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Abstract 

 

A novel hybrid bioactive ceramic for metallic implant was developed to achieve strong interfacial bonding and 

osseointegration. This study investigated the morphological, mechanical characteristics, and bioactivity 

properties of SS316L/HA/YSZ composite through the powder metallurgy method. Various compaction 

pressures (200, 300, and 400 MPa) were explored to address the difference in Young's modulus between the 

implant and human bone. Subsequently, the composites were sintered at 800 °C for 2 h with a heating rate of 

10 °C/min. Microstructural and mechanical evaluations were performed using SEM, density, and compressive 

strength tests, while the bioactivity of the composites was assessed through an immersion test. The findings 

revealed that lower compaction pressure leads to lower densification, higher porosity, higher compressive 

strength, lower Young's modulus, and increased apatite deposition. The ideal compaction pressure of 200 MPa 

was identified, as it aligns with the mechanical and bioactivity qualities required for cortical bone, resulting in 

a compressive strength of 121.07 MPa, Young's modulus of 31.39 GPa, porosity of 33.29% and denser apatite 

formation (1.64%). 
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1. Introduction 

The increasing use of orthopedic implants, especially hip and knee joint replacements for elderly patients, has 

stimulated interest and concern regarding the long-term effects of the materials employed. Around 10% of adults 

in Malaysia may require surgery to replace a diseased or injured hip joint with an artificial implant [1]. Metallic 

implants have emerged as the primary option for those who require bone implant surgery. The high demand for 

metallic implants is due to their ability to withstand substantial loads, high fatigue resistance, and capability to 

undergo plastic deformation before failure. These properties are not attainable in pure ceramic or polymeric 

biomaterials. 

The most common metals used to manufacture implants include stainless steel, cobalt-based, and titanium-

based alloys. Among these, 316L stainless steel (SS316L) has been used as an implant material for several decades 

due to its low cost and widespread availability [2]. Furthermore, SS316L has high corrosion resistance, heat 

resistance, biocompatibility, and good mechanical properties. Despite possessing excellent properties, SS316L 

has a higher Young's modulus (189-205 GPa) compared to cortical bone (10-40 GPa), leading to the stress-

shielding phenomenon [3]. This results in bone resorption around the implant and compromises the reliability 

(clinical success), causing implant loosening. Approximately 5% to 10% of bone implants can still fail due to 

various reasons during the five-year post-implantation period [4]. To maintain the patient's quality of life, a metal 

implant with Young's modulus close to that of cortical bone is required to inhibit bone atrophy and enhance bone 

remodeling for implants. Apart from that, SS316L is considered bioinert, which complicates its integration with 

bone tissue and reduces the implant's durability. To address this issue, a strategy involving the incorporation of 

bioactive ceramics to enhance the bioactivity, like yttria-stabilized zirconia (YSZ) and hydroxyapatite (HA), into 

SS316L, is employed. 
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HA is the most widely used bioactive ceramic material in the field of bone regeneration due to its stability, 

faster simulation in bone formation, reduced healing time, promotes cell attachment and proliferation of a variety 

of cells, including fibroblasts, osteoblasts, and periodontal ligament cells [5]. A. Farrahnoor and H. Zuhailawati 

[6] suggested that 10 wt.% HA is the optimum amount for enhancement in apatite deposition on metal implant 

without leading to excessive brittleness. In another study, X. Yin et al. [7] studied the influence of YSZ-coated 

metal implants. They concluded that YSZ significantly influences decreased inflammatory response due to its 

excellent tissue attachment features, apatite formation capacity, and biocompatibility compared to bare metal 

implants. Additionally, improved mechanical properties on implant material have been reported with HA/YSZ 

coatings compared to bulk HA alone [8], [9]. 

The production of biomaterials through the powder metallurgy (PM) route offers cost-effectiveness, near-net 

shape, flexibility and reduces the risk of microstructural inhomogeneity in fabricated composites. The PM process 

involves three major steps: mixing different powder materials, die compaction, and sintering. PM allows for 

controlled characteristics, essential for achieving the desired design and creating a dense implant with the desired 

porosity. Proper compaction of the powder is crucial to form a composite with minimal defects. Uniaxial pressing 

is the most common method of compaction to form PM components, in which the powder is compressed into a 

rigid die at pressures ranging from 20 to 700 MPa in a single axial direction using a punch. 

An ideal material for implant use should possess adequate mechanical properties and a bioactive surface for 

bone integration. Moreover, it is important to note that the compressive strength of human cortical bone ranges 

between 100 and 230 MPa [10], while the range of cortical porosity measurements falls within 1.6 to 46% [11-

13]. The main objective of this study was to produce an SS316L composite containing hybrid bioactive 

component, such as HA/YSZ, using the PM route. The composite was fabricated by applying 200, 300, and 400 

MPa compaction pressures. After compaction, the composite green compact is ejected from the hardened steel die 

and sintered to enhance the composite's properties further. The effects of compaction pressure on the resulting 

composite's morphological, mechanical characteristics, and bioactivity properties were then evaluated.  

