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H I G H L I G H T S   A B S T R A C T  
• Applying ceramic nanoparticles as 

reinforcement to PMMA soft acrylic resin. 
• Using the ultrasonic mixing method to 

dispersion nanoparticles into the matrix. 
• Study the mechanical and physical 

characteristics of the nanocomposite 
samples. 

• Identifying the biological activity of 
PMMA/Nano-ceramic powder by 
determining the antibacterial activity. 

 This study examines the effects of reinforcing PMMA acrylic resin with different 
Nanoparticle types: Silica (SiO2) (67.8nm), Titania (TiO2) (57.3nm), and Talc 
powders (TP) (80.1nm). This was done by using the ultrasonic mixing method for 
dispersing the nano-powder in the matrix and using them at three different 
proportions (0. 5, 1, and 1.5%) to improve the properties of PMMA composite 
materials for medical applications. The characteristic functional groups associated 
with Nano-ceramic particles and PMMA in the composite specimens were 
confirmed by FT-IR spectroscopy. Also, this research investigates some 
mechanical properties, including (tensile strength, compression strength, elastic 
modulus, hardness, and surface roughness), some physical properties (density and 
water absorption), and biological properties (antibacterial activity). The 
experimental work was performed on prepared specimens that may be employed 
for cartilaginous joint applications. The results revealed that all mechanical 
properties enhanced as the nanoparticles concentration was increased till it reached 
a maximum of 1.5%. The proportion of tensile strength and elastic modulus 
enhancement for 1.5% of (SiO2, TiO2, and Talc) is equal to (66.5%, 47.55% and 
59.38%), (261.5, 315.38 and 388.4%), respectively. The compressive strength of 
composites increased by (49.3, 36.66, and 40.5%) for 1.5% (SiO2, TiO2, and Talc). 
The physical properties manifested that the increased content of reinforcing 
nanoparticles led to the raised water absorption, while the density values of PMMA 
nanocomposite decreased. Additionally, the biological results elucidated that the 
increased concentration led to the increased antibacterial activity of 
nanocomposite. Furthermore, the results concluded that adding 1.5% of SiO2 to a 
PMMA matrix improves the properties obtained. 
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1. Introduction 
Biomaterial areas have been a captivating subject of study for many researchers from several disciplines  [1]. A biomaterial 

is a material that is permanently or intermittently in communication with bodily fluids and is meant to interact with biological 
systems to assess, repair, enhance, or replace the human body function, tissue, or organ [2]. Acrylic, also known as 
polymethylmethacrylate (PMMA), has been employed in biological applications since the early 1900s. Initially, PMMA was 
utilized for hard contact lenses which was accidentally found because of its biocompatible nature. PMMA is additionally utilized 
in dentistry applications as an essential material in the production of dentures. Then, the "dental acrylic" is then used in 
arthroplasty surgery of the total hip to cement an orthopedic prosthesis [2,3]. PMMA is a linear thermoplastic polymer with long 
backbone carbon chains that are smoother and thinner, allowing them to slide more readily together, and making the material 
softer [4]. It has several advantages, including ease of processability, lightweight, low fabrication cost, lack of toxicity, and high 
biostability in the human body. But, due to the inadequate biological and mechanical properties of PMMA, preliminary clinical 
outcomes were unsatisfactory. For instance, lack of antibacterial, poor level of bioactivity (bioinert material), and mechanical 
performance is considered the drawbacks of PMMA, which limit its clinical applications [3,5]. Many studies focused on 
enhancing the mechanical or biological properties of PMMA, primarily by including additives as reinforcement materials. Owing 
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to the unique properties of materials in the nanoscale that cannot be achieved without nano [6], many researchers in various 
medical domains have turned to nanomaterials for their physicochemical qualities, such as highly tiny shape, extremely high 
surface area to mass ratios, and improved chemical reactivity. Nanomaterials are minimal and have a variety of advanced physical 
and chemical features. Because of their small size, nanoparticles can easily enter microbial cells and induce inhibitory processes. 
Nanoparticles have been employed as antibacterial agents since they can be bacteriostatic or bactericidal by reducing their food 
source or damaging their cell membrane [7]. This research uses ultrasonic mixing to reinforce the PMMA polymer matrix with 
nano-ceramic particles (TiO2, SiO2, and Talc). The literature review comprises some studies that have been completed on this 
topic. 

