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biomedical, structural, and corrosion resistant applications.
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I. INTRODUCTION

Stainless Steel 316 (SS316) is a widely used austenitic stainless steel known for its excellent corrosion resistance, mechanical
strength, and biocompatibility. It is extensively applied in marine environments, medical implants, and industrial processing due to its
high chromium, nickel, and molybdenum content. In powder metallurgy, sintering of metal powders enables the fabrication of complex
shapes and tailored microstructures with reduced waste and energy consumption [1] [2]. Biomedical implants and medical devices have
become essential components of modern health care, offering significant improvements in comfort, mobility and overall life
expectancy. As medical needs continue to expand, there is a growing demand for materials that can perform safely and reliably inside
the human body. The creation of such materials requires careful control over physical, chemical and mechanical characteristics, since
each implant must operate under complex biological conditions [3] [4]. Advances in material science directly influence the progress of
implant manufacturing, leading to the design of components that are stronger, more compatible with human tissue and capable of long-
term performance. The search for improved biomaterials therefore remains a central focus in current research, particularly in the
development of metals and composites that combine mechanical strength with biological acceptance [5] [6]. Spark Plasma Sintering
(SPS) provides significant processing advantages such as rapid heating and sintering, high densification within a short time, and
minimal grain growth, making it highly suitable for fabricating advanced metallic materials [7] [8].
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SS316 is an ideal candidate for such processing due to its excellent corrosion resistance, high strength, good ductility, and
inherent biocompatibility, which make it suitable for structural and biomedical applications [9] [10]. Furthermore, the incorporation of
ceramic and silicon-based reinforcements enhances the performance of SS316 by improving surface hardness, increasing wear
resistance, and introducing beneficial bioactivity, particularly when hydroxyapatite is used as a reinforcing phase. These combined
advantages make SPS-processed and reinforced SS316 a promising material system for high-performance engineering and biomedical
applications [11] [12] [13]. Powder metallurgy is a manufacturing route in which metallic powders are compacted and subsequently
consolidated through controlled heating to form dense, functional components. During the sintering stage, atoms migrate across particle
boundaries, promoting strong interparticle bonding, reducing voids, and improving overall mechanical integrity [14]. Owing to its
capability to achieve intricate geometries and customized material characteristics, this approach has become an essential method for
producing high-performance parts across various engineering sectors [15].

SS316 is valued for its excellent durability, corrosion tolerance and compatibility with biological environments. Its alloying

elements, namely chromium, nickel and molybdenum, provide strong resistance to localized corrosion, particularly pitting and crevice
attack in chloride rich conditions such as seawater. These characteristics make SS316 a preferred material for demanding structural and
biomedical applications [16] [17]. SS316 finds widespread use in marine, chemical and biomedical environments due to its reliable
performance in corrosive conditions. The material can be effectively consolidated through powder metallurgy routes, and it responds
well to the addition of reinforcing phases, making it a versatile option for developing advanced composite structures [18] [19].
Spark Plasma Sintering is an advanced consolidation method in which a pulsed direct current is applied together with external pressure
to compact powders quickly and efficiently. The process is known for achieving very high density within a short duration, supported by
extremely fast heating rates, lower required sintering temperatures and minimal grain coarsening. These features make SPS an effective
technique for producing refined and high-performance materials [20].

Previous investigations show that the use of Spark Plasma Sintering can lead to stainless steel components with finer
microstructural features and enhanced mechanical properties when compared to materials produced through conventional sintering
routes. This improvement is attributed to the rapid and controlled consolidation conditions provided by the SPS process [8].
Conventional sintering is carried out by heating pressed metal powders in a furnace for a prolonged duration so that atomic diffusion
can occur and the particles can join together. This approach often results in enlarged grains and may not always achieve full
densification, particularly when very fine powders are used. In the case of SS316, reported processing temperatures typically fall
between 900°C and 1200°C, and the resulting microstructure as well as the final properties are strongly influenced by both the selected
temperature and the time for which the material is held at that temperature [2]. Microstructural features in sintered materials can be
examined using Scanning Electron Microscopy, which offers detailed surface imaging at very high resolution. When combined with
Energy Dispersive X Ray Spectroscopy, this technique also allows the identification of the elements present in different regions of the
sample.

