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applications. The analysis focuses on key physical and mechanical

properties, including density, hardness, porosity, and compressive

strength. SS316L exhibits high density (~7.9 g-cm™3), hardness (~150-

Hydroxyapatite (HAp), composites 220 HV), and compressive strength exceeding 500 MPa, making it

biomaterial, implant product, suitable for load-bearing applications. In contrast, HAp-based

SS316L, characterization composites show lower density (~2.8-3.2 g-cm™%), hardness (~40-75
HV), compressive strength (~50-200 MPa), and controlled porosity
(~20-30%), which are advantageous for bone integration and
bioactivity. Rather than serving as a direct replacement, HAp-based
composites are better positioned as complementary biomaterials,
particularly in coatings or hybrid implant systems. This study
highlights the potential of waste-derived HAp composites as a
sustainable material solution in biomedical engineering.
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1. Introduction

The use of biomedical implants has increased steadily in recent years, particularly in orthopedic and dental
applications such as fixation devices, joint components, and supporting structures. This trend has intensified the
demand for reliable implant materials, while at the same time raising concerns related to raw material availability
and long-term sustainability. As a consequence, alternative material sources derived from waste streams have
begun to attract attention as potential solutions to reduce dependence on conventional metallic implants and to
support more sustainable material cycles [1,2]. HAp by calcined bovine bone waste has received much attention
due to its chemical similarity as natural bone, as well as its favorable biocompatibility and osteoconductive
properties. However, its mechanical strength and brittleness limit its applications. These limitations have
encouraged the development of HAp-based composite systems, using additional phases to improve mechanical
performance without sacrificing bioactive behavior. Previous research by [3] have shown that combining HAp
derived from bone with Titanium (Ti) and Aluminum (Al) metal constituents from recycled materials can
effectively improve the mechanical characteristics of the resulting of biomaterials composites. For example,
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beverage cans are a recyclable metal waste with high aluminum content (reported ~95% Al in the literature),
making them relevant for composite reinforcement strategies. [4]. In their composite study, the ASTM F138-based
target window (porosity below 30% and hardness above 40 HV) was used as a practical benchmark, and the HAp-
Al-Mg (85-10-5) composition achieved 73.3 HV hardness with 29.88% porosity, meeting the stated criteria. The
same work also emphasizes the role of magnesium as a wetting agent to strengthen interfacial bonding, with the
highest hardness reported at the 5% Mg level. In addition, studies reported that alloying/adding titanium can
further enhance HAp composite performance through phase evolution [1,2]. In the AIP conference paper on HAp-
based composites, the highest hardness and lowest porosity were obtained at 20% Ti and 850 °C, reaching 44.79
HV and 22.63% porosity, which was attributed to the formation of CaTiO3 that increases composite stiffness and
closes pores through improved grain fusion. The characteristics of biomaterials product required by implant
materials must conform to controlled standards between mechanical and physical properties for the balance of
densification and reinforcement in HAp-based biomaterial systems. On the other hand, metal implants such as
SS316L are still widely used due to their corrosion resistance and strong mechanical properties, although metal
biomaterials can be expensive compared to HAp, as they require complex processing paths, each of which depends
on design and performance requirements. Recent research has also explored SS316L-based porous structures and
SS316L coating composites using HAp to achieve a suitable bone structure as a continuing effort to improve
implant compatibility through adjusting physical properties such as density and porosity. Based on a literature
review, this article presents a comparative assessment between conventional metal-based biomaterials (SS316L)
and HAp-based composites derived from bovine bone waste (with added metal intended to improve product
performance) [1-5]. The comparison focuses on key product levels relevant to implant material selection,
including physical and mechanical characteristics to clarify the position of waste-derived HAp composites as a
sustainable alternative or complementary option to SS316L in application performance.

Recent developments in hydroxyapatite (HAp)-based biomaterials have expanded toward the incorporation
of both metallic and ceramic reinforcement phases to improve mechanical performance while maintaining
bioactivity [6-8]. The addition of metallic elements such as Ti and Mg has been reported to enhance densification,
hardness, and interfacial bonding within HAp composite systems. In addition, the integration of ceramic phases,
particularly spinel-type structures such as MgAl,0,, has shown promising results in improving structural stability
and mechanical integrity due to their high thermal stability and strong interfacial characteristics. Previous studies
have demonstrated that spinel-hydroxyapatite composites can improve hardness, microstructural uniformity,
and bonding behavior within the composite system [7,8]. These findings indicate that current HAp-based
biomaterials are increasingly developed as hybrid composite systems, combining bioactive ceramic matrices with
reinforcing phases to achieve a balance between biological functionality and mechanical reliability [9,10].