Lie et al. estimated the influence of different weight ratios of Akermanite (Ca2MgSi2O7, AKT) powders on the characteristics 
of (PMMA) matrix  trying to fix the defects of PMMA having low mechanical and osseointegration and high exothermic 
reactions. The result of mechanical tests showed that with the increase in loading of AKT powders into the PMMA matrix, there 
was no significant difference in compressive strength of (4.8%) at 50wt.% of AKT powder and a slight increase in elastic modulus 
of (20%) at 50wt.% of AKT powder. Additionally, this addition improved its osteogenic activity, with a substantially reduced 
temperature of polymerization obtained from the filler content variety compared with the pure PMMA [8]. 

Pahlevanzadeh et al. studied the influence of Monticellite (Mon) and carbon nanotubes (CNTs) at different weight ratios on 
the mechanical properties and bioactivity of PMMA in order to treat the issue of bone defects. This examination revealed that 
an additional 0.5 weight ratio of (CNTs) into the PMMA-Mon cement has a significant increase in elastic modulus (56.25%), 
ultimate tensile strength (29.3%), and elongation (62%), with ideal bioactivity results than PMMA-Mon cement and pure PMMA 
tested [9]. 

Bdaiwi examined the effect of adding nano zirconium titanium yatrlum (ZrO2Y2O3) particles with weight percentages (0.5, 
1, 1.5, 2, and 2.5%) on the mechanical properties of PMMA to cure the problem of PMMA fragility. The result depicted that 
adding 1% of (ZrO2Y2O3) nanoparticles to the basic material (PMMA) led to improved flexural strength at (20%), Young's 
modulus (8.2%), elongation at break (78.5%), impact strength (46.15%), fracture toughness (42.8%), compression strength 
(15.38%) and bending modulus (23.33%), while the hardness value decreased with adding nanoparticles [10].  

Obeid et al. investigated the PMMA mechanical properties reinforced with zirconium dioxide Nano-crystal (ZrO2) with 
weight ratios (1, 2, 3, 4, and 5%) used in medical applications as compensatory materials to teeth and bones. The result indicated 
that incorporating 5%ZrO2 nanoparticle into the matrix produced a nanocomposite sample with a significant improvement in the 
surface hardness value (157.14%), impact strength value (226.66%), Young's modulus value (370%), and value of compression 
resistance (116.5%) with increasing the ratios for reinforcing material compared with the pure PMMA [11]. 

Anamarija et al. studied the influence of adding (TiO2) nanoparticles to polymethylmethacrylate (PMMA) to use as 
restorations with low toxicity and high mechanical performance. The study's findings illustrated the reduced mechanical 
performance of PMMA composite specimens by increasing the quantity of TiO2. At the same time, the antibacterial results 
evinced that the addition of TiO2 nanoparticles significantly affected the formation of S. mutans biofilm on the PMMA composite 
sample surface. Adding (10%) and (20%) of TiO2 resulted in a single bacterial adhesion decay that is equal to (58%) and (60%), 
respectively [12]. 

Shirazia et al. estimated the consequence of incorporating (AL2O3) and (HA) nanoparticles with varying volume divisions 
on the mechanical and tribological characteristics of PMMA composite materials. The results appeared that combining (3wt.%) 
alumina (Al2O3) nanoparticles with the PMMA cement matrix achieved a significant enhancement of the hardness (25%) and 
the elastic modulus (90%) values compared to the other PMMA/Al2O3 nanocomposites. Additionally, the nanocomposite bone 
cement containing (5 wt.%) of Al2O3 and (5 wt.%) of HA exhibited better properties compared to the other PMMA/HA/Al2O3 
nanocomposites [13].  

Abdullah et al. demonstrated the influence of incorporating (1, 2, 3, 4, and 5wt.%) of treated and untreated eggshell powder 
(ESP) into PMMA polymer matrix on the composite's strength of impact, the modulus of flexural and the rate of wear. The 
results manifested that the increased eggshell contents improved the mechanical properties of the PMMA/ESP composites. 
Additionally, since the interface bond between the polymer and the particles has strengthened, the calcination procedure of 
eggshell powder particles enhanced the PMMA composite specimen's characteristics compared to the untreated eggshell powder 
at a similar weight proportion. The best improvement of impact test (100%) and modulus of flexural (28%) with a decrease in 
wear rate (60%) was achieved by adding 3wt.% of treated ESP [14]. 