2. Materials and Method 

2.1 Preparation of SS316L/HA/YSZ composite 

The raw materials used were SS316L powder (Sandvik Osprey), HA powder (Sigma Aldrich) and YSZ powder 

(Sigma Aldrich).  SS316L is the matrix in the composite while HA and YSZ are used as reinforcement and 

bioactive elements. The proportion of the composite was set at 87 wt.% of SS316L, 10 wt.% of HA and 3 wt.% 

of YSZ. They were weighed using an electronic balance to develop an SS316L/HA/YSZ composite. A high-

energy planetary ball mill was used to conduct the experiments. Hardened steel milling balls with a fixed 10:1 

ball-to-powder weight ratio (BPR) were placed with the powders. About 3% of polyvinyl alcohol (PVA) was 

added to prevent agglomeration during milling. Cylindrical specimens of the composite having a 10 mm diameter 

were prepared by pressing at different pressures (i.e. 200, 300 and 400 MPa). Subsequently, the composites were 

sintered in a tube furnace under an argon atmosphere. The sintering temperature was set at 800 °C for 2 h with a 

heating rate of 10 °C/min.  Finally, the composites were furnace-cooled to reach room temperature. 

2.2 Characterization of SS316L/HA/YSZ composite 

The microstructural characterization of composites was performed using scanning electron microscopy (SEM, 

TM3030 Tabletop Microscope with SwiftED3000). The mechanical properties of the composite, with a thickness 

and diameter of 10 mm, were evaluated using a compression test conducted on a universal testing machine 

(Shimadzu AG-IS-50kN) at a crosshead speed of 1 mm/min. The dimensions of the tested composites adhered to 

the ASTM E9-09 standards. Immersion tests were carried out in Hank's Balanced Salt Solution (HBSS) for four 

days at 37 °C. Subsequently, the weight gain of the tested composites was determined to calculate the apatite 

deposition. Meanwhile, the porosities are calculated by Archimedes' method as shown in Eq. (1): 

Porosity (%)  = 100 – relative density                           (1) 

The relative density is calculated based on the theoretical rule of mixture (ROM) as shown in Eq. (2)-(4): 

Relative density (%) = Density / DensityROM x 100%                           (2) 

DensityROM = ρSS316L VSS316L + ρHA VHA  + ρYSZ VYSZ                                                       (3) 
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VSS316L + VHA + VYSZ = 1                             

(4) 

where ρSS316L, ρHA and ρYSZ represent the density of SS316L, HA and YSZ, respectively, whereas VSS316L, 

VHA and VYSZ represent the volume fraction of SS316L, HA and YSZ, respectively. 

3. Result and Discussion 

3.1 Density and porosity measurement 

Fig. 1 shows the density and porosity of the SS316L/HA/YSZ composite under different compaction pressures. 

The experimental density is higher than the theoretical density of SS316L/HA/YSZ composite, which is 4.36 

g/cm³. This difference could be attributed to environmental factors and how the experiment is handled. As the 

compaction pressure increases, the composite's densification also increases, leading to a decrease in porosity. The 

highest 6.52 g/cm³ density was achieved at 400 MPa, corresponding to the lowest porosity of 23.83%. Conversely, 

the lowest density of 5.52 g/cm³ was observed at 200 MPa, resulting in the highest porosity of 33.29%. When the 

compaction pressure is low, insufficient force is applied to the powder particles, leading to less effective particle 

packing. As a result, voids may form between the particles, resulting in lower densification and higher porosity in 

the composite. This confirmed the results by K. Essa et al. [14], who reported a remarkable drop in the mechanical 

properties of the sintered SS316L due to the increased porosity level. On the other hand, applying higher 

compaction pressure exerts a greater force on the powder particles, enabling better particles with closer contact 

and making it easier for them to bond during the subsequent sintering process. This minimized the voids between 

the particles, leading to higher densification. The reduction in porosity is a direct consequence of this enhanced 

densification. With fewer voids, there is less space for pores to form within the composite, resulting in improved 

mechanical properties. The results show that dense structures can be achieved when high compaction pressure is 

used. This agrees with the results presented by M. Gradzka-Dahlke [15]., who fabricated SS316L by powder 

metallurgy method. They reported that 41, 33, and 26% porosity was obtained at the compaction pressure of 200, 

400, and 600 MPa, respectively. The optimal porosity of implant material for ingrowths of new-bone tissues is in 

the range of 20-30 vol. % [16], [17]. Hence, the data obtained in this study meet the requirements mentioned. 

