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1. Introduction 

PMMA (poly (methyl methacrylate)) is a non-adhesive acrylic polymer used as bone cement in orthopedic 

implants. Chanley pioneered the orthopedic use of PMMA cement, which was the first cement to be used in spine 

applications, in the early 1960s [1,2]. For over 40 years, PMMA has been extensively studied as bone cement and is 

widely suitable for many injectable PMMA cement formulations engineered intended for vertebral body treatments 

because of its desirable features, such as appropriate strength to provide mechanical stability, moldable to fill 

complicated flaws, low cost, and FDA approval [3,4]. 

A polymer mixture is a type of material created by combining two or more polymers to create a new material with 

specific physical properties. They blend the alloy subsystems' features in a favorable way. The qualities of polymer 

blends are sometimes superior to those of their constituents. Polymer blending is a method of providing materials with 

Abstract: As the population ages, so does the demand for bone loss treatments. The main components of these 

medicines must be able to endure longer and perform more effectively. Bone cement made of poly (methyl 

methacrylate) (PMMA), which is often used in damaged bone replacement surgery, is a vital biological material. 

As a result, the impact of additional nanoparticles such as zirconium dioxide (Zr02) and magnesium oxide (MgO) 

on polymer binary blends (Acrylic bone cement: 15% PMMA) for a bone scaffold was studied in this research. 

ZrO2 and MgO nanoparticles were introduced in various weights present to the polymer mix matrix 0, 0.5, 1, 1.5, 

2). Hand lay-up molding using two different types of PMMA material was utilized to create the polymer. The 

reinforcement materials were mixed individually with a binary polymer blend material according to the 

reinforcement material selection ratio, and then heat-treated at 55°C for 3 hours to complete polymerization and 

remove any residual stress. Mechanical characteristics such as tensile strength and Young's modulus were 

evaluated for all of the prepared samples. The chemical bonding of nanoparticles and synthetic binary polymeric 

mix composites was evaluated using Fourier transform infrared spectroscopy (FTIR). The tensile strength and 

Young's modulus of a binary polymeric blend reinforced with (1.5wt% ZrO2, and 1wt% MgO) both dramatically 

increased. A scanning electron microscope (SEM) was used to examine the surface morphology of the fracture 

surface of tensile specimens. SEM images demonstrated that nanoparticles (ZrO2 and MgO) were distributed 

uniformly throughout the polymeric mix matrix. 
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a comprehensive set of desired unique features at a cheap cost, such as a mix of toughness and strength, as well as 

solvent resistance [5,6]. 

Blending polymers is one of the most prevalent approaches for generating novel polymeric materials. Biopolymer 

composites are extremely important in tissue engineering for medical purposes because they provide a suitable 

environment for cell development and differentiation. Nano Zirconia (ZrO2 nanoparticles) has recently gained a lot of 

attention due to its outstanding biocompatibility. The classification of ZrO2 nanoparticles as a filler was based on their 

ability to improve the mechanical properties of acrylic resin [6,7]. ZrO2 possesses several desirable properties, 

including high toughness and mechanical strength, abrasion and corrosion resistance, and biocompatibility. Nano ZrO2 

has excellent mechanical properties that make it resistant to crack propagation, and it is recognized to have the highest 

oxide hardness [8,9]. Magnesium oxide (MgO) is another bioactive substance that can be used as a PMMA additive 

because osteoblast adhesion to magnesium oxide-containing cement was significantly higher than adhesion to PMMA 

alone without affecting mechanical strength [10,11]. 

According to the review by Karageorgiou and Kapalan [12], changed forms of bone have distinct mechanical 

characteristics. Dependent on the direction in addition to the kind of the load, the mid-thigh cortical has a strength of 

33-193 MPa and an elasticity modulus of 3-17 GPa. While the strength and elasticity modulus of the proximal femoral 

trabecular is 6.8 MPa and 0.441 GPa, respectively. 

PMMA reinforced with 0, 0.5, 1, and 1.5 vol. % from MgO was created by Salih et al. [13]. The tensile strength 

and modulus of elasticity both improved dramatically. The mechanical characteristics of the PMMA matrix improved 

as the volume fraction of MgO in the matrix rose. Gad et al [14] used PMMA as a foundation material and added 

salinized ZrO2 nanoparticles (40nm) to it 2.5, 5, and 7.5 wt %. The researchers looked at tensile strength and SEM 

tests. The results showed that as the wt % of ZrO2 increased, the tensile strength increased as well. With the various 

ZrO2 concentrations, the SEM micrographs revealed good surface properties. 