2. Materials & Characterization

In this study, HAp-based composite systems derived from bovine bone waste are considered, including previously
developed formulations incorporating metallic elements (Al, Ti, Mg) as well as ceramic-reinforced systems
involving spinel phase formation. The incorporation of these secondary phases has been shown to enhance
densification, interfacial bonding, and mechanical properties of the composite biomaterials, particularly in terms
of hardness and structural stability.

The data presented in Table 1 were compiled through a structured literature-based analysis of representative
material properties reported in peer-reviewed studies and standard references for biomedical applications [3-5].
The selection of data was based on commonly accepted ranges of physical and mechanical properties for SS316L
and HAp-based composites, ensuring consistency and relevance to implant design considerations. The
comparison criteria were defined based on key parameters that directly influence biomaterial performance,
including density, hardness, porosity, compressive strength, fracture toughness, and bioactivity. These
parameters were selected because they represent the fundamental balance between mechanical integrity and
biological functionality required for implant materials.

The comparison considered in this article involves a commercial material, SS316L, and a laboratory-scale
HAp-based composite derived from bovine bone waste [3]. In practice, SS316L has been widely used in orthopedic
and dental implants due to its favorable mechanical strength, corrosion resistance, and established manufacturing
processes. Its long-term application has positioned SS316L as a benchmark material for load-bearing biomedical
components [11].

Table 1 presents a comparison of biomaterial properties based on relevant physical and mechanical
characteristics associated with biomedical applications. SS316L exhibits a high density of approximately 7.9
g-cm™3, hardness in the range of 150-220 HV, and compressive strength exceeding 500 MPa, supporting its role
as a standard material for load-bearing implants. Its nearly fully dense structure (<1% porosity) ensures excellent
mechanical reliability and corrosion resistance; however, its high stiffness may contribute to stress-shielding
effects in bone applications [11,12].
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Table 1 The comparison by SS316L Vs HAp-based composites on product applications

Property SS316L Stainless HAp-Based Composites Scientific Relevance for Biomedical
Steel (Bone Waste-Derived) Application
Material Class Austenitic Bioactive ceramic Fundamental difference in load-
stainless-steel bearing behavior
alloy

Density (g-cm™) ~7.9 ~2.8-3.2 Lower density of HAp-based
materials is closer to natural bone
(»1.8-2.1)

Hardness (HV) ~150-220 ~40-75 SS316L suitable for high load; HAp
composites sufficient for biointerface
regions

Porosity (%) < 1% (nearly ~20-30% (controllable) Porosity in HAp composites enhances

fully dense) bone ingrowth and fixation

Compressive > 500 ~50-200 SS316L dominates in

Strength (MPa) structural strength

Fracture ~50-100 ~1-3 Explains brittleness of HAp-based

Toughness systems

(MPa-m*/%)

Bioactivity Bioinert Highly osteoconductive HAp promotes direct bone bonding

From an engineering material selection perspective, the comparison can be further interpreted using
simplified performance indicators. One relevant parameter is the strength-to-density ratio, which reflects the
efficiency of a material in providing mechanical support relative to its weight. Although SS316L exhibits
significantly higher absolute strength, its high density reduces its performance efficiency when normalized. In
contrast, HAp-based composites, despite having lower strength, offer a more favorable balance between density
and functional properties such as porosity and bioactivity. The controlled porosity (20-30%) contributes to
osteoconductivity, which can be interpreted as a functional performance advantage in biomedical applications.
Therefore, rather than direct substitution, the material selection should be based on performance mapping, where
SS316L dominates in load-bearing applications, while HAp-based composites are advantageous in biointerface
and bone integration roles.

Compared with SS316L, HAp-based composites exhibit a significantly lower bulk density, typically in range of
2.8-3.2 g/cm3, which is closer to that of human bone. Their mechanical response is characterized by moderate
property on hardness and compressive strength, with reported values varying depending on composition and
processing conditions. Although these mechanical properties do not reach those of SS316L, the intentionally
introduced porosity, typically around 20-30%, plays an important functional role rather than being a weakness.
This porosity supports tissue ingrowth and enhances the bioanchoring of the implant within the surrounding
bone. It should also be noted that the fracture resistance of HAp-based materials remains relatively low, reflecting
the intrinsic brittleness of ceramic-dominated systems. This characteristic limit their direct use in applications
subjected to high mechanical loads. Practically, SS316L behaves as a bioinert material and relies primarily on
mechanical fixation for stability, whereas HAp-based composites actively interact with bone tissue through
osteoconductive mechanisms. Therefore, HAp-based systems are more realistic for applications such as bone
fillers, surface coatings, or bioactive components in hybrid implants, rather than serving as a sole replacement for
load-bearing metal implants [1,2,4,13].

