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Abstract:

Rice husk was used to produce silica particles, which were then used to reinforce the
polymer matrix. The synthesized SiO, particles were characterized using X-ray diffraction,
Fourier transforms infrared spectroscopy (FTIR) and scanning electron microscopy with
EDS. In a PMMA matrix, prepared SiO, particles in amounts of 1, 3, and 5 wt.% were used
as reinforcing agents. The goal of this research was to see if SiO, particles had any effect on
the mechanical properties of polymer composite materials. The morphology of the composites
was examined using a field emission scanning electron microscope (FE-SEM). Vickers
microindentation hardness and impact testing were used to determine the mechanical
properties of the obtained composites. The indentation creep’s behavior of a
polymethylmetacrylate (PMMA) composite material with varying amounts of nanoparticles
(SiOy) was investigated and analyzed.
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1. Introduction

Poly-methylmethacrylate (PMMA) has a semi-crystalline structure and is an
amorphous polymer [1], it is a widely used artificial polymer that has garnered considerable
attention due to its physical, optical, electrical, thermal, and mechanical properties [2].
PMMA is a clear, colorless, amorphous, transparent thermoplastic with bulky side groups that
softens when heated. PMMA has excellent thermal stability, high tensile strength [3,4] and
excellent optical clarity, making it particularly useful in applications where light transmission
is critical. When the properties of polymers are insufficient to meet the needs, fillers and
reinforcements are added creating polymer composites [5]. This is accomplished by preparing
and synthesizing composite materials with properties that are completely or partially different
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from all of their constituent materials. As a result, composite materials have various,
improved, and enhanced physical and chemical properties. For example, if one material is
sufficiently strong and another is highly flexible, combining them creates a new type of
material (called a composite material) with greater strength and flexibility [6]. Because of its
wide range of applicability, silica has been cited in the literature as filler in polymers. Silica is
one of the most abundant materials on the planet, found in sand and quartz, and it can be
synthesized through chemical reactions. One source of silica is rice husk because the rice
plant requires more chemical elements during its growth, including silicon, which plays
important role in rice plant growth, such as developing resistance to specific stresses and
diseases [7]. The plant synthesized silica has very fine structure and does not demand the use
of polluting aggressive chemicals for production being the green source for this important
product. The majority of rice husks are burned or discarded into the environment, the value of
this agricultural by-product rises with the use of rice husks as a source of silica.

Polymer-silica hanocomposites with enhanced physical and mechanical properties
have a wide range of applications, including coatings [8,9], flame retardant materials [10],
optical devices [11], packaging materials [12], photoresist materials [13], photoluminescent
conducting film [14], pervaporation membranes [15], proton exchange membrane [16],
grouting materials [17], sensors [18], and others.

The creep is one of important features of polymeric composites, such as PMMA with
SiO, particles because it occurs at ambient conditions. Investigations and analysis of this
specific mechanical behavior provide information related to the time-dependent flow of
materials, i.e., determination of the creep resistance of polymeric composite material [19-21].
The creep response of PMMA composites containing micro and nanosized carbon filaments
was investigated with variation time and temperature range in the literature [19]. With the
addition of the fillers, the creep strain decreases, which means that the composite material
with filaments as reinforcement presents a lower creep strain than the clean PMMA [22].
Particles small size and good dispersion in the PMMA matrix affect the strengthening of the
composite, which result in greater hardness and creep resistance, which will be shown in the
paper [23,24]. The effect of nanoparticles on reinforcing the PMMA matrix is to inhibit crack
initiation, and this was also observed during the micro indentation test. In this sense, the creep
behavior is of relevance because it predicts the occurrence of cracking of thermoplastic
polymer [25]. The incorporation of nanoparticles in the polymer matrix has restricted the
mobility of the polymer chain and with the incorporation of smaller nanoparticles, the creep
resistance was greater [25].

There is a number of studies combining nanoindentation creep measurements with
viscoelastic theoretical models for polymers [26,27]. Creep behavior of PMMA was
investigated using nanoindenter [28], AFM-indent technique and compression test to study
creep and compare different measurement methods, with the suggestion that the methods can
be applied to determine changes in creep behavior due to material degradation. The
indentation creep method represents a simple, quick, and non-destructive method for an
investigation of the mechanical behavior of different composite systems. The effects of
hydrothermal aging on indentation creep measurements of PMMA was studied and found
that creep displacement increase with aging time [28].