Together, these analytical tools make it possible to observe phases, detect pores and study the distribution of constituent
elements, providing valuable insight into the quality of sintering and the uniformity of composite materials [21]. Sintered SS316
exhibits mechanical characteristics such as hardness, strength and ductility, all of which depend on factors like residual porosity, grain
refinement and the conditions used during consolidation. Its resistance to corrosion in chloride rich and alkaline media is one of its
major advantages, although material degradation can still occur when localized attack begins or when the protective surface film loses
stability. These behaviors are important for evaluating the performance of SS316 in demanding service environments [22].
Improvements in consolidation conditions along with the addition of suitable reinforcing phases can lead to noticeable gains in the
mechanical and corrosion related performance of the material [23]. The addition of ceramic phases to stainless steel, including materials
such as alumina, zirconia and hydroxyapatite, is known to enhance properties like hardness, resistance to wear and stability at elevated
temperatures. Hydroxyapatite also provides bioactive characteristics, which makes it attractive for medical related uses.

Reports in the literature indicate that incorporating ceramic content in the range of twenty to thirty percent can improve overall
performance while still retaining the corrosion resistant nature of the steel matrix [24]. Silicon can act as an additional reinforcing phase
because it offers high hardness and effective heat conducting ability. Its inclusion in the metal matrix contributes to improved strength
and supports better overall structural performance [25]. This study explores the sintering behavior and performance of SS316 using both
advanced and conventional approaches. While traditional furnace sintering is cost-effective, SPS offers rapid densification and
improved control over grain structure due to its high heating rate and applied pressure. Additionally, combining SS316 with ceramic
materials such as alumina, zirconia, hydroxyapatite, and silicon may enhance its hardness, corrosion resistance, and applicability in
biomedical and high-temperature environments [26]. The outcomes of this work have relevance across several industrial sectors. In the
biomedical field, SS316 composites reinforced with hydroxyapatite offer potential for bone implant and orthopaedic applications due to
their biocompatibility and enhanced performance.

In marine environments, the excellent corrosion resistance of SS316 makes it suitable for underwater and offshore

components. Aerospace and defense applications can benefit from high-strength, wear-resistant sintered composites that contribute to
lightweight structural designs. Within the energy and nuclear sectors, SS316 is already widely deployed for reactor components, and
improved composite versions can further enhance resistance to stress, wear, and corrosion under demanding service conditions.
The primary objective of this study is to fabricate SS316 sintered pellets using both SPS and conventional sintering techniques and to
investigate how variations in particle size and sintering parameters influence the resulting density, microstructure, and mechanical
properties of SS316. The work further aims to analyze the effects of ceramic and silicon-based reinforcements on the characteristics of
the sintered composites. Additionally, corrosion behaviour is evaluated by subjecting the sintered SS316 specimens to different
environments, including water, seawater, and NaOH. Comprehensive microstructural characterization is carried out using Scanning
Electron Microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDX), and the hardness of both pure and reinforced
SS316 samples is assessed to understand their performance enhancement.
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Il. MATERIALS AND METHODS

The primary raw material used in this work was SS 316 powder, selected for its corrosion resistance and suitability for
consolidation through powder metallurgy routes. Table 1 shows the powder specifications used in the research work. The metal powder
served as the main matrix for all specimens. To prepare composite variants, several reinforcing substances were incorporated. Alumina
was employed for its high hardness and chemical stability. Zirconia was selected due to its toughness and compatibility with the steel
matrix. Hydroxyapatite, which contains calcium and phosphate groups, was included to introduce bioactive characteristics that are
valuable for biomedical applications. Silicon powder was added as an additional strengthening phase because of its hardness and ability
to assist in heat transfer during processing. Ethanol was used during the mixing stage to assist in uniform blending of the powders and
to act as a temporary binder. All powders were stored in sealed containers prior to use to prevent moisture absorption and
contamination.