Choudhary et al. conducted a study of the effect of adding (diopside; CaO-MgO-2SiO2) as a bioactive ceramic reinforcement 
filler to PMMA to provide adequate osteoconductivity (bioactive) and mechanical stability to be utilized for repairing the bone 
defects. The results demonstrated that the prepared composites reinforced with (50%) diopside had acceptable mechanical 
properties and good apatite deposition ability; compressive strength (400%), Young's modulus (300%), and generated apatite 
deposition on the surface after immersion for four weeks in the SBF solution [4]. 

Al-Janabi et al. investigated the effects of adding various ratios (0.5, 1, 1.5, and 2 wt.%) of treated TiO2 nanoparticles with 
a silane coupling agent to a polymethylmethacrylate (PMMA) matrix on the mechanical properties to solve the PMMA weakness 
mechanical resistance. The results elucidated that the maximum values of mechanical properties achieved by incorporating 
(1wt.%) of modified TiO2  nano-powder led to an increase of (93%) in bending strength, and the compression strength improved 
by (39.31%) and subsequently declined to the point where the (1 wt.%) refers to the optimal percentage; the morphological 
conclusions confirmed the mechanical performances [15].  

Bashir, et al. prepared nanocomposites of PMMA polymer reinforced with weight ratios (0, 1, 2, 3, and 4%) from Bio-glass 
ceramic nano-powder and studied the hardness and fatigue of the nanocomposite prepared. The results portrayed that when the 
weight ratios of a ceramic particle (Bio-glass) were increased, the stress limit in the fatigue curve of nanocomposite appeared, 
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and the hardness values increased by (144%) at a weight fraction of 4% of Bio-glass ceramic nano-powder when compared with 
the pure specimen [16].  

Gamal et al. examined the antibacterial effect of polymethylmethacrylate (PMMA) by mixing different concentrations (0, 
0.05, 0.1, 0.15, and 1%) of nano-graphene oxide (GO) in order to overcome the PMMA drawbacks. The excessive thermal 
expansion and the inherent surface properties enhanced the microbial growth that led to stomatitis. The results of the research 
showed the improved antibacterial activity of prepared PMMA nanocomposites with 0.05% GO incorporation by exhibiting an 
inhibition zone that can inhibit the Streptococcus mutans growth, and these could be attributed to the capacity of GO in this 
concentration to release from the polymer matrix and spread into the agar [17].  

Notwithstanding that, the previous experimental studies have highlighted the promising properties of polymethyl metha 
acrylate that are reinforced by nano material and used in many applications. However, there is none of these previous 
experimental studies used the ultrasonic mixing method to dispersion nanoparticles into PMMA matrix, and in addition the 
application of these samples as cartilaginous joints. This study aims to enhance the physical, biological, and mechanical 
characteristics of PMMA acrylic resin used in manufacturing cartilaginous joints by adding nanoparticle materials that disperse 
into the matrix using the ultrasonic mixing method. These composite materials comprise PMMA acrylic resin as the matrix 
material and the nanoparticles as reinforcement (TiO2, SiO2, and Talc) powders. In addition, nano titanium oxide, silicon oxide, 
and Talc were selected for their excellent antibacterial with outstanding mechanical properties. 

2. Experimental Method 

2.1 Materials  
The matrix material which is utilized in this study is acrylic resin-soft polymethylmethacrylate (PMMA) with a density of 

1.18 g/cm3, as a pour-type resin matrix material manufactured by (Ortotek) company from Ankara in Turkey. The reinforcement 
materials were used in different percentage ratios of ceramic nanoparticles, including TiO2, SiO2, and Talc from (Skyspring 
Nanomaterials, Inc. USA) with a purity of 99.5%. 