Indentation  creep  behavior of composite  material  consisting  of
polymethylmetacrylate (PMMA) with different amounts of plant produced nanoparticles
(SiO,) was studied and analyzed. The objective was to determine the role of the addition of
Si0O, nanoparticles in the thermoplastic polymer (PMMA).



M. M. Vuksanovi¢ et al.,/Science of Sintering, 54(2022)211-221 213

2. Materials and Experimental Procedures
2.1 Materials and methods

The auto polymerizing set for denture base Akrilat — R serves as the source of the
PMMA matrix (Laser Dental Products). Rice husks were obtained from the Levidiagro rice
producer in Kocani, North Macedonia. Sulfuric acid, obtained from Zorka Sabac, was used as
a chemical.

2.2 Preparation of Silica particles from rice husk

The rice husk was first washed with water and dried to remove pollution. The
obtained husk (100 g) was treated with 10 % sulfuric acid and heated at 80°C for 3 h. The
husk was then washed with distilled water until the pH reached 7. After the acid was
removed, the husks were dried at 50°C. The obtained product was black and contained the
remains of the organic products after being treated with the Bunsen flame. The final step was
a 4-hour heat treatment in an oxidative atmosphere at 800°C. This was the final step, and the
resulting product was used in further experiments.

2.3 Preparation of PMMA composites reinforced with silica particles

The auto polymerizing set for denture base preparation was used as the source of the
PMMA matrix. The prepolymerized powder and monomer liquid were included in the set.
The producer stipulated that the powder-to-liquid volume ratio be 2.5:1. The polymerization
process was carried out at room temperature. The PMMA matrix was used to prepare
composites with additions of 1, 3, and 5 wt.% of reinforcement. An ultrasonic bath was used
to disperse the obtained silica particles in a monomer (liquid) component. The ultrasonication
lasted 30 min to avoid agglomeration and achieve good dispersion. The powder component
(PMMA) was added to the liquid, resulting in a paste that was then placed in an aluminum
alloy mold. For comparison, a pure polymer PMMA sample was also prepared.

2.4 Material characterization

The particles’ morphology and shape were examined using a Mira3 Tescan field
emission scanning electron microscope (FE-SEM) set to 20 kV. A thin gold film had
previously been deposited on the samples surface. The morphology of the composite
materials was examined using an (FE-SEM) at 3 kV.

An ltal Structure APD2000 X-ray diffractometer was used to identify crystal phases
of silica in a Bragg—Brentano geometry using CuK radiation (A = 1.5418) and step-scan mode
(range: 10-90° 2, step-time: 0.50 s, step-width: 0.02°). FTIR spectra of SiO, fillers and
composite materials were collected using a Nicolet 6700 spectrometer (Thermo Scientific) in
the attenuated total reflectance (ATR) mode with a single bounce 45 °F Golden Gate ATR
accessory with a diamond crystal and an electronically cooled DTGS detector. The spectra
were ATR corrected co-additions of 64 scans at 4 cm™ spectral resolution. The OMNIC
software was used on the Nicolet 6700 FTIR spectrometer, which recorded spectra in the
wavelength range of 2.5 to 20 pm (i.e., 4000 cm' to 400 cm'). The dwell time was 25
seconds, and the applied load was 4.9 N, for determining the composite hardness of the
material. The indentation was created using a Vickers tester, model “Leitz Kleinert Prufer
DURIMET 1.” (Leitz, Oberkochen, Germany). An optical microscope (Olympus CX41)
connected to a computer with image software was used to measure the diagonal size of the
indents. The number of indents was three, and the hardness was calculated using the
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arithmetic mean of the diagonal. The composite hardness values were computed using Eqg. 1
[29]:

1.8544-P
HCA = dZ (1)

where P is the applied load (in N), the constant 1.8544 is a geometrical factor for the Vickers
pyramid, d is the average diagonal length of the indent (in m).

Creeping indentation of the PMMA/SIO, composites' properties were investigated by
measuring the composite hardness with a variation of dwell time (5-30 s), with step 5 s, at
fixed applied loads, P of 0.49 and 4.9 N at room temperature. When a higher indentation load
was applied, a large plastic deformation zone around the indents as well as cracking of the
material near the impression was observed. Furthermore, because the ISE (Indentation Size
Effect) effect is more dominant than the creep mechanism, these measurements were not
considered. Constant applied indentation load (0.49N) and a variable dwell time during the
indentation process for the creep analysis were used; Indentation testing of PMMA/SiO,
composite samples was carried out at room temperature.