Table 1: Powder specifications.

Property Value
Purity 99%
Particle size 30-45 microns
Gross weight 270 grams
Net weight 250 grams
Density 8.0 g/lcm?®
Melting point 1400-1450°C

Source: Authors (2026).

The preparation of the sintered samples followed a systematic sequence beginning with the weighing of the required quantities
of SS 316 powder and the selected reinforcement materials. Table 2 represents the parameters used in the SPS study. Each powder
mixture was prepared according to the intended composition, ensuring that the chosen percentages of alumina, zirconia, hydroxyapatite
and silicon were accurately maintained. Ethanol was added in small amounts to aid in achieving a uniform distribution of the
reinforcing particles throughout the steel matrix.

Table 2: SPS parameters used in this study.

.Parameters Value
Sintering temperature 950°C
Applied pressure 40 MPa
Heating rate 100°C/min
Holding time 10 min

Source: Authors (2026).

The powders were blended using a ball mill operated at controlled speed to prevent excessive heat generation or unwanted
structural changes in the powder particles. The fig. 1 shows the powders used in this study. The milling process continued until a
visually homogeneous mixture was obtained. The blended powders were then dried at moderate temperature to remove traces of ethanol
before compaction.

(a) (b) (©
Figure 1: (a) Stainless steel 316, (b) Al,03 ZrO, Ca;0(PO,)¢(OH),, and (c) Silicon.
Source: Authors (2026).

For pellet formation, the dried powder mixtures were placed into a steel die and compacted using a hydraulic press. A constant
load was applied to produce green pellets with adequate strength for handling. These compacted samples were then subjected to thermal
consolidation. A portion of the specimens was processed using SPS, where current assisted heating and pressure were applied
simultaneously [26]. Another portion was consolidated by the traditional furnace sintering route, where pellets were placed in a
controlled atmosphere furnace and heated at the target temperature for the selected holding time. After cooling, the samples were
removed, labelled and stored for testing. Figure 2 shows the flowchart of the research work.
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Figure 2: Flowchart of the work.
Source: Authors (2026).

A Spark Plasma Sintering system manufactured by Fuji was employed for the rapid consolidation of the prepared powders.
This equipment is capable of reaching temperatures well above 1000°C and can apply pressures to 40 MPa [8]. Figure 3 represents the
SPS image used for this study. The system allows the simultaneous application of electrical current and mechanical load, enabling fast
heating and effective densification of the compacted samples.

Figure 3: SPS Instrument.
Source: Authors (2026).

A muffle furnace was used for the conventional sintering route. Figure 4 (a), (b) represents the muffle furnace and manual
pellet press used in this study. This furnace provided controlled and uniform heating for extended durations, allowing pellets to be
consolidated through traditional thermal treatment. The heating chamber offered stable temperature distribution, which is essential for
consistent microstructural development.

Page 419



ITEGAM-JETIA, Manaus, v.12 n.57, p. 416-427, January/February, 2026.

(@) (b)

Figure 4: (a) Muffle furnace and (b) Pallet press.
Source: Authors (2026).

The preparation of the pellet using SPS began with the measurement of 10g of SS 316 powder. The selected quantity was
placed in a clean container and transferred into the die set that belongs to the Fuji Spark Plasma Sintering system. Figurer 5 shows the
pellet made from the sintering. The sintering operation was carried out under controlled settings. These conditions were selected to
promote rapid consolidation while preventing unnecessary grain growth. After the heating cycle, the pellet was allowed to cool inside
the chamber. The final compact had a diameter of approximately 10 mm and a thickness of 4 mm. Once the pellet was released from the
die, it was weighed, and any unutilized powder was collected for reuse.

Figure 5: (a) Pallet with die and (b) Pallet.
Source: Authors (2026).

