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This study aimed to investigate the effects of simple shear extrusion following spark plasma
sintering on the microstructural and mechanical properties of commercially pure titanium for
advanced biomedical applications.

In this experimental study, commercially pure titanium samples were first
fabricated using spark plasma sintering at 900°C and were subsequently subjected to simple shear
extrusion at room temperature. Microstructural analyses were performed using Williamson-Hall
XRD calculations to evaluate grain size. Mechanical properties, including hardness and tensile
strength, were assessed to determine the influence of the simple shear extrusion process.

The grain size decreased significantly from 60.2 nm in the spark plasma sintering-
processed sample (first sample) to 27.9 nm in the simple shear extrusion-processed sample
(second sample). Hardness increased from 373.2 HV in the first sample to 411 HV in the second
sample, compared to the base titanium hardness of 315 HV. These findings demonstrate the
simple shear extrusion process’s ability to refine the microstructure and enhance mechanical
properties.

The fusion of spark plasma sintering and simple shear extrusion not only enhances
the mechanical integrity and biocompatibility of titanium components but also establishes a solid
foundation for developing next-generation medical implants.
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Introduction

Titanium is widely recognized as the preferred
material for orthopedic applications, particularly in
components that endure substantial cyclic
mechanical loads. Examples include stems and cups
in shoulder, hip, knee, and ankle joints, where
polymeric materials fail to meet the required
mechanical strength [1l. Beyond strength, titanium
implants  exhibit  excellent osseointegration
properties over time, which can be further enhanced
by incorporating cellular solid morphologies [ 31
However, despite extensive research and various
proposed solutions [4], titanium is unsuitable for
wear-intensive components, such as femoral heads in
hip arthroplasty or femoral components in knee
arthroplasty [> 6. The native titanium oxide layer on
titanium and its alloys, although acting as a barrier, is
not entirely inert.

Bone tissue can adhere to titanium surfaces, enabling
complete osseointegration of devices over time [7-9].
Dental implants, in particular, demand high strength,
superior corrosion resistance, and excellent
biocompatibility to meet rigorous biological and
mechanical criteria. Among these, titanium and its
alloys are now the leading choice due to their high
strength, low density, reduced elastic modulus, and
superior  corrosion  resistance [0l While
commercially pure titanium (cp-Ti) is commonly
employed, its relatively low strength (~300 MPa)
restricts its reliability in load-bearing applications,
such as dental screws, despite its outstanding
corrosion resistance and biocompatibility [111. Bone
diseases and fractures have become increasingly
prevalent worldwide, with over 50% of women and
20% of men above 50 years of age experiencing
fractures in their lifetime. Such conditions often
necessitate surgical interventions like complete knee
or hip replacements or the implantation of temporary
or permanent components. Jin & Chu 12l emphasized
the role of medical materials in reconstructing
alveolar bone, noting that metallic implants can
degrade over time due to corrosion or wear, releasing
ions into the biological environment. This
degradation can trigger cytotoxicity, inflammatory
responses, and other adverse reactions, ultimately
compromising the biocompatibility of the material
[13],

Despite the extensive use of the Ti-6Al-4V alloy,
concerns over ion release and long-term biological
safety persist [14. An emerging solution involves
using commercially pure titanium enhanced through
severe plastic deformation (SPD) techniques, such as
equal channel angular pressing (ECAP), simple shear
extrusion (SSE), accumulative roll bonding (ARB),
and high-pressure torsion (HPT) [13l. Among SPD
techniques, SSE has proven especially effective when
combined with spark plasma sintering (SPS). This
synergistic approach enables rapid densification,
initial grain refinement, and ultrafine grain
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structures, significantly improving mechanical
properties. The combination’s cost-effectiveness,
reduced processing time, and superior outcomes
make it a promising strategy for producing advanced
titanium implants [5 16l Specifically, ultrafine-
grained structures (grain sizes below one
micrometer) have been pivotal in enhancing
mechanical properties, although their tribological
performance requires further investigation [171.
Suwas et al 18 demonstrated the dynamic
restoration processes in commercially pure titanium
during ECAE, achieving good alignment between
experimental textures and simulations using the
VPSC model.

Sedehi et al. 191 successfully improved the properties
of commercially pure titanium through spark plasma
sintering and SPD methods. Despite these
advancements, more research is needed to explore
the interplay between mechanical properties and
biocompatibility in medical implants. The present
study aimed to address this gap by examining
titanium samples processed via SPS and optimized
using SSE. Advanced mechanical testing and XRD
peak analysis were employed to understand the
microstructural changes and their impact on the
material’s performance. The findings underscore the
potential of these methods to enhance implant
longevity and improve patient outcomes.

