Journal of Advanced Research in Micro and Nano Engineering, 21, Issue 1 (2024) 127-136

Jour_nal of Advanced R(_esear_ch in e et
” Micro and Nano Engineering ot

Journal homepage:
https://www.akademiabaru.com/submit/index.php/armne/index
ISSN: 2756-8210

Preparation and Characterization of Hydroxyapatite Based Composite
Material via Cold Sintering Process

Gunawan?, Amir Arifin®*, Irsyadi Yanil, Barlin Oemar?, Sudarsono?, Mohd Ikram Ramli3, Ilham Gusti
Wijayanto?

1 Department of Mechanical Engineering, Sriwijaya University, Indralaya, South Sumatera, 30662, Indonesia
2 Department of Mechanical Engineering, Halu Oleo University, Kendari, Indonesia
3 School of Engineering, University of Wollongong Malaysia, Glenmarie Campus, 40150, Shah Alam, Selangor, Malaysia

ARTICLE INFO ABSTRACT
Article history: This study focuses on the synthesis of hydroxyapatite (HA) from bovine bones through
Received 10 April 2024 calcination and subsequent combination with Polyvinyl Alcohol (PVA) using the Cold

Received in revised form 20 May 2024
Accepted 19 June 2024
Available online 30 July 2024

Sintering Process (CSP). The CSP, operating at lower temperatures than conventional
methods, aims to preserve the bioactivity and biocompatibility of HA, crucial for
biomedical applications. The research investigates the influence of HA composition,
sintering temperature, and PVA content on the porosity and compressive strength of
the HA-PVA composite. The Hydroxyapatite powder, obtained from calcinated bovine
bones, exhibits irregular shapes and sizes with a maximum grain size of 10um,
confirmed by SEM analysis. XRD analysis validates the successful production of
Hydroxyapatite, showcasing characteristic peaks. The HA/PVA composite's XRD pattern
indicates the dominance of HA, with PVA present as well. The study produces 27
specimens through the CSP, varying HA composition and sintering temperature.
Porosity increases with higher HA content and sintering temperature, attributed to the
role of PVA in binding HA particles. Compressive strength rises with increased HA
content, emphasizing HA's role in enhancing mechanical strength. The presence of
porosity is mitigated by a strong bond between HA and PVA, contributing to structural

Keywords: integrity. This research provides insights into tailoring HA-PVA materials for biomedical
Hydroxyapatite; polyvinyl alcohol; cold applications, considering controlled porosity and mechanical strength. The CSP, with its
sintering; biomaterial; compressive unique advantages, emerges as a promising method for developing customized
strength materials to meet diverse biomedical needs.

1. Introduction

Hydroxyapatite (HA) is a calcium phosphate compound that is similar to the primary mineral
components found in human bones and teeth. It is widely used in biomedical applications, including
the production of bone and dental implants, as well as tissue regenerative materials [1,2]. Advanced
synthesis methods are required to meet specific requirements such as controlled porosity and
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suitable mechanical strength. HA is also a material commonly used as a catalyst [3], adsorption [4]
and sensors [5].

Conventional sintering processes typically involve high temperatures, often exceeding 1000°C [6-
8]. While these methods achieve material densification, they can pose challenges. For HA, exposure
to such extreme temperatures can lead to undesired changes in crystal structure and composition,
affecting bioactivity [9]. In contrast, the Cold Sintering Process allows synthesis at significantly lower
temperatures, typically below 300°C or even at room temperature [10]. This preservation of HA's
bioactivity and biocompatibility without risking alterations is facilitated by pressure-assisted
densification in the Cold Sintering Process, enabling controlled material densification and porosity
manipulation. The Cold Sintering Process is versatile in its application to polymer and ceramic
materials, making it suitable for developing composite materials for biomedical applications [11-13].