The results of hardness measurements were used for the creep mechanism
specification through calculation of the creep parameter, named- stress exponent p of the
samples of PMMA with different content of nano-silica particles, according to the model of
Sargent-Ashby (S-A) [30]. Eg. (2) gives the relation between the time-dependent composite
hardness H. and stress exponent p as:

o0

He = )

T oot

where g is the strain rate at reference stress og, € is constant, t is dwell time and y is the stress
exponent [30,31].

The plots of InH. against Int give straight lines whose slopes are equivalent to the

negative inverse stress exponent (-1/p). Based on the value of the exponent, , it is possible to
estimate the material creep mechanism based on the theoretical model S-A and Eq. (2).
The composites' impact energy tests were carried out on the Shimadzu, High-Speed Puncture
Impact testing machine HYDROSHOT HITS-P10. Total absorbed energy was calculated
following the load-time diagram, providing energy values for the maximum load and puncture
point. The puncture point was defined as the point at which the force becomes zero.
According to previous experience [7], the striker with a hemispherical head (diameter 12.7
mm) was loaded with the programmable impact velocity set at 1 m/s. The sampling time was
10 ps and 12000 points were collected, some before and most during and after the impact.
The striker was programmed to puncture all of the samples under consideration. The
measurement was performed on three specimens from each group, and the results were
presented as the mean values of the three tests.

3. Results and Discussion

Fig. 1a depicts the XRD diffractogram of silica particles synthesized from rice husk.
Fig. 1b shows FESEM microphotographs used to examine the morphology of the obtained
particles. The diffractogram depicts the spectrum of a non-crystalline solid material with no
crystalline structure, implying that the material obtained is a non-crystalline powder. The
diameters of the obtained silica particles from rice husk were previously published [32] in the
range of 10-233 nm, indicating that the majority of the silica particles are nanoparticles.
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Fig. 1. a) XRD pattern and b) SEM micrograph of silica particles from rice husk.

Fig. 2. shows the FTIR spectrum of SiO, particles, pure matrix, and composite
material.
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Fig. 2. FTIR of SiO,, pure matrix and composite material.

At around 3384 cm™, the FTIR spectra show absorption bands caused by stretching
and in-plane bending vibrations of the OH group of molecular H,O [33]. The silica particle
characteristic peaks at 970, 810 and 468 cm™"' are well visible in the spectrum. Absorption
peaks 1100 cm™' and 810 cm™' have been assigned to the antisymmetric and symmetric
vibrations of the Si—O-Si elongation, respectively. The vibration bending of the Si—-O-Si
bond was linked to the absorption peak at 468 cm™' [34]. PMMA has characteristic peaks at
1724 cm™ v (C = O) and 1434 cm™ v (C - 0). The bands at 2997, 2949, and 2851 cm™
correspond to the methyl group's C-H elongation (CHs). The vibrations of the ester group C -
0] C(l)rrespond to the peak at 1144 cm™ while the elongation ranges C - C are at 987 and 749
cm™ [35].
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Fig. 3. SEM micrographs of a cross-section of the a) pure matrix and composite after
fracturing with b) 1 wt.%, c) 3 wt.% and d) 5 wt.% of SiO, fillers.

SEM micrographs were obtained from the cross-section of the specimen obtained after
mechanical testing, Fig. 3.

The microhardness testing of pure PMMA and composite material was done on a
Vickers device with (4.9 N) and a dwell time of 25 s. The results are shown in Fig. 4. Those
measurements prove that the hardness is increasing with the addition of the reinforcement
from 142 MPa, which was the value for the pure matrix to the value of 156 MPa that was
achieved with the addition of 5 wt.% of the reinforcements. The overall increase of the
hardness was about 10% for the addition of 5 wt.% of the reinforcement.
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Fig. 4. Vickers hardness of composite materials with SiO, particles.
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Indentation results are expressed as a variation of the composite hardness values, H,, with a
dwell time (t) at the applied load of 0.49 N for PMMA samples obtained with mixing
different weight % of silica particles. Figure 5a shows the experimental data of composite
hardness changing with dwell time variation, fitted according to the Sargent-Ashby model to
determine the creep parameter. Stress exponent values are expected to indicate the
dependence of the creep behavior on the amount of silica particles in the PMMA matrix,
because of a change in the structure of the composite. The factor describing the creep
behavior changes with addition of silica reinforcement as it is shown in Fig. 5b.