The surface of the sintered pellet was prepared to make it suitable for microstructural evaluation. A series of abrasive papers
was used in sequence beginning with grade 0/3, followed by 0/2, 0/1 and finally E 120. This progression helped in removing surface
irregularities and oxidation products. After the sanding stage, the specimen was transferred to a double disc polishing unit. Alumina
paste was applied to the rotating surface of the polishing machine, and the pellet was gently pressed against the disc until a smooth and
reflective finish was obtained. The polished specimen was rinsed thoroughly with clean water to remove any remaining abrasive
particles. The resulting surface exhibited a bright mirror like appearance, which ensured clear microscopic imaging. The polished pellet
produced through SPS was forwarded for microstructural and elemental examination. The SEM was used to observe pore distribution,
grain boundaries and the overall surface features of the material. The same instrument was equipped with an energy dispersive X ray
unit which enabled the identification of the elements present in the examined regions. This allowed verification of the chemical
uniformity of the SS 316 sample. A separate set of pellets was prepared using the traditional route.
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One gram of SS powder was placed inside a steel die and compressed using a manually operated press. A load of 10 g/cm?2
was applied for 30 seconds to form compact samples. Three pellets were produced in this manner. Each compact had an average
thickness of 3 mm and a diameter of 10 mm. The green pellets were placed inside a muffle furnace and heated to 900°C for 10 minutes.
Once the heating cycle was completed, the furnace was switched off and allowed to cool naturally for 12 hours. This slow cooling
reduced thermal stress in the samples. Three individual pellets were immersed in different media to evaluate their corrosion behaviour.
One beaker contained distilled water, the second contained seawater, and the third contained a mixture prepared by dissolving 1.3g of
sodium hydroxide in 30 mm of water. The pellets remained in these media for 8 days. Their mass and visible surface condition were
recorded before and after the exposure period. Three composite formulations were prepared shown in Table 3.

Table 3: Composite sample details.

Mixture No. Sample composition Time Held
Mixture 1 75% SS316 + 25% 60 seconds
Mixture 2 70% SS316 + 30% 120 seconds
Mixture 3 70% SS316 + 30% 120 seconds

Source: Authors (2026).

Ethanol was added during mixing to help distribute the additives uniformly. The powders were blended manually in a grinding
bowl until a consistent mixture was obtained. The prepared mixtures were pressed into pellets using the manual press. A load of 15
kg/cm2 was maintained for each pellet. The holding time was 60 seconds for the mixtures with ceramic additives and 120 seconds for
the mixture that contained silicon. This ensured adequate green strength for handling [27]. All composite pellets were heated in the
muffle furnace at 900°C for 15 minutes. They were then allowed to cool slowly inside the furnace for 12 hours. This natural cooling
prevented cracking and maintained structural stability [20]. After processing, all composite pellets were submitted for hardness
measurement. The cold compaction of powder mixtures was carried out using a manually operated pallet press. This press generated the
required load to form green pellets with sufficient strength for further processing. The die set used in the press ensured that all samples
were produced with identical size and shape. Surface preparation of the sintered specimens was performed using a double disc polishing
machine.

This device enabled the removal of surface irregularities and produced a smooth finish suitable for microstructural
examination. A series of abrasive papers was used during this process, including grades ranging from coarse to fine such as 0/3, 0/2, 0/1
and E 120. Each grade allowed gradual refinement of the sample surface before final polishing. Microstructural analysis was carried out
using a scanning electron microscope equipped with an energy dispersive X ray system. The microscope provided high resolution
imaging to observe features such as grain structure, pore distribution and reinforcement dispersion. The attached energy dispersive
system enabled elemental analysis of selected regions, helping to confirm the presence and distribution of ceramic and silicon-based
phases in the composite samples. Mechanical characterization was performed using a hardness testing machine. This instrument applied
a controlled load to the polished specimen surface and measured the resulting indentation, providing an indication of the resistance of
the material to localized deformation. Hardness values were used to compare pure SS pellets with those containing reinforcing phases.