Polyvinyl Alcohol (PVA) is a synthetic polymer formed from vinyl alcohol monomers through
polymerization processes. Its distinctive chemical structure provides excellent water solubility,
making it highly suitable for applications in the biomedical field. Additionally, PVA boasts advantages
in terms of resistance to organic and chemical solvents, as well as good dimensional stability [14].
One of the main advantages of PVA is its high biocompatibility, meaning it can interact with biological
tissues without inducing toxic or harmful immunological reactions. This makes PVA particularly
suitable for manufacturing various medical implants, such as wound dressings, tissue scaffolds, and
artificial blood vessels.

Furthermore, the ease of its manufacturing process is a crucial factor contributing to PVA's
popularity in the biomaterial industry. PVA can be processed using various manufacturing methods,
including 3D printing, extrusion, and moulding, allowing for the production of various shapes and
structures tailored to specific application needs. Several previous studies have demonstrated the
enhanced benefits of HA-PVA composites, as reported by Jalager, where PVA was able to improve
mechanical strength and biocompatibility [15]. The addition of HA also altered the physical and
chemical properties of PVA, enhancing its potential as artificial cartilage [16-18].

More comprehensive research related to the utilization of HA-PVA composites as implant
materials has also been conducted. However, its utilization is generally limited to gel forms, with very
few reports on the preparation of these composites in solid forms. This limitation is understandable
due to the significant difference in solidification temperatures between the two materials, making it
difficult to form them into solid shapes using conventional methods. However, with the cold sintering
process, this becomes feasible.

The objective of this research is to combine the advantages of the Cold Sintering Process with the
development of customizable HA-PVA materials. By understanding the parameters in this process,
this study aims to produce materials with controlled porosity and appropriate mechanical strength.
These outcomes hold great relevance for the advancement of bone and dental implant technology,
as well as other biomedical applications.

2. Materials and Method

The raw materials of the Hydroxyapatite in the form of bovine bones were processed using the
calcination method at 800°C for 1 hour inside an electric furnace, producing bones that are free from
organic contaminants. After the calcination process was finished, the calcinated bones were then
crushed with mortar and then sieved to reach the intended size.

The cold sintering process begins with mixing the pre-weighed HA (Hydroxyapatite) and PVA
(Polyvinyl Alcohol) using a magnetic stirrer for 1 hour. Subsequently, the HA/PVA mixture is poured
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into a molding for the sintering process, with a pressure of 600 MPa applied for 30 minutes, at
temperature variations of 90, 100, and 120°C.

The X-ray Diffraction (XRD) analysis was employed to investigate the potential phase
transformations that may occur during the sintering process, utilizing the Rigaku MiniFlex 600 X-Ray
Diffraction equipment. The surface structure of the samples was observed using a scanning electron
microscope (SEM), specifically the FEI Inspect S50. Porosity, specific mass, and water absorption
characteristics of each sintered specimen were measured using the Archimedes method, particularly
the water immersion technique. All the data presented represent the average values obtained from
three measurements. Compression testing was performed using a Universal Testing Machine (UTM),
with reference to the ASTM C 733 standard as the basis for calculations in measuring compressive
strength.

3. Results and Discussion
The hydroxyapatite powder produced by the procedure is then analyzed using SEM as depicted

at Figure 1. It shows an irregular shape and size with a maximum grain size of 10um. The SEM images
also show that there is a huge size disparity between the HA grains produced in this method.

0] Mag= 250KX  Signal A=SE1
f L WD =10.5mm EHT = 10.00 kV

Fig. 1. SEM result of HA powder

The powder Hydroxyapatite from calcinated bovine bones was put into the XRD machine and the
resultin the form of intensities at certain angles (theta) was then compared to the ICDD 00-009-0432
standard of Hydroxyapatite (Figure 2). It is confirmed that the calcination process successfully created
Hydroxyapatite from bovine bones. There are 5 notable peaks in the hydroxyapatite specimen at
angles 20 = 32.1, 26.3, 49.5, 47, and 40.1°.
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Fig. 2. XRD pattern of bovine bone powder

Based on the X-ray diffraction pattern formed, it can be observed that in this specimen (Figure
3), there are two main phases, namely hydroxyapatite (HA) and Polyvinyl Alcohol (PVA). There are 12
peaks in the X-ray diffraction pattern associated with HA. This indicates that HA is the dominant
component in this sample. There are 7 peaks in the X-ray diffraction pattern associated with PVA.
Although PVA is present in the sample, its presence is less compared to HA.
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Fig. 3. XRD Pattern of HA/PVA comp05|te