Indentation experiments have shown that a further increase in the indentation depth
(increase the diagonal size of indent) occurs overtime at the same maintained load, which
means that the composite hardness decreases with the increase of the dwell time.
Microhardness of PMMA without silica particles in the matrix is lower than PMMA/SiO,
composite, because that the particles included in the polymer matrix of PMMA provide
resistance to penetration of indenter materials. The behavior of the composite hardness of the
PMMA/SIO, composite with the change of the indentation time (dwell time) can be described
by the power function. The highest creep resistance is shown by the sample with 5 wt.% of
silica particles, and the lowest by the PMMA sample without reinforcement. This behavior of
composite can be explained through the sliding mechanism, each particle boundary of silica
particles acts as a mini barrier during polymer creep of PMMA matrix during indentation.
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Fig. 5. Variation of the composite hardness of the PMMA/SiO, composite as a function of
dwell time during micro indentation a) Vickers testing at constant load 0.49 N, b) fitting
experimental data of indentation according to Sargent-Ashby model, and c) dependence stress
exponent vs. amount of SiO; particles in PMMA.

A plot of In (Hc) against In (t) gives a linear plot (Fig. 5b) and by applying linear regression to
the data set, at the value of the creep exponent, p is calculated. The values of the calculated
stress exponent p for all composite samples are given in Table |. The dependence of the stress
exponent on the content of silica particles in the composite is given in Fig. 5c.
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Tab. I Fitting results obtained according to data in Fig. 5b. The values of stress exponents for
the PMMA/SIO, composite obtained with various amounts of silica particles in PMMA
matric, at a constant indentation load 0.49 N, are given.

Wt.% of SiO; in Slope (k) Intercept (n) Stress exponent
PMMA matrix (W
0 -0.1147 5.3225 8.7184
1 -0.1407 5.4291 7.1073
3 -0.1618 5.5517 6.1805
5 -0.1923 5.6716 5.2002

The optical microscopy image showing Vickers hardness indentation in the PMMA polymer
matrix with 1 wt.% of SiO, particles, an applied load of 0.49 N and a dwell time of 25 s is
given in Fig. 6a. Fig. 6b is a view of a Vickers imprint on the top surface of a mechanically
prepared pure PMMA sample without silica particles at a dwell time of 30 s and 0.49 N
applied load. Based on Figs 6a and 6b the volumes of the deformation zone around the
indents are quite different. The deformation zone of a particle-reinforced PMMA sample is
smaller than the deformation zone for a pure PMMA sample. This behavior is expected
because each nanoparticle of SiO, incorporated into the polymer matrix provides additional
resistance when the diamond indenter penetrates in the volume of the composite material. In
addition, the dwell time of the indenter is shorter for composite material. The elastic recovery
of pure PMMA decreases with increasing indentation duration at 30 s. Due to the possible
discontinuous distribution of silica nanoparticles in the polymer matrix, a slight asymmetry in
the diagonal size is observed (Fig. 6a).

Fig. 6. Vickers hardness indentation made by microhardness tester in the PMMA polymer
matrix at applied indentation load of 0.49 N: a) PMMA with 1 wt.% of SiO, and dwell time at
25 s and b) without SiO, and dwell time at 30 s.

In this investigation, the values of the stress exponent, n obtained at the load 0.49 N, ranging
from 5.20 to 8.72. The value of this exponent increases with decreasing wt.% of SiO,
particles. The lowest creep resistance is observed in the PMMA sample without
reinforcement. This was followed by a sample with a minimal amount of silica particles. The
most resistant to creep is the sample with the maximum content of silica particles that were in
this case 5 wt.%. The exponent in metallic materials signifies the creep mechanism. The value
of exponent around 1 means that diffusion creep was the dominant creep mechanism, if the
value of p = 2 the creep mechanism is a grain boundary sliding, and if the value of p is in the
range between 3-10, mechanism of indentation deformation will be dislocation climbs and
dislocation creep [36,37]. In composite materials, the mechanism of viscoelastic behavior can
be explained differently. The presence of small particles, such as silica, used in observed
specimens acts on the ability of the polymer chains to move. Silica particles are known to
have some active sites on their surface enabling the bonding to the polymer matrix and
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therefore they act as bridges that inhibit the movement of the matrix material and make the
viscoelastic deformation slower. This behavior is mostly due to the presence of OH groups on
the surface of the silica particles observed on the FTIR analysis. It was previously shown that
the form of alumina particles influences the behavior of the composite and that there was
some interaction of those particles with the matrix. In the case of alumina particles the
presence of OH bonds is less present and less relevant but it enables the interaction with the
matrix [38,39]. However, the presence of the OH groups on the surface of silica particles is
much more present as proven in the FTIR spectrum so they exhibit the good ability to create
bonds with the matrix and to influence the deformation of the composite behavior.