I1l. RESULTS AND DISCUSSION

The SS 316 powder that was processed through the SPS route produced a compact pellet with clear evidence of effective
consolidation. The rapid heating combined with the applied pressure resulted in strong bonding among the particles, and the final
compact retained its shape without visible cracks or structural distortion. The compact had a diameter of 10 mm and a thickness of 4
mm after sintering. The recorded mass of 2.532g after the heating cycle indicated that the loss of material during the process was very
small. The sintering temperature was maintained at 950°C, with an applied pressure of 40 MPa and a holding duration of 10 minutes.
These measured values point to a high degree of densification. Fig 6 represents the SEM image of the samples. The consistency in
dimensions before and after processing suggests that the applied pressure and controlled temperature cycle enabled the SS 316 particles
to rearrange and bond efficiently. The absence of significant mass reduction further confirms that the consolidation took place without
major oxidation, evaporation or powder ejection.

Such results illustrate the capability of the SPS method to produce dense metallic pellets in a relatively short processing time
when compared with conventional thermal treatments [28]. The overall outcome demonstrates that the selected sintering conditions
were suitable for stainless steel grade, producing a compact with adequate density and structural stability. This provides the basis for
further characterization such as microstructural analysis and hardness evaluation. The surface of the Spark Plasma Sintered SS 316
pellet was examined using SEM. The micrograph displayed a compact structure in which the particles had fused effectively, resulting in
a surface with very little visible porosity. The arrangement of grains appeared consistent across the observed area, and the boundaries
between adjacent grains were clearly identifiable [29]. The limited enlargement of these grains is expected, as the SPS technique
employs rapid heating and a short exposure time at the peak temperature. This prevents excessive diffusion and restricts the growth of
the individual grains. The surface did not show noticeable cracks, voids or defects, indicating that the consolidation process produced a
stable and well bonded structure [30].
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Figure 6: SEM images of the SPS samples.
Source: Authors (2026).

The microstructural features revealed through the microscopy confirm the advantages often associated with the SPS process.
The presence of fine grains and the absence of large pores suggest that the material experienced efficient densification while avoiding
the high degree of diffusion that typically occurs during long furnace treatments. The controlled grain size and dense structure are
expected to have a positive influence on the mechanical performance of the pellet, particularly its hardness and resistance to surface
deformation. Furthermore, the refined surface features and minimal oxidation indicate that the material will likely maintain favourable
corrosion behaviour when exposed to aggressive environments [31]. Overall, the observed microstructure supports the conclusion that
the chosen processing conditions were effective for producing a well consolidated SS sample.

Energy dispersive X ray examination was carried out at two selected regions of the Spark Plasma Sintered pellet. Figure 7 and
8 represents the EDX area 1 and 2 with the elemental mapping. The spectra from both regions presented clear and well resolved peaks
corresponding to the elements that are normally present in stainless steel grade three hundred and sixteen. In the first region, elements
such as carbon, oxygen, aluminium, silicon and titanium were detected in addition to the major constituents chromium, manganese, iron
and nickel [1]. The presence of oxygen is attributed to slight surface oxidation during polishing, which is commonly observed in
stainless steels when exposed to air. The second region displayed a composition dominated by chromium and iron, with smaller
contributions from carbon and manganese.
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Figure 7: EDX area 1.
Source: Authors (2026).

LOUA

144K

128K

112K

0.96K

0.64K

0.00K
00

0Cnts

CK 9.25
CrK 56.78
Mn K 199
FeK 3198
13 26 3‘; 52 65 78 o1 104 ETE] 130 |

0.000 keV Det: Octane Elect Plus

Figure 8: EDX area 2.
Source: Authors (2026).