The specimens are in the form of a cylinder with a diameter of 12 mm (Figure 4). The compaction

process faces some difficulty in maintaining the pressure set for each specimen because even a tiny
mistake can melt the entire composite.
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Fig. 4. Specimen from compaction process
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There is a clear trend observed in the data, where an increase in the hydroxyapatite (HA) content
within the composite results in higher porosity levels (as shown in Figure 5). This phenomenon can
be attributed to the inherent characteristics of HA as a denser and more resistant material when
subjected to pressure, in contrast to PVA. Consequently, a higher HA content leads to fewer voids or
pores being formed during the sintering process.

The role of PVA in acting as a binding agent is significant in reducing porosity, particularly when
the PVA content in the composite is sufficiently high. During the sintering process, PVA effectively
binds HA particles together, thereby mitigating the formation of pores. When PVA softens or
undergoes partial decomposition near the sintering temperature, it can effectively occupy the
interstitial spaces between HA grains, leading to a reduction in overall porosity. At the sintering
temperature of approximately 120°C, PVA may undergo partial decomposition [19]. This
decomposition process results in the release of gases, which subsequently create pores within the
sample, ultimately leading to an increase in porosity. This effect is clearly demonstrated in the
composition containing 10% PVA, where the porosity is significantly higher compared to the
composition with 30% PVA.

In the composition with 30% PVA, a greater quantity of PVA is available to fill the voids between
HA grains, resulting in a lower overall porosity. Conversely, in the composition with only 10% PVA,
the reduced quantity of PVA diminishes its capacity to effectively bind HA particles together,
consequently leading to higher porosity. Furthermore, the application of high pressure during the
sintering process plays a vital role in compacting the material particles, thereby minimizing pore
formation [20]. This pressure-related effect holds true for both compositions, although the varying
PVA content may exert a more dominant influence in determining the final porosity.

The analysis results underscore the significance of several factors, including the material
composition, the role of PVA asa binding agent, the partial decomposition of PVA, and the application
of pressure during the sintering process, all of which collectively contribute to the observed levels of
porosity in the hydroxyapatite/PVA composite. Lower porosity levels are associated with higher HA
content and the effective role of PVA in occupying interstitial spaces between HA grains, while higher
porosity levels are linked to PVA decomposition and its reduced presence within the composite
composition.
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Fig. 5. Porosity of each HA Composition
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The data, asillustrated in Figure 6, clearly indicates that porosity within the composite increases
proportionally with the elevation of sintering temperature. At lower sintering temperatures, such as
90°C, PVA maintains its solid state, effectively functioning as a binding agent. This solid-state
characteristic serves to mitigate the formation of pores, thereby accounting for the lower porosity
observed at this temperature.
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Fig. 6. Porosity of HA80/PVA20 at various sintering temperature

Conversely, as the temperature nears or exceeds the melting point of PVA—where PVA initiates
melting or experiences partial decomposition—partial melting occurs, accompanied by the release
of gas. This phenomenon subsequently intensifies the creation of pores, elucidating the heightened
porosity evident at 100°C and 120°C. The elevated melting point of PVA ensures its solidity at lower
sintering temperatures, like 90°C, permitting PVA to act as a proficient binding agent. Nevertheless,
at 100°C and 120°C, it is plausible that PVA commences partial melting or decomposition, thereby
contributing to the formation of substantial pores.

The porosity data is intrinsically intertwined with sintering temperature, with the melting point
of PVA playing a pivotal role in this intricate relationship. At lower temperatures, PVA retains its solid
form and effectively fulfils its role as a binder [21], whereas, at higher temperatures, the potential
occurrence of partial melting or decomposition in PVA leads to an augmentation of porosity.