The primary purpose of this study was to improve the mechanical properties of polymeric blends including ZrO2 

and MgO nanoparticles in accordance with bone tissue engineering standards. The biocompatible scaffold that closely 

resembles the extracellular matrix niche in genuine bone. 

 

2. Materials and Methods 

2.1 Materials 

Acrylic bone cement for bone scaffold, which is a resin polymer produced by the Acro med Company, was used in 

this experiment. There are two parts to acrylic bone cement: a powder and a liquid. Methyl Methacrylate, Dimethyl-p-

toluidine, and Ethylene glycol dimethyl acrylate (EGDMA) make up the liquid, while Ethylene glycol dimethyl 

acrylate (EGDMA) makes up the powder (PMMA). Self-curing Polymethylmethacrylate (PMMA), a type of acrylic 

resin, is manufactured by (ORT-365). It is separated into two parts: a translucent viscous liquid and a paste. 

As reinforcement materials, two types of nanoparticles were utilized. The zirconium oxide (ZrO2) powder, which 

was obtained with purity 99.9 % from Hongwu International Group Ltd, has a white color and an average diameter of 

50.65 nm, while the yttrium oxide Y2O3 stabilized zirconia and magnesium oxide powder, which was obtained with 

purity 99.9 % from Beijing DK nanotechnology has a white color and an average diameter of 68.83 nm. 

 

2.2 Polymer Mixes and Composite Samples Preparation 

Hand lay-up molding using two different types of PMMA material was utilized to create the polymer. Acrylic bone 

cement specimens were made by combining 3.5 wt % from the liquid component of the Methyl methacrylate (MMA) 

monomer with 5 wt % from powders to make acrylic bone cement specimens. According to the manufacturer's 

specifications for the PMMA material, the acrylic resin and hardener should be mixed at a ratio of 100:2. As a result, 

the control group was made with a weighed amount of acrylic bone cement as a base ingredient, blended with PMMA 

at a 15 wt %, and manually mixed until the mixture was homogeneous. The mixture was poured into the mold to obtain 

the final standardized samples. The mixture was then allowed to harden for 48 hours at room temperature in the mold. 

After that, the casting sample is heated for 3 hours at 50 °C. Finally, it was left at ambient temperature for 72 hours to 

complete polymerization. 

 

2.3 Composites Preparation 

The weights of the reinforcement components are determined by the weight fractions of the strengthening 

materials (Zr02 and MgO) in the proper selection ratio. Essentially, the nanoparticle powders were estimated using an 

electronic balance, based on the overall weight of the matrix material (polymer binary mixes) (Acrylic bone cement: 15 

% PMMA). The reinforcement materials were mixed individually with a binary polymer blend material according to 

the reinforcement material selection ratio, and then heat-treated at 55 °C for 3 hours to complete polymerization and 

remove any residual stress caused by the de-molding of the samples into the metal mold cavity. 
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2.4 FTIR Spectroscopy  

The test was performed using a Bruker/Tensor 27 FTIR in accordance with the [E1252-98(2021)]-Standard 

practice designed for general techniques used for obtaining infrared spectra in support of qualitative analysis [15]. It 

has a Digi Tech TM detector system, DLATGS with high sensitivity, and a spectral range of 4000-400 cm-1 with a 

standard KBr beam splitter. 

 

2.5 Mechanical Properties 

The tensile tests were conducted in accordance with ASTM D638 standards [16,17]. The sample length was 165 

mm, and the thickness was 7 mm. A Universal tensile test machine with a load capacity of 50 kN in addition to a 

crosshead velocity of 5 mm/min had been used to conduct the tensile test. The Young's modulus and ultimate strength 

of materials with varying filler weight percentages were computed for modulus of elasticity evaluation and comparison. 

 

3. Results and Discussion 

The Fourier transform infrared spectroscopy (FTIR) of acrylic bone cement and type PMMA are shown in Fig. 

1(a) and Fig. 1(b), respectively. The wide peak (4000-2900 cm-1) corresponds to the appearance of stretching vibration, 

while the peak 2961.29 cm-1 corresponds to the C-H stretch of the methyl group (CH3). PMMA's main distinctive 

vibration bands are sharp intense peaks as a result of C=O stretching is caused by the presence of an ester carbonyl 

group (1745.87 cm-1) [15,18]. 

The 1457.16 cm-1 and 1280.78 cm-1 bands relate to C-H symmetric and asymmetric stretching modes, respectively, 

and the large peak extending from 1488-1000 cm-1 can be explained by the stretching vibration of the C-O (ester bond). 

The peak at 1280.78 cm-1 corresponds to methylene group CH2 torsion, the peak at 1195 cm-1 to -O-CH3 stretching 

vibrations, and the peak at 864.21 cm-1 to the C-C stretching band [19,20]. 