 

 

Fig. 1: Density and porosity of SS316L/HA/YSZ composite at different compaction pressure  
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3.2  Compression test 

Fig. 2 shows the correlation between compressive strength and Young's modulus of SS316L/HA/YSZ 

composite under different compaction pressures. The compressive strength shows a proportional relationship with 

Young's modulus. The composite exhibited the highest compressive strength of 227.87 MPa at a compaction 

pressure of 400 MPa, while the lowest compressive strength of 121.07 MPa was observed at 200 MPa. As the 

compaction pressure increases, the gap between particles reduces, thus minimizing the voids between them. This 

results in a stronger interfacial bond between the composite particles with fewer interconnected pores. 

Subsequently, during the sintering process, the particles undergo diffusion mechanisms, improving the 

composite's strength. Regarding the Young's modulus, the composite exhibited the lowest Young's modulus of 

31.39 GPa at 200 MPa, while the highest Young's modulus of 35.67 GPa was achieved at 400 MPa. 

Simultaneously, the obtained Young's modulus is close to that of cortical bone (10 – 40 MPa) to prevent bone 

resorption and achieve good bone remodelling. Consequently, Young's modulus of SS316L/HA/YSZ composite 

is governed by the amount of porosity present in the composite, depending on the increasing compaction pressure. 

Higher compaction pressure results in lower porosity and higher Young's modulus. When powders are compressed 

under high pressure, the particles are forced closer together. This results in better packing of the particles, reducing 

the void spaces between them. The tighter packing reduces the volume of interconnected pores, thus lowering 

porosity. As porosity decreases, the composite becomes denser and stiffer. The correlation in porosity with 

compressive strength and Young's modulus agrees with a study performed by W. Zhang et al. [18], who studied 

the effect of porosity on the mechanical properties of porous stainless steel. 

 

 
Fig. 2 : Mechanical properties of SS316L/HA/YSZ composite at different compaction pressure 
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four days, showing the deposition of apatite crystals on these surfaces. The composite compacted at 200 MPa 

exhibited the highest degree of apatite coverage, while those compacted at 400 MPa had the lowest. This 

difference in apatite coverage may be attributed to the porous structure of the composites. J. Zhua et al. [19] 

reported that porous structures can accelerate the kinetic deposition of apatite when immersed in a physiological 

solution. A lower compaction pressure resulted in higher porosity in the composite, facilitating denser apatite 

deposition. The apatite deposition was observed due to the formation of calcium phosphate (CaP) clusters with a 

high concentration of calcium ions (Ca2+) around the pore [20]. It can be concluded that the pores play an important 
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role in apatite growth. The observed trend in apatite growth is consistent with the weight changes observed in 

Section 3.4. 

 

    

       

Fig. 3:  The SEM images on apatite formation of SS316L/HA/YSZ composite at different compaction pressures: 

(a) 200 MPa, (b) 300 MPa, and (c) 400 MPa (200x magnification) 

(c) 

(b) 

(a) 
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3.4 Weight gain measurement 

The amount of apatite deposited on the surface of the SS316L/HA/YSZ composite is shown in Fig. 4. The 

observed trend in apatite deposition is directly influenced by the porosity of the composite. The highest weight 

gain (1.64%) was measured in the composite with a compaction pressure of 200 MPa, while the lowest weight 

gain (1.04%) was observed at 400 MPa. Apatite formation is more likely to occur at lower compaction pressures 

due to the increased porosity, which subsequently leads to a higher weight gain after immersion. This is in 

agreement with similar finding reported by M. Zengdong et al. [21] who discovered that as the porosity of the 

composite increased, apatite deposition also increased. The higher porosity in the composite provides more open 

spaces and interconnected voids. When the composite is exposed to HBSS, this physiological solution can 

penetrate into the voids and access a larger surface area of the composite. Additionally, a larger surface area 

resulting from higher porosity provides more nucleation sites for apatite formation, increasing the likelihood of 

apatite crystal growth and deposition on the composite surface. 

 

Fig. 4 : Deposit weight of apatite on SS316L/HA/YSZ composite surface as a function of compaction pressure 

4. Conclusion 

The results presented here indicate that the SS316L/HA/YSZ composite can be considered as a potential 

implant serving under load-bearing conditions. By tuning the compaction pressure within the range of 200 MPa 

to 400 MPa, the observed apatite deposition may suggest the possibility for new bone formation when using this 

hybrid bioactive ceramic in metallic implants, while still maintaining acceptable mechanical properties 

comparable to cortical bone. This new material significantly improves osseointegration and reduces the risk of 

stress shielding, making it ideal for orthopedic applications operating under load-bearing conditions. 
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