SS316L products on the market are implant materials that have been produced based on the following
standards: ASTM F138 / F138M; ASTM F139 / F139M; ISO 5832-1; ISO 7153-1; EN 10088-3; EN ISO 5832-1; ASTM
A240 / A276;1S0 10993; ASTM F86 [14-22], by fabrication and manufacturing flows that comply with procedures
of regulatory acceptance. However, HAp-based composites derived from bone waste are an advanced material
innovation that does not yet have market potential, requiring added value through the principles of sustainability
and a circular economy. Overall, the data in Table 1 shows a comparison of SS316L products with HAp-based
composites that play a role in biomedical implant applications [23]. The comparison in Table 1 highlights SS316L
as a well-established implant material, supported by standardized production lines, regulatory approvals, and
long-term clinical use. Its consistent mechanical performance and biomaterial properties make SS316L a reliable
reference material for biomedical implant applications. In contrast, HAp-based composites derived from bone
waste are still in the synthetic development stage. While offering superior bioactivity and strong sustainability
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advantages in line with circular economy principles, their mechanical reliability and standardization are still
limited. Therefore, these composites require further material optimization and regulatory validation before
reaching market readiness, positioning them as promising but complementary alternatives, not replacements for
SS316 [21-25].
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Fig. 1 The component of biomaterials implant product (a) Orthopedic bone; (b) Orthopedic bone screws by Hap; (c)
Orthopedic internal fixation devices; (d) Orthopedic bone plate [20-22]

The product of orthopedic implant shown in the figure 1. Represent typical load-bearing medical devices such
as bone plates, screws, and fixation systems commonly manufactured from implant-grade of SS316L made from
by stainless steel. The components are designed to provide mechanical stability, precise load transfer, and
structural support during the bone healing process based on standardization [19,20]. Their geometry, surface
finish, and dimensional accuracy are tailored to meet strict clinical and regulatory requirements, ensuring
reliability under physiological loading conditions. As standardized products, such implants serve as practical
references for evaluating the performance and feasibility of emerging biomaterials intended for similar
biomedical applications [26,27].

3. Microstructural Evolution and Phase Formation

To provide a broader understanding of composite material behavior, microstructural evolution and phase
formation mechanisms in metal-ceramic systems are considered as an analogous reference. Studies on Ti/SiC
composites [24,25] show that a relatively homogeneous distribution of reinforcement particles within the
titanium matrix can be achieved at controlled synthesis temperatures (~900 °C), resulting in improved grain
uniformity and mechanical stability. This condition promotes interfacial diffusion and reaction, leading to the
formation of secondary phases such as TiC, TiO,, and Ti-Si intermetallic compounds, which contribute to grain
refinement and enhanced bonding. Although based on Ti/SiC systems, these mechanisms are relevant to HAp-
based composites, particularly in understanding interfacial behavior, diffusion processes, and reinforcement
effects in composite biomaterials.

Fig. 2 Representative of microstructural and reaction-induced phase formation in Ti/SiC composites; (a) SEM
micrograph of hydroxyapatite-based powder morphology; (b) SEM micrograph illustrating the porous
microstructure of a bone-interfacing biomaterial [24]
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Fig. 3 Patters of X-ray diffraction patterns for biomaterial systems (a) Phase formation of Ti/SiC; (b) After thermal
processing

Figure 3 presents the X-ray diffraction (XRD) patterns of the composite system, showing the presence of
dominant hydroxyapatite (HAp) peaks along with secondary phases. The characteristic diffraction peaks of HAp
are observed at typical 20 positions, indicating the preservation of the primary bioactive phase.

In addition, the appearance of secondary phases, such as spinel-related structures or other reaction products,
suggests interfacial interactions between the constituent materials during processing. These phase formations are
associated with improved densification and structural stability, which contribute to enhanced mechanical
performance of the composite system.