Fig. 1(c) shows the infrared spectrum of the binary polymer mix (acrylic bone cement: 15 % PMMA) as ideal 

samples. All the characteristic vibration bands of the acrylic bone cement illustrated in Fig. 1(a) is present in FTIR 

spectra of binary polymer blends. These spectra also revealed that the peak at 2920.07 cm-1 corresponds to the C-H 

stretching band of the methyl group (CH3). 

The primary distinctive vibration bands of acrylic bone cement include the stretching vibration C=O band (1722.57 

cm-1), the stretching vibration ester bond C-O band (1434.69 cm-1), and the symmetric and asymmetric stretching 

modes of the C-H band (1386.51 cm-1). The methylene group torsion band CH2 has a peak of 1239.41 cm-1, while the 

stretching band C-C has a peak of 986.85 and 840.58 cm-1 [21]. 
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Fig. 1 - FTIR spectra: a) acrylic bone cement, b) PMMA, and c) polymer blends (acrylic bone cement: 15 % 

PMMA) 

Fig. 2 shows the infrared spectra of a binary polymer blend (acrylic bone cement: 15 % PMMA) (control sample) 

and polymer blend composites augmented with various ratios of ZrO2 nanoparticles. PMMA principal vibration band 

characteristics occur at the C=O band (1723.97 cm-1), and fingerprint peaks at the C-O band (1434.69 cm-1). Because of 

the presence of ZrO2 particles in PMMA, the bands assigned to the Zr-O, and O-Zr-O bands in ZrO2 weakened and 

eventually vanished [22,23]. There were no new peaks or peak shifts in the infrared spectra of (acrylic bone cement: 15 

% PMMA) composites specimens. This is owing to the lack of cross-linking in these specimens and the need to find a 

physical bond. At 0.5 wt %. percent ZrO2, all typical peaks show a noticeable decrease in peak intensity, which then 

increases with increasing ZrO2 content in PMMA composites specimens. 

 

 
 

Fig. 2 - FTIR spectra of the first group bio-composites (acrylic bone cement: 15 % PMMA), with the 

composite content of ZrO2 nanoparticles as a variable 

 

Fig. 3 shows the FTIR spectrum of a binary polymer blend (acrylic bone cement: 15 % PMMA) and its polymer 

blend composites augmented with various MgO nanoparticle content ratios in the composite. The C=O band (1722.57 

cm-1) and the fingerprint peak (1434.69 cm-1) for C-O band vibration are the major characteristics of the acrylic bone 

cement vibration band. The presence of MgO nanoparticles in a polymer mixture weakened the bands attributed to Mg-

O and Mg-O-Mg compounds in the 661.01–511.18 cm-1 range as a wideband [24,25]. 
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Fig. 3 - FTIR spectra of the second group bio composites (Acrylic bone cement: 15 % PMMA), with the 

composite content of MgO nanoparticles as a variable 

Fig. 4 and Fig. 5 depict the stress-strain behavior of composite materials made up of a polymeric blend (acrylic 

bone cement: 15 % PMMA) reinforced with three different types of nanoparticles of ZrO2 and MgO at different weight 

% fractions (0.5, 1, 1.5, 2). 

 

 
 

Fig. 4 - Stress-strain curve for the bio composite (acrylic bone cement: 15 % PMMA), a function of the ZrO2 

content in the composite 

 

 
 

Fig. 5 - Stress-strain curve for the bio composite (acrylic bone cement: 15 % PMMA), a function of the MgO 

content in the composite 

 

The modulus of elasticity and fracture strength for three sets of hybrids are shown in Fig. 6 and Fig. 7, 

respectively. As a result of the nanoparticle (ZrO2 and MgO) contents in the mixture, nanocomposite samples (acrylic 

bone cement: 15 % PMMA nanoparticles) were created. In comparison to the polymeric mix, increasing the weight 

fraction up to 1.5 wt % of ZrO2 increased the tensile strength by 26 % and 12 % for 1 wt % of MgO, respectively. 

This increase in strength can be explained by the strengthening caused by the presence of uniformly distributed 

tougher and stronger particles in the matrix. Furthermore, nanoparticles' vast surface area provides more points of 

interaction with polymer blends and nano additives, improving mechanical interlocking and allowing a shift in the 

polymer mixture's properties. Furthermore, the nanoparticles have already established a well-distributed transfer of 

stress from the matrix to the strong nanofillers. Finally, the polymeric blend reinforced with 1.5 wt % ZrO2 exhibits 

good mechanical properties and the addition of ZrO2 nanoparticles to the polymeric blend adds to the improvement of 

mechanical properties. This may be due to ZrO2 intrinsic strength when compared to other nanoparticles. 

