mechanical properties of the polymer when added in very small
amounts. Similar improvements in the values of the mechanical properties could
be obtained using very high loadings of functionalized alumina microparticles. In
order to obtain the improvement of the mechanical properties in the same range
as those obtained with the addition of 3 wt. % of alumina whiskers, 30 % of
functionalized microparticles had to be added to the polymer matrix.26

CONCLUSIONS

The PMMA matrix composites were prepared in the presence of spherical
alumina nanoparticles and alumina whiskers as reinforcements. Ultrasonication
was used to mix the components and to deagglomerate the spherical alumina
nanoparticles and alumina whiskers prior to the polymerization of the matrix
material. The DMA and nanoindentation techniques were used to characterize the
mechanical behavior of the obtained composites. The DMA results showed that
the spherical aumina nanoparticles were able to increase the storage modulus of
the composite by up to 30 % compared to that of PMMA, while the alumina
whiskers led to an improvement in the storage modulus vaue of 62 %. The Tq of
the composite increased by up to 1.2 °C in the presence of spherical alumina
nanoparticles and by 3 °C in the presence of alumina whiskers. Among the com-
posites studied containing 1, 3 and 5 wt. % of either added spherical alumina
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nanoparticles or added alumina whiskers in the PMMA matrix, the best result in
increasing the Ty was obtained using 3 wt. % of added alumina whisker reinfor-
cement. The nanoindentation results for the same set of composite materials
containing aluminafillers of different shapein the PMMA matrix, the best results
for the modulus of elasticity and hardness were obtained for the specimen rein-
forced with 3 wt. % of aluminawhiskersin the PMMA matrix.

Concerning the influence of the morphology of the reinforcement, better
results were obtained using the alumina whisker reinforcement, for which the
length to diameter was much more important than for the alumina nanoparticles
that were declared as spherical. The increase in all properties, i.e., storage mod-
ulus, Tg measured using the DMA, and modulus of easticity and hardness mea-
sured using the nanoindentation technique, were better in the presence of alumina
whiskers than in the presence of spherical alumina nanoparticles. The use of an
ultrasonic bath for the homogenization of the composite was satisfactory for the
production of the specimens and this was proved by the increase in the mech-
anical properties measured using the presented techniques.
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H3BOJ
YTHULIAJ BETUYUHE U OBJIUKA ATYMHUHUJYM-OKCUIHUX HAHOITYHWUJIA HA
MEXAHHWYKO ITOHAIIAKBE KOMITIO3UTA CA MATPUIIOM O[]
IMMOJIU(METHUJI-METAKPHJIATA)

SOMAYA AHMED BEN HASAN', MAPHJA M. THMHTPHJEBUR', ATEKCAHIAP KOJOBHE',
IYIIKLIA B. CTOJAHOBHR', KOCOBKA OBPAJIOBUE-BYPHUME’, PATIMHJIA JAHYUE XAJHEMAH'
u PAJIOCJTAB AJIEKCHR'
1YHueep3uWeu7 y Beoipagy, Texnonowxo—mewmanypwxu paxyniei, Kapueiujesa 4, Beoipag u
ZYHusep3uu7.em y Beoipagy, Ciomatmonowxu paxyniieid, Ip Cydowmuha 8, Beoipag

KoMmnosutu ca A0JAaTKOM HAaHONYHWIA MoKasyjy Modosbllalke MEXaHHUYKHUX CBOjCTaBa y
OJHOCY Ha MOJMMEpHY MaTpuuy. 3a Hu3paly KOMIIO3WTa, KOpHIIheH je MOomu(MeTHI-
mertakpuinaT), PMMA, xao mosvMepHa MaTpuia y KOMOMHALMjU ca JBa HAHONMYHHW/IA, MOT-
MYHO pasnu4UTHX 0dnuKa. [TomuMepHa MaTpula je ojayaHa KopuirhemeM IBe BPCTe HAHOIIY-
HWIA Ha Da3u alyMUHHjYM-OKCHIA: HaHOUYeCTHLA CepHOr 0dJIMKa M UITTUYACTHX BHUCKEPCa,
KOju UMajy OJHOC OyXuHe Ipema npedHuKy of 100. YTuuaj BenvMunHe YyecTula, BhUXOB 00JIUK
W yZieo, Ha MeXaHMYKa CBOjCTBAa KOMIIO3WTa NpPOy4YyaBaHW Cy NoMohy HaHOMHAEHTaLMOHUX
Mepewa U JUHaMHYKO—MeXaHWuKe aHanuse. [IpumeheHo je na 1 cdepHe HaHOYECTHLIE U BUC-
KepH modosblilaBajy MeXaHWYKa CBOjCTBA KOMIIO3UTa, anu Behe mobosbluame je MOCTUIHYTO
nomaTkoM BHcKepa. KoHueHTpanuja obe BpcTe HaHOMyHWIA, CepHUX HAHOYECTHL]A U BHUC-
Kepa je BapupaHa y orcery fo 5 mac. %. Hajdossa MexaHM4Ka CBOjcTBa KOMIIO3UTa Cy I0DHjeHa
nomaTkoM 3 mac. % BUcKepa y nonumepHy IIMMA matpuuy.

(TTpumisero 21. janyapa, pesunupano 31. mapra, npuxsaheno 2. anpuna 2014)
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