The elemental concentrations observed in both regions fall within the expected range for stainless steel grade three hundred
and sixteen. The detection of chromium, manganese, iron and nickel in appropriate proportions confirms that the alloy composition
remained stable throughout the sintering process. The occasional presence of aluminum, silicon and titanium in the first region is
attributed to minor traces left during surface preparation and does not indicate contamination of the bulk material [2]. The consistency
in the distribution of the primary alloying elements across the examined regions demonstrates that the SPS method facilitated proper
mixing and retention of the chemical composition. The process conditions prevented oxidation of the internal structure and avoided any
loss of metallic constituents. The uniform chemical profile also supports the microstructural observations, showing that the rapid
heating and controlled atmosphere of the sintering technique help maintain the integrity of the stainless steel powder during
consolidation [7]. The combined results from both microstructural and elemental evaluation confirm that the sintered pellet preserved
its intended composition.
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No foreign substances or undesirable phases were detected, showing that the preparation and processing steps were performed
without introducing impurities. The even distribution of chromium and iron, in particular, indicates that the corrosion resistant nature of
the alloy is expected to be maintained in the final compact. These findings reinforce the reliability of the SPS route for producing dense
SS 316 samples with stable chemical characteristics. Three pellets were produced through cold pressing followed by furnace sintering.
All samples had a diameter of 10 mm and a thickness of 3 mm after compaction. Their appearance after the thermal cycle revealed
slight variations that reflect the influence of traditional sintering conditions [23]. The first pellet maintained a stable shape and
displayed a faint brown surface tint. This colour change is commonly associated with mild surface oxidation that forms during heating
in a muffle furnace. The second pellet showed a very small reduction in size, suggesting a moderate level of shrinkage due to particle
rearrangement and bonding during the heating stage. The third pellet exhibited a slightly uneven surface, indicating that the particle
fusion was not completely uniform. Such surface roughness is typical when fine SS 316 powders are sintered without applied pressure
[32].

The long cooling period of nearly 12 hours inside the furnace allowed the samples to return to room temperature gradually.
This slow cooling helped reduce thermal stresses and promoted steady phase development within the material. It also prevented
cracking, which is sometimes observed when metallic pellets are cooled abruptly. The visual and dimensional characteristics of the
pellets confirm the expected behaviour of SS 316 during conventional furnace sintering. Compared with the Spark Plasma Sintered
pellet, these samples show evidence of lower densification, as indicated by minor shrinkage and surface irregularities [33]. The
appearance of oxidation on the surface also aligns with the furnace atmosphere, which does not offer the same level of control as
vacuum based sintering processes. Overall, the results demonstrate that while conventional sintering can produce reasonably compact
pellets, the degree of densification and surface quality is influenced strongly by furnace atmosphere, heating duration and absence of
external pressure. These observations highlight the contrast between rapid current assisted consolidation and traditional thermal
processing.

111.1 CORROSION BEHAVIOUR

The pellets produced through the conventional sintering route were immersed in three different media to examine their
corrosion behaviour. The weights recorded before and after the 8-day exposure period is listed in Table 4. All samples showed a
measurable reduction in mass, although the extent of loss differed depending on the environment.

Table 4: variation of weights.

Environment Initial weight (g) | Final weight (g) Change (9) Remarks
Distilled Water 58.598 52.246 6.352 Minor expected
Sea Water 62.278 56.455 5.823 Possible pitting
NaOH Solution 65.911 61.181 4.73 Alkaline corrosion

Source: Authors (2026).

The pellet placed in distilled water lost 6.352 grams during the test. Distilled water contains no dissolved salts or aggressive
ions, so the weight loss is attributed mainly to mild surface reactions and the removal of loosely bonded oxides. The pellet exposed to
seawater lost 5.823 grams. Although the total mass loss is slightly lower compared with distilled water, the surface of this pellet is
expected to show signs of localized attack caused by chloride ions. The sample immersed in the sodium hydroxide solution lost 4.73
grams. The alkaline nature of the medium often leads to the formation of surface films that can either protect or deteriorate depending
on the material [34]. The reduction in mass in this case indicates that the film was unable to fully prevent the reaction between the pellet
and the solution. The general trend observed in the weight measurements aligns with the expected behaviour of SS 316. The sample in
distilled water experienced only mild degradation, confirming that SS 316 is largely stable in neutral environments. The seawater
sample was subjected to chloride ions, which are known to disrupt the passive oxide layer that protects stainless steel.