2.2 Preparation of Nanocomposite Material  
The number of reinforced materials (TiO2, SiO2, and Talc) necessary for filling the mold cavities was measured using an 

electronic balance based on the overall weight of the matrix material PMMA required by utilizing the theory of mixing rule. 
Utilizing the ultrasonic mixing  technique, the liquid monomer (MMA) and one kind of nanoparticles (TiO2, SiO2, and Talc) 
should be homogeneously and continuously mixed at room temperature for (20-30 min). Therefore, it must be confident that it 
is homogeneous before adding PMMA powder (hardener) to the mixture to create composite materials. The powder was then 
gradually added to the mixture and stirred in. At last, nanocomposite materials were prepared, injected into the silicon mold, and 
kept at room temperature for approximately 24 hours, according to the provided organization's guidelines. The samples were 
released from the silicon structure when the polymerization relieving process was completed, having a quite smooth surface. 
They were then exposed to room temperature in preparation for the subsequent testing. 

3. Characterization 

3.1 Particles Size Analyzer 
Based on the principles of Dynamic Light Scattering (DLS) of a model Brookhaven instrument from Holtsville, in New 

York, United States, and after the ultrasonic dispersion in water for 10 min, the sample was put into the device utilizing the 
90Plus to analyze the samples from less than 1 nm to 6 µm for estimating the size and distribution of particles. This analysis was 
done in the Advanced Materials Research Center at the University of Technology. 

3.2 The Fourier Transform Infrared (FT-IR) Spectra Test 
 The FT-IR technique was used to get detailed information on the molecular structure and chemical bonds of polymer 

materials. This was conducted according to the standards ASTM E1252 using a Fourier Infrared (FI) spectrometer made by the 
Brukeroptier company type (TENSOR-27). In the (400-4000) cm-1 range, the infrared spectrum was used. 

3.3 Tensile Test 
The specimens were tensile tested in accordance with ASTM D 638. This test was performed using a universal tensile 

instrument manufactured by (Laryee Company in China), type (WDW-50) at a cross-head speed of 5 mm/min. The tensile load 
was applied at the ambient temperature until the specimens failed, and a stress-strain curve was obtained [18].   

3.4 Compression Test 
According to ASTM D-695, the  specimen's  compression test was accomplished using a universal test machine, and the 

compression load was introduced and raised steadily till the specimen was destroyed. This test was carried out with an identical 
device used for tensile tests at a cross-head speed of 5 mm/min [19].  
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3.5 Hardness Test 
Hardness is a solid material property described as the material's surface resistance to penetration, abrasion, wear, and 

scratching. The volume percentage of reinforced particles, temperature, intermolecular bonds, chain structure, and particle size 
influence the hardness test. Shore A test was used to determine the hardness of the samples that have a smooth, plain surface 
with a thickness of at least 3 mm and are not subjected to mechanical vibrations, such that the prepared specimen has a diameter 
of 30 mm and a thickness of 4 mm [14,20]. 

3.6 Surface Roughness Test 
The Surface Roughness Tester (TR200) device is a good tool for estimating the surface roughness value using identical 

specimens as in the hardness test. It is equipped with a moving sensor that travels linearly over the test material's surface, the 
sensor was moved in accordance with the profile of the surface. This movement was translated into an electrical signal amplified 
and transferred into digital signals. To acquire more detailed findings, each specimen was tested three times in different locations, 
and the average results were obtained. This test aims to evaluate the influence of the reinforcing material on the micrometry of 
the tested surface specimens [21]. 

3.7 Density Test 
The specimens were prepared according to the ASTM standard for density testing (D-792). The density of the specimens 

was determined using Archimedes’ method and a precise balance of the following type: PS3/C/1 device. Any size of the specimen 
can be used in this test, but the volume can be at least 1 cm3, with clean and smooth surface specimens. The test specimens must 
be weighed in the air and distilled water. By taking the specific gravity and multiplying it by the deionized water density, the 
specific gravity is then converted into density [22]: 

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺𝐺𝐺 (𝑆𝑆𝑆𝑆.𝐺𝐺𝐺𝐺) = 𝑀𝑀𝑀𝑀
(𝑀𝑀𝑀𝑀+𝑀𝑀−𝑀𝑀𝑀𝑀)

 (1) 

  𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆𝐺𝐺𝐺𝐺 = (𝑆𝑆𝑆𝑆.𝐺𝐺𝐺𝐺) ∗ (0.997)  (2) 

where:Md: The sample mass in the air (gm).Mi : The sample mass in water (gm).M: Mass of the partially immersed wire 
(about 0.02 gm)  

3.8 Water Absorption Test 
This test was achieved in accordance with the standard ASTM D570. This test requires measuring the weight of the samples 

and after that immersing the patterns entirely in a water container at the ambient conditions for approximately one day. The 
specimens were extracted from the water container, dried with a clean cloth, and weighed using an electronic balance. The water 
absorption was obtained by using Equation 3 [22]: 