The data revealsa noticeable trend: a higher proportion of HA in the composite leads to increased
compressive strength in the samples. This observation strongly suggests that HA plays a significant
role in enhancing the material's compressive strength, as demonstrated in Figure 7. Conversely, PVA,
as another component, seems to exert a relatively minor influence on compressive strength.
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Fig. 7. Compressive Strength of each HA Composition

Moreover, the presence of a robust bond between HA and PVA can uphold material strength
even when porosity is present. This phenomenon is achievable through meticulous sintering
processes or alternative manufacturing techniques that establish a robust interconnection between
the composite components [22]. Such interconnections enable mutual support and compensation,
mitigating the impact of porosity.

Additionally, the distinct structural arrangement within the composite can be a contributing
factor. For example, if porosity is evenly and precisely distributed within the matrix, it may have
minimal adverse effects on mechanical strength. In fact, when porosity takes the form of a well-
organized structure, akinto a sponge-like configuration, it can contribute to enhanced strength [23].
This is attributed to its role in redistributing loads and reducing stress concentration points.
Furthermore, well-structured porosity can effectively minimize stress concentration, thereby
reducing the risk of material failure.

Figure 8 clearly shows porosity on the surface of the HA90/PVA10 specimen. The size of the
porosity is +#4um and correlates to the result of the validation experiment which has the material at
an average of 30.75% porosity. The SEM (Scanning Electron Microscope) image reveals that
densification has occurred within the specimen. This suggests that during the manufacturing process,
diffusion between the HA and PVA components took place, resulting in the creation of bonds
between the particles. This bonding is a positive aspect as it can enhance the material's structural
integrity and strength.
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Fig. 8. The SEM image of HA90/PVA10 specimen
4. Conclusions

The Hydroxyapatite (HA) powder obtained from bovine bones exhibits irregular shapes and sizes,
with a maximum grain size of 10um. The X-ray diffraction (XRD) analysis confirms the successful
conversion of bovine bone into HA. The study demonstrates a clear trend where an increase in HA
content within the composite leads to higher porosity levels. Thisis primarily due to the denser and
more resistant nature of HA compared to PVA under pressure, resulting in fewer voids formed during
the sintering process. PVA plays a significant role as a binding agent, reducing porosity, especially
when its content in the composite is high. During sintering, PVA effectively binds HA particles
together, reducing the formation of pores. However, PVA may undergo partial decomposition during
sintering, leading to gas release and increased porosity. The data suggests that HA content
significantly influences compressive strength, with higher HA content contributing to increased
strength. Strong bonds between HA and PVA can also maintain strength even in the presence of
porosity. The composition, the role of PVA, sintering temperature, and structural organization
collectively contribute to the observed properties of the material.

Acknowledgement

The authors would like to extend their heartfelt gratitude for the support and funding provided
through the Competitive Research Excellence via Rector's Decree of Universitas Sriwijaya, No.
0188.UN9.3.1.SK.2023. This support has served as a strong foundation for the smooth progression of
our research

References

[1] Dorozhkin, Sergey V. "Calcium orthophosphate (CaPO4)-based bioceramics: Preparation, properties, and
applications." Coatings 12, no. 10 (2022): 1380. https://doi.org/10.3390/coatings12101380

[2] Baddar, Baddrul lkram, A. Shah, H. Mas Ayu, R. Daud, and Murtala Sule Dambatta. "Hydroxyapatite and thermal
oxidation as intermediate layer on metallic biomaterial for medical implant: a review." Journal of Advanced
Research in Fluid Mechanics and Thermal Sciences 62, no. 1 (2019): 138-150.