This can lead to localized pits even if overall mass loss appears moderate [35]. The presence of such ions makes seawater a
more aggressive medium despite the slightly lower numerical weight change [20] [36] . The specimen in the sodium hydroxide solution
reacted with the alkaline medium. Although SS 316 shows some resistance in alkaline solutions, prolonged contact can still weaken the
passive film and produce surface dullness or localized thinning. The mass loss recorded for this pellet indicates that the reaction rate
was not negligible. These findings demonstrate that the corrosion resistance of the conventionally sintered pellets varies significantly
with the nature of the environment. Neutral water causes minimal damage, seawater introduces the possibility of pitting through
chloride action and the sodium hydroxide solution encourages surface layer disruption. The results also highlight the influence of
sintering method on corrosion performance, since pellets produced without external pressure and rapid heating tend to contain surface
irregularities that can further accelerate attack.

111.2 COMPOSITE SAMPLES OF REINFORCED STAINLESS STEEL

Three composite pellets were produced by introducing different reinforcing phases into stainless steel. The first composite,
labelled C1, contained 75 % SS and 25 % of a combined mixture of alumina, zirconia and hydroxyapatite. This sample developed a
uniform surface after sintering and showed no visible cracking. The second composite, labelled C2, contained 70 % SS and 30 % SS of
the same ceramic mixture. This pellet also displayed a smooth surface but showed signs of increased rigidity due to the higher ceramic
content. The third composite, labelled C3, was prepared with 70 % SS and 30 % silicon powder as shown in Table 5. This sample
appeared dense but revealed a slightly brittle character after sintering, which is consistent with the presence of silicon rich phases that
tend to limit ductility [27] [37] [38].
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Table 5: Composite weight percentage with sintered temperature.

Sample ID Composition Sintered Temp Time Pressure Remarks
C1 SS316 (75%) + Al20s, ZrOz, HA (25%) 900°C 15 min 15 kg/cm? Clean surface
C2 SS316 (70%) + ALOs, ZrOz, HA (30%) 900°C 15min | 15 kg/cm? Slightly brittle
C3 SS316 (70%) + Silicon (30%) 900°C 15 min 15 kg/cm? Dense and hard sample

Source: Authors (2026).

The applied load for all compactions was fifteen kilogram per square centimeter, ensuring that the green pellets had enough
strength to withstand handling and the subsequent thermal treatment. Hardness values were obtained for each of the composite pellets to
evaluate the effect of reinforcement on mechanical strength. The data are summarized in Table 6.

Table 6: Hardness results.

Sample ID Composition Hardness (HV) Remarks
C1l SS316 (75%) + AlOs, ZrO., HA (25%) 539.3 Moderate hardness
C2 SS316 (70%) + AlOs, ZrO., HA (30%) 380.3 Higher ceramic effect
C3 SS316 (70%) + Silicon (30%) 281.5 Possibly highest

Source: Authors (2026).

The pellet with 25% ceramic reinforcement, C1, recorded a hardness of 539.3 HV. This value indicates that the addition of the
ceramic blend contributed significantly to resistance against localized deformation. The second pellet, C2, which contained a higher
proportion of ceramic reinforcement, showed a hardness of 380.3 HV. Although still higher than unreinforced stainless steel, the
reduction compared with C1 suggests that an excessive number of ceramic particles may have influenced the bonding between the steel
matrix and the reinforcement, leading to reduced compactness [36] [39]. The third sample, C3, which contained silicon as the
reinforcing phase, recorded a hardness of 281.5 HV. This lower value reflects the influence of silicon, which, although beneficial for
strength improvements in some alloys, can form brittle phases during sintering that do not contribute positively to indentation
resistance. The slightly brittle nature observed in C3 further supports this behaviour.