 𝑃𝑃𝑆𝑆𝐺𝐺𝑆𝑆𝑆𝑆𝐷𝐷𝐺𝐺𝐺𝐺𝑃𝑃𝑆𝑆 𝑜𝑜𝑆𝑆 𝑊𝑊𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺 𝐴𝐴𝐴𝐴𝐷𝐷𝑜𝑜𝐺𝐺𝑆𝑆𝐺𝐺𝑆𝑆𝑜𝑜𝐷𝐷 = 𝑊𝑊𝑊𝑊−𝑊𝑊𝑀𝑀
𝑊𝑊𝑀𝑀

∗ 100  (3) 

where:Wd: The sample mass before immersion in distilled water.Ws: The sample mass after immersion for one day in 
distilled water. 

3.9 Antibacterial Effect Test   
This test was performed to evaluate the antibacterial (biological) activity of the prepared samples against two types of 

bacteria, which are Streptococcus mutans (S. mutans) and Staphylococcus aureus (S. aureus). After being incubated at 37ºC for 
24 hours, many microlitres (106 bacteria) of bacteria solution were evenly spread over Mueller-Hinton agar, and the diameters 
of (6 mm) of the PMMA composite discs were placed on the ager. The antibacterial effectiveness of the cement samples was 
then measured by measuring the inhibitory zone that developed around them. 

4. Results and Discussion 

4.1 Particle Size Analysis Results 
Figure 1 (A, B, C) shows the particle size distribution of materials (TiO2, SiO2, and Talc) powders, respectively. Figure 1(A) 

exhibits the particle size of the TiO2 with a mean diameter of about (57.3 nm). Figure 1(B) presents the particle size of the SiO2 
with a mean diameter (67.8 nm), and Figure 1(C) depicts the particle size of talc powder with a mean diameter of (87.7 nm). 
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Figure 1: The Particle Size Distribution of (A) TiO2, (B) SiO2, and (C) Talc powder 

4.2 FT-IR Spectrometers Test Results 
The characteristic functional groups associated with Nano-ceramic particles and PMMA in the composites were confirmed 

by FT-IR spectroscopy. The infrared spectrum of pure PMMA is shown in Figure 2, with transmittances at (2956.74 and 2872.54 
cm-1) with a medium look that is associated with the stretched (C-H) bond in the -CH2 and -CH3 groups, respectively. The pure 
PMMA sample has a peak at (1726. 67 cm-1) which is associated with the C=O stretching band. The characteristic band that 
appeared at (1434.51 and 1366.66 cm-1) is related to the methyl group (C-H) bending. The peak at (1272.89-1230.66 cm-1) is 
associated with C‒O bond stretching in the ester group. The two bands at (1140.71 and 1059.52 cm-1) are caused by CH3 twisting, 
while the band at (1178.22 cm-1) corresponds to CH3 wagging. The C-C stretching-induced vibration modes are seen at (962.21 
cm-1). The (840.53 cm-1) peak is attributed to CH2 rocking, and the reason for the peak at (746.90 cm-1) is the CH2 bending and 
rocking in and out of a plane. 
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Figure 2: FT-IR spectrum of the pure PMMA material 

To fully characterize the PMMA composite samples band both before and after the inclusion of ceramic nanoparticles at 
different weight fractions, the infrared spectra of PMMA composites reinforced with (0. 5, 1, and 1.5%) weight fraction of 
ceramic nanoparticles (SiO2), (TiO2) and (Talc) are revealed in Figures 3, 4 and 5, respectively. The infrared spectra of PMMA 
composite specimens showed the characteristic vibration bands of neat PMMA, as displayed in Figure 2. Additionally, no new 
peaks were identified for the PMMA composite samples with the presence of ceramic nanoparticles, as confirmed by the infrared 
spectra. This is owing to the lack of cross-linking in these specimens, as well as the finding of a physical bond . 