[3] Chen, Guanyi, Rui Shan, Jiafu Shi, Changye Liu, and Beibei Yan. "Biodiesel production from palm oil using active and
stable K doped hydroxyapatite catalysts." Energy conversion and management 98 (2015): 463-469.
https://doi.org/10.1016/j.enconman.2015.04.012

[4] Rahman, Zaharah Abdul, Sofiah Hamzah, Syed Mohd Saufi Tuan Chik, Norhafiza llyana Yatim, Siti Solihah Rasdei,
and Jan Setiawan. "Properties and Evaluation of Functionalized Mixed Membrane Adsorbents for the Adsorption

134


https://doi.org/10.3390/coatings12101380
https://doi.org/10.1016/j.enconman.2015.04.012

Journal of Advanced Research in Micro and Nano Engineering
Volume 21, Issue 1 (2024) 127-136

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

of Vanillic Acid from Palm Qil Waste." Journal of Advanced Research in Applied Sciences and Engineering
Technology 39, no. 2 (2024): 53-71. https://doi.org/10.37934/araset.39.2.5371

Lépez, Marta Sanchez-Paniagua, Esther Redondo-Gémez, and Beatriz Ldpez-Ruiz. "Electrochemical enzyme
biosensors based on calcium phosphate materials for tyramine detection in food samples." Talanta 175 (2017):
209-216. https://doi.org/10.1016/j.talanta.2017.07.033

Gunawan, Gunawan, Amir Arifin, Irsyadi Yani, and Muhammad Indrajaya. "Characterization of porous
hydroxyapatite-alumina composite scaffold produced via powder compaction method." In IOP Conference Series:
Materials  Science  and  Engineering, vol. 620, no. 1, p. 012107. IOP Publishing, 2019.
https://doi.org/10.1088/1757-899X/620/1/012107

Kia, Pooneh, Mansor Bin Ahmad, and Kamyar Shameli. "Green synthesis of Sodium alginate mediated Fluorapatite
Nanoparticle via Sol-Gel method." Journal of Research in Nanoscience and Nanotechnology 2, no. 1 (2021): 30-41.
https://doi.org/10.37934/jrnn.2.1.3041

Rahim, Toibah Abd, Fatimah Misran, Zaleha Mustafa, and Zurina Shamsudin. "Eggshell Derived Calcium Phosphate
and Its Conversion to Dense Bodies." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 65,
no. 2 (2020): 334-341.

Trzaskowska, Marta, Vladyslav Vivcharenko, and Agata Przekora. "The impact of hydroxyapatite sintering
temperature on its microstructural, mechanical, and biological properties." International Journal of Molecular
Sciences 24, no. 6 (2023): 5083. https://doi.org/10.3390/ijms24065083

Baker, Amanda, Hanzheng Guo, Jing Guo, and Clive Randall. "Utilizing the cold sintering process for flexible—
printable electroceramic device fabrication." Journal of the American Ceramic Society 99,n0.10(2016): 3202-3204.
https://doi.org/10.1111/jace.14467

Andrews, Jessica, Daniel Button, and lan M. Reaney. "Advances in cold sintering: Improving energy consumption
and unlocking new potential in component manufacturing." Johnson Matthey Technology Review 64, no. 2 (2020):
219-232. https://doi.org/10.1595/205651320X 1581415006 1554

Andrews, Jessica, George Bullock, Cheryl A. Miller, Jonathan Booth, Hong Ren, Nicole L. Kelly, John V. Hanna, and
lan M. Reaney. "Cold sintering of bioglass and bioglass/polymer composites." Journal of the American Ceramic
Society 106, no. 6 (2023): 3396-3409. https://doi.org/10.1111/jace.19022

Shen, Hui-Zhen, Ning Guo, Liang Zhao, and Ping Shen."Role of ion substitution and lattice water in the densification
of cold-sintered hydroxyapatite." Scripta Materialia 177 (2020): 141-145.
https://doi.org/10.1016/j.scriptamat.2019.10.024

Teodorescu, Mirela, Maria Bercea, and Simona Morariu. "Biomaterials of poly (vinyl alcohol) and natural
polymers." Polymer Reviews 58, no. 2 (2018): 247-287. https://doi.org/10.1080/15583724.2017.1403928
Jalageri, Mallikarjun B., and G. C. Mohan Kumar. "Hydroxyapatite reinforced polyvinyl alcohol/polyvinyl pyrrolidone
based hydrogel for cartilage replacement." Gels 8, no. 9 (2022): 555. https://doi.org/10.3390/gels8090555
Wu, Gang, Bing Su, Wenguang Zhang, and Chengtao Wang. "In vitro behaviors of hydroxyapatite reinforced
polyvinyl alcohol hydrogel composite." Materials Chemistry and Physics 107, no. 2-3 (2008): 364-369.
https://doi.org/10.1016/j.matchemphys.2007.07.028