Fig. 7. shows the results of the impact testing of prepared composite materials. In
impact testing, the energy is transferred to the specimen in an extremely short time and the
material absorbs this energy before fracture. The composites having more reinforcements are
exhibiting more resistance to the impact testing and absorb more energy during this testing.
This can be contributed to the presence of silica particles in the structure and their ability to
build bonds with the matrix and to make the material destruction more difficult. The
performance of the material is getting better with the addition of the silica to the composite in
terms of material stiffness. The content of reinforcement is limited as the higher amounts of
reinforcement are responsible for the agglomeration of particles. The addition of larger
amount of particles makes the product that is very difficult to process, and the agglomeration
ruins the good composite properties.
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Energy (1)
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0 50 100 150 200 250

Time (ms)

Fig. 7. Energy absorption of composites reinforced with SiO, particles during impact testing
as a function of time and reinforcement content.

4. Conclusion

Plant derived silica particles were noncrystalline and exhibited the presence of OH
groups on the surface as proved by XRD and FTIR analysis. Those particles were used as
reinforcements in the composite materials in 1 wt.%, 3 wt.% and 5 wt.% to reinforce the
PMMA matrix. Vickers micro-hardness test proved that the addition of reinforcement
increases the composite's hardness. The viscoelastic behavior was modified with the presence
of the reinforcement in the material and the addition of silica particles improves the creep
resistance as measured in the time-dependent indentation experiments. Toughness was
measured using a high-speed impact tester, and the results show that adding reinforcement to
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the material results in a significant improvement. The toughness of the sample containing 5
wt.% SiO; particles have the highest absorbed energy when compared to the matrix.
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Caxcemax:. Jbycka nupunua je xopuwihena 3a npouzeoory YeCmuya CUruyujym ouokcuoa,
Koje cy kopuwhene 3a ojauasarse nonumepre mampuye. Cunmemuso8ane vecmuye CUTUYUjym
Juokcuda Kapakmepucawe cy OUPPAKYUjoM  PEHOLEHCKUX 3paKd, UHQppaypeeHom
cnexkmpockonujom @ypujeose mpancgopmayuje (PTHUP) u cxenupajyhom neKkmpoHckom
muxpockonom ca EJIC. ¥V mampuyu nonumemun memakpuuiama, npunpemmvene decmuyee
cunuyujym ouokcuda y xoauuunama oo 1, 3 u 5 mac. %, xopuwihene cy xao ojauarve. Lluw
0802 UCMPANCUBArLA OUO je 0a ce Ymepou 0a Jiu yecmuye CUIUYUJYM OUOKCUOA YUYy HA
MEXAHUYKA C80JCMBA NOIUMEPHUX KOMNOZUMHUX Mamepujara. Mopgonoeuja komnozuma je
ucnumuseana xopuuihernem noba eMucuoHoz ckeHupajyhee erekmponckoe mukpockona (PE-
CEM). 3a oodpehusare mexanuuxkux cojcmaga OO0OUjeHUX KOMNO3UmMAa Kopuuwihenu cy
Buykepc muxpoundenmayuonu mecmosu u ucnumusarbe Ha yoap. Ilonaware nysarba
KoMno3umHoz mamepujana norumemuamemaxpuiama (IIMMA) ca paznuuumum Koruvunama
HaHOYeCmuya CUUYUjyM OUOKCUOA je UCHUMAHO U AHATUSUPAHO.

Kayune peuu:. Cunuyujym ouokcuo, kKomnosumu, mepooha no Bukepcy, creep behavior,
HOHAWarbe Ny3arsd.
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