 
Figure 3: FT-IR spectrum of the PMMA composite containing nano SiO2 particles at various content ratios 

 
Figure 4: FT-IR spectrum of the PMMA composite containing nano TiO2 particles at various content ratios 
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Figure 5: FT-IR spectrum of the PMMA composite containing nano Talc particles at various content ratios 

4.3 Tensile Strength Results  
The tensile strength of the PMMA composite samples reinforced with (TiO2, SiO2, and Talc) nanoparticles are shown in 

Figure 6. From the figure, the results of tensile strength illustrated that the addition (0.5, 1, and  1.5%) of SiO2 improved the 
tensile strength by (16.6, 51.2 and 66.5%), while the inclusion (0.5, 1, and 1.5%) of TiO2 enhanced the tensile strength by (25, 
44.9 and 47.55%), and the addition of (0.5, 1 and 1.5%) of Talc improved the tensile strength of PMMA by (30.2, 50 and 59.3%). 
So, from this figure, it can be concluded that the polymer composite (PMMA) reinforced with 1.5% nanoparticles has the highest 
tensile strength.  The improvement of tensile strength is due to the strengthening mechanism which mentioned the amount of 
these particles that played an important role by obstructing the motion of PMMA chains. And, the good wettability of these 
particles by (MMA) liquid may cause an increase in the bonding force between the matrix and reinforced material, so the resultant 
composites will require high stress to break their physical bonding [23].  

Figure 7 evinces that the elastic modulus of the PMMA polymer composite samples strengthened with (0.5, 1, and 1.5%) 
SiO2 improved at a rate of (100, 220.7, and 261.5%). In contrast, the addition of TiO2 at (0.5, 1, and 1.5%) enhanced the elastic 
modulus at the rate (153, 273, and 315.38%) and the modulus of elasticity of PMMA enhanced by (261.5, 307.69, and 338.4%) 
via adding (0.5, 1and 1.5%) Talc. For each type of three different types of nanopowders utilized, the elastic modulus increases 
as the weight fraction rises. This is related to the nature of the bonding and strengthening. Additionally, the higher stiffness of 
these nanoparticles than the PMMA matrix owing to their higher elastic modulus of powder results in an improvement in 
the stiffness of composite samples. There is also the possibility of matrix-particle interaction with the increased nanoparticle 
concentration, which causes an increase in the stress activity traveling from the matrix phase to the particle phase, as mentioned 
in [24]. 

 This behavior might be attributed to the nanoparticles' widespread and uniform distribution, which reduces the 
agglomeration (grouping) of reinforcement materials. As well as, the high interfacial bonding between the nano reinforcements 
and the PMMA matrix was established, and the slippage of the PMMA chains was decreased by occupying the spaces inside the 
PMMA matrix, producing a positively enhanced modulus of elasticity and ultimate tensile strength [25]. 

 
Figure 6: Tensile Strength of the composite PMMA polymer strengthened with ceramic nanoparticles 
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Figure 7: Elastic Modulus of the composite PMMA polymer strengthened with ceramic nanoparticles 

As shown in Figure 8, the elongation percentage was slightly reduced by the inclusion of nanoparticles; owing to the fact 
that the elongation (tensile strain) is dependent on the interfaces bonding between the matrix material and the supporting 
substances (nano-SiO2, nano-TiO2, and nano-Talc) particles. Because of the reinforcing behavior of these nanoparticles, it limits 
the polymer chain's slippage, as well as the consequence PMMA matrix and inclusion material with more excellent adhesive and 
compatibility [26, 27]. 

 
Figure 8: Elongation Percentage of the composite PMMA polymer strengthened with ceramic nanoparticles 

4.4 Compressive Strength Results 
The compression strength for the PMMA composite samples reinforced with (TiO2, SiO2, and Talc) nanoparticles are 

manifested in Figure 9. This figure shows that the addition (0.5, 1, 1.5%) of SiO2 improved the PMMA compressive strength by 
(10.5, 32, and 49.3%), while the inclusion (0.5, 1, 1.5%) of TiO2 enhanced the compressive strength of PMMA by (3.4, 16.6, 
36.66%), and the addition of (0.5, 1, 1.5%) of Talc improved the compression strength of PMMA by (4, 21.3, 40.5%). So, it can 
be concluded that the compression strength of composite specimens increases as the weight fraction of nanoparticles raises. It is 
believed that the enhanced strength during the compression is due to the strong interaction and reasonable adhesion force among 
the elements of the reinforcement materials (ceramic nanoparticles) of the PMMA matrix, which result in the stiffening of 
polymer chains by inhibiting the movement of crack and molecular motion of the prepared bio-composite samples, thereby 
showing a good resistance under vertical load applied [27]. 