Gonzalez, Jimena S., and Vera A. Alvarez. "Mechanical properties of polyvinylalcohol/hydroxyapatite cryogel as
potential artificial cartilage." Journal of the mechanical behavior of biomedical materials 34 (2014): 47-56.
https://doi.org/10.1016/j.jmbbm.2014.01.019

Li, B. B., C. X. Lian, X. Y. Wang, J. W. Liu, and Q. Shao. "Preparation of Pva / Ha-Si Hydrogel and Mechanism Study of
Vascularization Promotion." Article. Wuhan Ligong Daxue Xuebao/Journal of Wuhan University of Technology 42,
no. 8 (2020): 37-45.

Yang, Haigang, Shoubin Xu, Long Jiang, and Yi Dan. "Thermal decomposition behavior of poly (vinyl alcohol) with
different hydroxyl content." Journal of Macromolecular Science, Part B51, no. 3 (2012): 464-480.
https://doi.org/10.1080/00222348.2011.597687

Mazlan, Mohd Rhafig, Nashrah Hani Jamadon, Armin Rajabi, Abu Bakar Sulong, Intan Fadhlina Mohamed, Farazila
Yusof, and Nur Ayuni Jamal. "Necking mechanism under various sintering process parameters—a review." journal
of materials research and technology 23 (2023): 2189-2201. https://doi.org/10.1016/j.jmrt.2023.01.013

Sun, Jiachen, Xin Ren, Zhenfei Li, Weichao Tian, Yi Zheng, Li Wang, and Guangchuan Liang. "Effect of poly (acrylic
acid)/poly (vinyl alcohol) blending binder on electrochemical performance for lithium iron phosphate
cathodes." Journal of Alloys and Compounds 783 (2019): 379-386.
https://doi.org/10.1016/j.jallcom.2018.12.197

135


https://doi.org/10.37934/araset.39.2.5371
https://doi.org/10.1016/j.talanta.2017.07.033
https://doi.org/10.1088/1757-899X/620/1/012107
https://doi.org/10.37934/jrnn.2.1.3041
https://doi.org/10.3390/ijms24065083
https://doi.org/10.1111/jace.14467
https://doi.org/10.1595/205651320X15814150061554
https://doi.org/10.1111/jace.19022
https://doi.org/10.1016/j.scriptamat.2019.10.024
https://doi.org/10.1080/15583724.2017.1403928
https://doi.org/10.3390/gels8090555
https://doi.org/10.1016/j.matchemphys.2007.07.028
https://doi.org/10.1016/j.jmbbm.2014.01.019
https://doi.org/10.1080/00222348.2011.597687
https://doi.org/10.1016/j.jmrt.2023.01.013
https://doi.org/10.1016/j.jallcom.2018.12.197

Journal of Advanced Research in Micro and Nano Engineering
Volume 21, Issue 1 (2024) 127-136

(22]

(23]

Biesuz, Mattia, Gianmarco Taveri, Andrew I. Duff, Eugene Olevsky, Degui Zhu, Chunfeng Hu, and Salvatore Grasso.
"A theoretical analysis of cold sintering." Advances in Applied Ceramics 119, no. 2 (2020): 75-89.
https://doi.org/10.1080/17436753.2019.1692173

Azuraini, Mat Junoh, Sevakumaran Vigneswari, Kai-Hee Huong, Wan M. Khairul, Abdul Khalil HPS, Seeram
Ramakrishna, and Al-Ashraf Abdullah Amirul. "Surface modification of sponge-like porous poly (3-hydroxybutyrate-
co-4-hydroxybutyrate)/gelatine blend scaffolds for potential biomedical applications." Polymers 14, no. 9 (2022):
1710. https://doi.org/10.3390/polym14091710

136


https://doi.org/10.1080/17436753.2019.1692173
https://doi.org/10.3390/polym14091710