However, the polymeric blend composites samples with 1.5 wt %. percent ZrO2 and 1 wt % MgO nanoparticle had 

greater young's modulus values, as shown in Fig. 7. Furthermore, the polymeric blends reinforced by ZrO2 

nanoparticles have a higher elastic modulus than their counterparts in the other groups' composite samples, as shown in 
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this figure. This behavior can be explained by ZrO2 inherent property of high mechanical strength, which increases the 

mechanical properties of acrylic mix-based composites [22,26]. 

When the number of nanoparticles (ZrO2, and MgO) is increased, the interfacial adhesion between the components 

appears to decrease, and a non-homogeneous distribution results in composites with reduced elastic modulus. 

 

 
 

Fig. 6 - Tensile strength of a bio composite (acrylic bone cement: 15 % PMMA) as a function of the quantity 

of nanofillers (ZrO2 and MgO) in the mixture 

 

 
 

Fig. 7 - Modulus of elasticity of a bio composite (acrylic bone cement: 15 % PMMA) as a function of the 

quantity of nanofillers (ZrO2 and MgO) in the mixture 

 

The addition of the fillers 2 wt % ZrO2 and < 1. 5 wt % MgO to the nanohybrid composites resulted in a drop in 

tensile strength. The dispersion process is rendered ineffective due to the presence of particle-matrix interfacial defects 

and the presence of Vander Waals forces. Furthermore, the presence of agglomerated fillers that form loosely 

connected clusters that influence the fracture propagation mode reduces the tensile strength of the material [27,28]. 

The mechanical and physical properties of a composite are directly influenced by the size, quantity, and dispersion 

of the reinforcing phase, as well as interfacial bonding between the components. They also have an impact on the 

morphology of composite microstructures. To connect the mechanical properties of polymers blending samples with 

their microstructural morphologies, micrograph investigations using scanning electron microscopy (SEM) were 

performed on the fracture surfaces at magnification 1000X. 

The fracture surface morphology was studied for binary polymer mixing (control sample), polymer nanocomposite 

of ((acrylic bone cement: 15 % PMMA): 1.5 % ZrO2), and ((acrylic bone cement: 15 % PMMA): 1 % MgO). All 

microstructural morphologies appeared as co-continuous structures, making it more difficult to discriminate between 

separate polymers in these polymeric blends' composites. Fig. 8 indicates that composite specimen components with 

added nano-sized reinforcing materials 1.5 % ZrO2 and 1 % MgO to binary polymeric mix had greater interfacial 

adhesion. The fracture surface of polymeric composites, on the other hand, was rough and uneven, with a pattern of 

ductile dimples. Furthermore, the architecture of the fracture surface revealed lamellar steps of very uniform size and 

distribution, which are typical of ductile fractures [29,30]. 
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Furthermore, there was no large aggregation of these nanoparticles that showed a consistent particle dispersion. 

Most nanoparticles' fracture surface morphology is integrated as an inherent component of the matrix material of the 

base material structure, which is a favorable sign compatibility between the matrix material and leading to the 

formation of strong physical bonding (strong interfacial regions) between the nanoparticles and polymeric blending 

matrix [31,32]. Most nanoparticles' fracture surface morphology is as an intrinsic component embedded inside the 

matrix material of the base material structure, showing that it is in good condition compatibility between the matrix 

material and leading to the formation of strong physical bonding (strong interfacial regions) between the nanoparticles 

and polymeric blending matrix [33,34]. 

 

 
 

Fig. 8 - SEM images: (a) binary polymer blend (acrylic bone cement: 15 % PMMA (control sample)), (b) 

(acrylic bone cement: 15 % PMMA): 1.5 % ZrO2), and (c) (acrylic bone cement: 15 % PMMA): 1 % MgO) 

 

4. Conclusion 

When compared to other reinforcing nanoparticle materials (MgO) utilized in this work, adding ZrO2 nanoparticles 

to a polymer mixture (acrylic bone cement: 15 % PMMA) resulted in higher mechanical properties (tensile strength in 

addition to Young's modulus). Young's modulus and tensile strength of polymeric blend nanocomposites samples were 

also improved when nanoparticles were introduced to a particular limit (1.5 wt % ZrO2) and (1 wt % MgO). Finally, 

when the nanoparticles were added above a certain limit in the composite, the mechanical characteristics were reduced, 

but they were kept better than in the polymer blend as a foundation material. As a result, these samples could be made 

from materials that have the characteristics needed for bone scaffold applications. 
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