The highest compressive strength is obtained from 1.5 weight percent (SiO2) due to the ability of silicon oxide nanoparticles 
to obstruct the propagation of cracks inside the PMMA matrix based on the enhancing mechanism and the good bond 
strength between the matrix and these nanopowders, as previously indicated [23]. 
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Figure 9: Compressive Strength of the composite PMMA polymer strengthened with ceramic nanoparticles 

4.5 Hardness Results  
Figure 10 illustrates the relationship between the hardness of PMMA samples and the concentration of ceramic nano-

powders (TiO2, SiO2, and Talc). This figure demonstrates that the addition (0.5, 1, 1.5%) of SiO2 nanoparticles to PMMA 
improved the hardness by (15.2, 31.25, and 41.66%), while the inclusion (0.5, 1, 1.5%) of TiO2 with PMMA increased the 
hardness by (6.8, 14.59, 20.83%), and the addition of (0.5, 1, 1.5%) of Talc enhanced the hardness of PMMA by (10.41, 22.91, 
31.6.3%). Furthermore, the increased weight percentage of adding ceramic nano-powders raises the hardness values of samples. 
This is attributed to the substantial compatibility of the polymeric matrix (PMMA) elements with the inclusion of nano-powders 
(TiO2, SiO2, and Talc). Also, the ceramic particle's hardness may be more substantial and stiffer than the PMMA polymer matrix 
control sample. Moreover, the formation of strong cross-links linking or supramolecular bonding between the powders and the 
matrix that cover or shield the nano additives allows the interface between them to transfer the force and therefore increase the 
hardness. So, the addition of (SiO2, TiO2, and Talc) nanoparticles results in a tougher (harder) surface and an excellent barrier to 
matrix mobility under the force direction, as stated in [28].   

The explanation for this behavior is that the addition of (SiO2, TiO2, and Talc) particles improves the material's mechanical 
properties while also having a high degree of compatibility among the ingredients in composite materials. 

 
Figure 10: Hardness (Shore A) of the composite PMMA polymer strengthened with ceramic nanoparticles 

4.6 Surface Roughness Results  
Figure 11 elucidates the surface roughness and the weight fraction of nanocomposite samples relationship based on the 

PMMA matrix and strengthened by ceramic nano-powders (TiO2, SiO2, and Talc). This figure reflects that when the weight 
percentage of reinforcement in the polymer matrix used to form the bio-composite material samples is increased, the value of 
surface roughness for the samples diminished. The surface roughness results showed that the addition (0.5, 1, 1.5%) of SiO2, 
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TiO2, and Talc particles reduced the surface roughness by (14.28, 39.22 and 48.57%), (9.42, 31.14, and 51.14%), and (11.65, 
28.88 and 42.47%), respectively. These results were associated with the properties, the surface wettability degree of the 
reinforcing materials (TiO2, SiO2, and Talc) nano-particles distributed throughout the polymer matrix, and the size of tiny 
particles (nano-particles) utilized, as mentioned [21, 27]. 

 
Figure 11: Surface Roughness of the composite PMMA polymer strengthened with ceramic nanoparticles 

4.7 Density  
The density results of composite specimens and the percentage of nanoparticles included in the PMMA matrix (TiO2, SiO2, 

and Talc) are portrayed in Figure 12. The density results showed that the PMMA reinforced with (0.5, 1, 1.5%) SiO2 decreased 
the density by (3.8, 7.61, and 10.45%). In contrast, the inclusion of (0.5, 1, and 1.5 %) TiO2 reduced the density by (5.71, 9.5, 
11.7%), and the addition of (0.5, 1, 1.5%) of Talc decreased the density of PMMA nanocomposite by (2.95, 5.81, 9.63%). When 
the number of nanoparticles in the polymer composite was increased, it was discovered that the density slightly dropped when 
compared to the matrix material. These components are very compatible [28, 29]. 