These observations are consistent with interfacial reaction mechanisms reported in titanium-based ceramic
composites [24,25], where elevated processing temperatures promote uniform reinforcement distribution,
enhanced interfacial diffusion, and the formation of secondary phases such as TiC, TiO,, and Ti-Si intermetallic
compounds. These phases play a critical role in grain refinement, interfacial bonding, and overall mechanical
stability through effective load transfer mechanisms. Similar phenomena have also been widely reported in metal-
ceramic composite systems, where interfacial reactions and phase evolution significantly influence composite
performance and structural integrity [28,29].

In a comparable manner, such interfacial mechanisms are relevant to HAp-based composite systems,
particularly in understanding phase evolution, bonding behavior, and reinforcement effects in bioactive materials.
Previous studies have shown that the incorporation of metallic phases into HAp matrices can enhance mechanical
properties while maintaining bioactivity, especially through improved interfacial compatibility and
microstructural stability [30,31]. Therefore, the interpretation of Ti/SiC systems provides a useful analogical
framework for explaining strengthening mechanisms in HAp-based biomaterial composites.

4. Commercial Comparison: SS316L and Hydroxyapatite-Based Biomaterials

Practical commercial applications of SS316L stainless steel continue to dominate the biomedical implant product
sector, particularly for components required to withstand significant mechanical loads. Its adoption in orthopedic
systems, such as fixation devices and joint support elements, is closely linked to its stable mechanical response,
resistance to corrosion in physiological environments, and predictable performance during use. These
characteristics should support the establishment of standardized manufacturing lines and facilitate regulatory
approvals for decades of clinical applications. Consequently, SS316L is generally selected when structural
reliability and fatigue resistance are primary design considerations. Unlike emerging biomaterials, its commercial
position is driven not by product standardization and novelty, but by the accumulation of proven clinical results
verified by standards. This established status explains why SS316L remains the reference material for load-
bearing implants, even as alternative biomaterials continue to be explored for complementary biological
functions.

Figure 4 is presented in an enlarged format to provide clearer visualization of the comparative performance
between SS316L and HAp-based biomaterials. HAp-based biomaterials produced from bovine bone waste by
bovine bone waste were currently position within a developing segment of biomedical product on market, where
their used guid more by biological functionality than by structural performance. The applications, for materials
are rarely intended to replace metallic implants directly especially SS316L, but are instead utilized in roles that
emphasize interaction with bone tissue, such as bioactive coatings, bone fillers, and components within hybrid
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implant system as well. Their relevance in these applications is largely associated with their inherent
osteoconductive behavior, which supports interfacial bonding between the implant surface and surrounding bone.
An additional aspect that contributes to the growing interest in bone derived of HAp composites is the origin of
the raw material itself. The use of bovine bone waste has addressed the growing focus on sustainable material
sourcing in medical engineering. While this sustainability aspect does not replace mechanical requirements, it
does provide added value in material selection, particularly for applications where biological performance and
environmental considerations are considered simultaneously.
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Fig. 4 Commercial of biomaterial product between SS316L vs HAp-based biomaterials (a) SS316L for load-bearing
implants application; (b) Applications of Hap; (c) Compositites of SS316L-HAp implants

Overall, the comparison shows that SS316L and HAp-based biomaterials have met different functional
demands in implant design. HAp as a direct replacement. SS316L continues to meet the requirements regarding
mechanical stability and long-term structural support, especially under load-bearing conditions. In parallel, HAp-
based materials provide biological advantages at the bone-implant interface, where osteoconductivity and surface
interactions play a dominant role. This functional separation supports the development of hybrid material
concepts, where a metal substrate ensures mechanical integrity while a bioactive phase is introduced to improve
the interfacial response with the surrounding tissue. Such a hybrid configuration allows each material system to
operate within its optimal performance domain, offering a balanced approach to implant design that integrates
mechanical reliability with improved biological integration.

5. Conclusion

This study presents a comparative assessment between SS316L and hydroxyapatite (HAp)-based composites
derived from bovine bone waste for biomedical implant applications. The results indicate that SS316L provides
superior mechanical strength and structural stability, making it suitable for load-bearing applications. In contrast,
HAp-based composites exhibit lower density, controlled porosity, and enhanced bioactivity, which are
advantageous for bone integration.

The findings suggest that HAp-based composites are not intended to directly replace metallic biomaterials
but rather to complement them, particularly in hybrid or coating-based systems. The incorporation of additional
phases, including metallic and ceramic reinforcements, plays a significant role in improving the mechanical
performance of HAp-based materials.

Furthermore, the utilization of bovine bone waste as a raw material supports sustainable material
development and aligns with circular economy principles. Overall, this study highlights the potential of HAp-based
composites as a sustainable and functional biomaterial for future implant applications.
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