The comparison of the hardness values shows that the ceramic mixture of alumina, zirconia and hydroxyapatite was more
effective in improving the mechanical resistance of the SS matrix compared with silicon. The moderate hardness obtained for C1
suggests an optimal balance between ceramic content and matrix consolidation, whereas the decreased hardness in C2 indicates that
increasing ceramic content beyond a certain level may introduce porosity or reduce the bonding efficiency [40]. The silicon reinforced
pellet exhibited the lowest hardness among the composites, implying that the structure formed during sintering may not support strong
load transfer between the matrix and the reinforcing particles [41]. These results emphasize the importance of reinforcement type and
composition in determining the final mechanical properties of powder consolidated materials [34].

IV. DISCUSSION

The results obtained from the Spark Plasma Sintered sample demonstrate the effectiveness of this consolidation technique in
producing dense metallic pellets with refined microstructural features. The compact exhibited a smooth surface, limited porosity and
clearly defined grain boundaries. Such features indicate efficient bonding between the SS 316 particles and suggest that the material
would display strong mechanical behaviour, particularly in hardness and resistance to surface deformation [28]. The controlled thermal
cycle of the SPS process appears to have played a major role in achieving these favourable characteristics. In contrast, the pellets
prepared through the conventional furnace route displayed small variations in appearance and surface quality. Slight shrinkage, mild
oxidation and uneven surface regions were observed. These outcomes are consistent with the nature of furnace sintering, where slower
heating rates and the absence of applied pressure limit the extent of densification.

Even so, the pellets retained sufficient structural integrity to proceed with corrosion and mechanical evaluation. Their
behaviour under different chemical environments provides valuable insight into the performance of SS 316 when processed using a
more traditional approach. The composite samples developed with ceramic and silicon reinforcements displayed noticeably different
hardness values, confirming that the type and amount of the reinforcing phase strongly influence the final mechanical response. The
combination of alumina, zirconia and hydroxyapatite contributed to higher hardness compared with the silicon-based composite,
demonstrating the effectiveness of ceramic additions in improving load bearing capability. The slight brittleness observed in the silicon
reinforced material suggests that the formed structure may not support strong stress transfer within the matrix.

The corrosion test results further highlight the importance of processing technique and reinforcement content in determining
the chemical stability of the pellets. Differences in mass loss among the samples immersed in distilled water, seawater and sodium
hydroxide solutions show that the method of sintering influences surface quality and passive layer formation. The interaction of
reinforcement phases with aggressive media will also help identify which composite formulation offers the most favourable balance
between mechanical strength and environmental resistance. Taken together, the findings show that SPS provides superior densification
and microstructural refinement, ceramic reinforcements enhance hardness and environmental exposure reveals the durability of the
produced materials. These observations create a clear connection between processing conditions, microstructure and final performance.

V. CONCLUSIONS

The investigation shows that stainless steel 316 processed through powder metallurgy responds strongly to the choice of
sintering technique and reinforcement strategy.
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The SPS route delivered the most favourable outcome, producing a compact with very high density, smooth surface finish and a
fine microstructure with minimal porosity. Elemental analysis confirmed that the chemical composition remained stable, indicating that
the rapid current assisted heating preserved alloy integrity. These results position the SPS method as the most effective route in this
study. The furnace sintered samples displayed moderate bonding and predictable mass loss during corrosion testing. Among the
exposure conditions, seawater produced the most pronounced degradation due to chloride activity, while distilled water showed
minimal effect. The alkaline solution caused surface film changes but lower mass loss compared with the salt environment.

The reinforced composites demonstrated clear variations in hardness. The mixture containing twenty five percent ceramic
reinforcement produced the highest hardness value, indicating improved resistance to deformation. The silicon-based composite
displayed lower hardness and a slightly brittle character, showing that reinforcement type has a significant impact on mechanical
response. Future work should extend the mechanical evaluation to tensile and compression behaviour, explore thermal and electrical
properties and optimize sintering conditions for even greater densification. Additional characterization through X ray diffraction,
transmission electron microscopy and biological testing for hydroxyapatite-based composites will help establish the full potential of
these material systems.
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