 
Figure 12: Density of the composite PMMA polymer strengthened with ceramic nanoparticles 

4.8 Water Absorption   
Figure 13 depicts the water absorption association with the nanoparticle concentration ratios in composites. From this figure, 

it can be concluded that including the SiO2 into the PMMA matrix at (0.5, 1, and 1.5%) increased the water absorption by (14.28, 
76.2, and 188.5%). In contrast, the addition of TiO2 at (0.5, 1, 1.5%) enhanced the water absorption by (22.85, 80, and 152.2%), 
and the addition of (0.5, 1, 1.5%) of Talc improved the water absorption of PMMA by (22.8, 49.14 and 125.71%). The water 
absorption property was discovered to rise with increasing the nanoparticle percentage in the polymer matrix composites; this 
may be attributed to the matrix material's inability to effectively saturate the additives at a more significant portion, which most 
probably assisted the moisture entry [29,30]. 
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Figure 13: Water Absorption of the composite PMMA polymer strengthened with ceramic nanoparticles 

4.9 Antibacterial Effect Results 
The results of antibacterial tests using two types of bacteria Streptococcus mutans (S. mutans) and Staphylococcus aureus 

(S. aureus) on the PMMA pure and PMMA composite samples reinforced with (SiO2, TiO2, and Talc) nanoparticles are viewed 
in Figures 14 (A,B,C), 15 (A,B,C) and 16 (A,B,C), respectively. From these results, the TiO2, SiO2, and Talc nanocomposite 
samples exhibited good antibacterial effects against Streptococcus mutans (S. mutans) and Staphylococcus aureus (S. aureus), 
respectively. When the particles are added to the polymer matrix, the antibacterial properties enhance with the increased loading 
of particles in the composite samples due to the influence of these nanoparticles' antibacterial activity, so all the groups exhibited 
strong antibacterial effects against the two types of bacteria. Regarding the composite samples, it was found that the highest 
amount of nanoparticles in the matrix material produced the most outstanding results. In addition, the inhabitation zone grew 
more significantly as the reinforcement concentration was increased, and the bacterial growth was restricted. 

 
Figure 14: (A, B) Images of the pure and composite samples containing nano SiO2 particles after 24 hr for S. aureus  and S.  

                  mutans respectively, C)The inhabitation Zone Size with S. mutans and S. aureus 



Aya A.Shaher et al. Engineering and Technology Journal 41(12) (2023) 1442- 1455 
 

1453 
 

 

 
Figure 15: (A, B) Images of the composite samples containing nano TiO2 particles after 24 hr for S. aureus  and S. Mutans,  

                 respectively, and (C) The inhabitation zone size with S. mutans and S. aureus 

 
Figure 16: (A, B) Images of the composite samples containing nano Talc particles after 24 hr for S. aureus  and S. Mutans,  

                  respectively, and (C) The inhabitation zone size with S. mutans and S. aureus 

5. Conclusion 
From the experimental results of the polymer nanocomposites manufacture by the addition of TiO2, SiO2, and Talc 

nanoparticles, the following can be concluded:  

 The tensile properties of the polymer nanocomposite improved with the increasing inclusion of nano-powders (TiO2, 
SiO2, and Talc) in the polymer matrix PMMA, despite of the reduction of elongation at break. The highest rate of 
increase in the tensile strength of nanocomposites was (66.5%) obtained for silicon oxide samples at (1.5 wt.%), and 
the best improvement in the elastic modulus of samples was obtained by adding 1.5% SiO2. 

 The compressive strength of the pure PMMA samples is poorer than that of samples strengthened with TiO2, SiO2, 
and Talc nano-powders. The maximum rate of improvement in the compressive strength of nanocomposites was 
(49.3%) for the silicon oxide samples at (1.5 wt.%). 
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 Compared to pure PMMA, the polymer composite's hardness (Shore A) was enhanced by raising the powder filler 
loading (TiO2, SiO2, and Talc), and the best rate of hardness increase was (41.66%) for the nanocomposite samples 
reinforced with the SiO2 nanoparticles. 

 The density property decreases after adding TiO2, SiO2, and Talc to the PMMA matrix, while including the nano-
powders leads to raised water absorption results. 

 The addition of 1.5% of each type of ceramic nanoparticles (TiO2, SiO2, and Talc) to the PMMA matrix results in the 
most excellent antibacterial effects against Streptococcus mutans (S. mutans) and Staphylococcus aureus (S. aureus) 
bacterial. 

 This study focuses on the requirement for novel, inexpensive, environmentally acceptable materials for medicine and 
the creation of materials utilized for cartilaginous joints. 
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