Materials and Methods

In this experimental study conducted in Gonabad,
Iran in 2024, the primary focus was on optimizing the
conditions of the two key processes, SPS and SSE, to
enhance both mechanical and biomedical properties
while minimizing production costs. The SPS process
was conducted based on previously established
procedures, with a sintering temperature of 900°C, a
maximum pressure of 45 MPa, and a duration of 4
minutes. The prepared powders (Table 1) were
loaded into graphite molds with an inner diameter of
25 mm and a height of 50 mm. The samples were then
subjected to spark plasma sintering under the
specified conditions to consolidate the powder while
maintaining the structural integrity of the material.
The SSE process was performed at room temperature
to refine the microstructure and improve the
mechanical properties of the titanium samples
sintered via the SPS method. This process was carried
out with a maximum of two passes, which have been
shown to effectively enhance properties, such as
hardness and tensile strength through SPD. The SSE
mold used was specifically designed and optimized
for titanium extrusion.

Table 1. Specifications of the Ti powder used

Powder Impurity content (mass %) b

(g/cm3) size (um)
O Fe N C Si

Ti 0.27 0.05 0.03 0.02 0.02 i )
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Graphite punch
Graphite die
Ti

Figure 1. Schematic of the fabrication cycle

Figure 2. Fabricated parts: a) Sintered initial sample, b) Cut sample for spark plasma sintering (SPS) die, c) Post-simple shear extrusion
(SSE) sample, d) SEM image of the sintered initial sample, ) SEM image of the post-SSE sample

The two-pass SSE method was selected for its proven
ability to achieve grain refinement and improve
mechanical strength without excessively altering the
material’s original microstructure. In addition, a
lubricant was used during the extrusion process to
minimize friction and improve material flow
efficiency. A commonly used lubricant for this
purpose is stearic acid, which helps reduce wear and
enhance processing stability during titanium
extrusion. By optimizing both processes—SPS for
consolidation and SSE for microstructure
refinement—the study aimed to achieve an ideal
balance of mechanical properties and
biocompatibility, making the titanium components
suitable for demanding applications such as
biomedical implants (Figures 1 and 2).
Characterization
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To comprehensively analyze the existing phases and
evaluate the impact of different stages, X-ray
diffraction (XRD) analysis was performed using an
explorer instrument manufactured by GNR (Italy).
Morphological changes in the fabricated samples
were examined utilizing a field emission scanning
electron microscope (FESEM) model MIRA3 from
TESCAN (Czech Republic), equipped with a
resolution of up to 1.5 nm at an operating voltage of
15 kV. The hardness of the samples was determined
using a Vickers hardness tester (model KOOPA-UV1)
under a 30 kg load and a dwell time of 10 seconds. To
ensure accuracy, at least three measurements were
taken for each sample. This comprehensive
methodology ensures precise characterization and
reliability of the mechanical and structural properties
of the samples.

Winter 2025, Volume 17, Issue 1
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Findings

XRD and Williamson-Hall Analysis

After performing SPS at 900°C, the XRD pattern of
titanium revealed significant changes in its phase
structure, which notably affected its mechanical
properties and biocompatibility. The pronounced
reduction in the intensity of the peak at
approximately 40° associated with the alpha (a)
phase of titanium, suggests a decrease in the amount
of this phase or alterations in its crystalline structure.
Such a decrease could be attributed to grain
refinement or the redistribution of crystallographic
orientations during the extrusion process.
Additionally, the emergence of a new peak at
approximately 42° raised the possibility of phase
transformation or the formation of a secondary
phase. This transformation may involve the
stabilization of a metastable phase with distinct
crystallographic characteristics. Following the
synthesis of titanium samples via SPS at 900°C and
subsequent exposure to SPD through SSE, significant
alterations in the material’s structural and
mechanical properties were observed. The primary
titanium peak, initially located at 40° 20, shifted
slightly in the positive direction and appeared at
approximately 43°. This shift indicates modifications
in the crystal lattice structure, potentially resulting
from the stress introduced during the SSE process.
Such changes in peak position may be attributed to
increased lattice strain, phase transformation, or
alterations in the crystallite size induced by severe
deformation. Williamson-Hall introduced grain size
and lattice strains as factors contributing to the
broadening of XRD peaks. According to the theory
proposed by Williamson-Hall, the peak width at half
of the maximum intensity is a function of both
particle size and lattice strains:

B=B,+ B,

s and Bp represent the broadening of peaks, which is
sequentially caused by grain size and lattice strains.
By analyzing the broadening of diffraction peaks, this
method provides valuable information about internal
strains and crystallite sizes in the material. Moreover,
an optimal and uniform strain distribution can
enhance corrosion resistance, as regions with high

strain concentration are usually the initiation sites
for corrosion [20l. Therefore, using the Williamson-
Hall method and precise analysis of XRD data can lead
to improved mechanical properties and increased
durability of materials under various environmental
conditions:

kA
B = Ecosﬂ + 4etan 6

kA
B cosf = 300329 + 4&sin @

The former is obtained by multiplying both sides of
the latter by cosinus 8. According to Williamson-Hall
analysis, the grain size in the sintered sample was
60.6 nm, which was reduced to 27.2 nm after
extrusion. This reduction in grain size, facilitated by
the extrusion process, led to a considerable increase
in the hardness of the sample. According to the
Williamson-Hall analysis, grain size and lattice
strains are factors contributing to the broadening of
XRD peaks. The broadening of peaks is sequentially
caused by grain size and lattice strains. By analyzing
the broadening of diffraction peaks, this method
provides valuable information about internal strains
and crystallite sizes in the material. Moreover, an
optimal and uniform strain distribution can enhance
corrosion resistance, as regions with high strain
concentration are usually the initiation sites for
corrosion [20. Therefore, using the Williamson-Hall
method and precise analysis of XRD data can lead to
improved mechanical properties and increased
durability of materials under various environmental
conditions. The grain size in the sintered sample was
60.6 nm, which was reduced to 27.2 nm after
extrusion. This reduction in grain size, facilitated by
the extrusion process, led to a considerable increase
in the hardness of the sample. The fine-grained
structure is correlated with a higher dislocation
density and increased lattice strain in the extruded
sample, indicating an improvement in mechanical
properties due to SPD. The dislocation density in the
extruded sample increased to 2.58x10'® m™, a
significant rise compared to the sintered sample,
which had a dislocation density of 2.63x10%” m™
(Figures 3 and 4 and Table 2).

S
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2 — S Pure i 3 AL A
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Figure 3. XRD results
Iranian Journal of War and Public Health

Winter 2025, Volume 17, Issue 1



Sedehi et al.

Element| Weight% |Atomic%

Ck 19.62 49.33

Tik f go3g 50.67

R

Totals 100 Full Scais 221 cts Qursor: 0.000 keV
Element| Weight% | Atomic%

Ck 523 18.92

Tik | 9447 81.08

orE 1 ) 2
Totals 100 Al Soale 712 e Cursor; 0.000 keV

Signal A = QBSD
Photo No. = 7781

Date 112 Jul 2021

EHT = 20,00 KV WD= 14 mm Time :10:13:53

Figure 4. Carbon penetration from the spark plasma sintering (SPS) die into the workpiece.

Table 2. Extracted results from the XRD test and Williamson-Hall analysis

X-ray diffraction (XRD)

Peak width (radian) Peak height (mm) Williamson-Hall

Dislocation density Lattice strain Grain size (nm)

Spark plasma sintering (SPS)
Simple shear extrusion (SSE)

0.0256 21.7
0.0453 25.5

2.63x1017 -0.0687 60.2
2.58x1018 -0.1127 2719

Hardness analysis

Hardness measurements revealed a significant
increase in the extruded sample compared to the
sintered one. The hardness of the sintered sample
was 320 HV, whereas, after extrusion, the hardness
increased to 415 HV. This improvement is well
documented in the literature, where decreased grain
size increases the number of grain boundaries,
serving as effective barriers to dislocation motion [211.
This increase can be attributed to the reduction in
grain size, which follows the Hall-Petch relationship,
where smaller grains enhance the material’s strength
and hardness due to the increased grain boundary
area, restricting dislocation motion. Additionally, the
high dislocation density and increased lattice strain
in the extruded sample further contributed to its
improved mechanical performance.

Simulated body fluid (SBF) immersion test

Grain refinement of titanium has a positive impact on
its biocompatibility, especially in biomedical fields
(22, Therefore, to evaluate the biocompatibility of the
processed titanium samples, they were immersed in
SBF for 14 days. The surface morphology analysis
after immersion indicated enhanced bioactivity in the
extruded sample compared to the sintered one. The
presence of hydroxyapatite-like deposits was
observed on the surface of the extruded sample,
suggesting superior biointegration potential. The
increased surface roughness due to SPD promotes
better nucleation sites for calcium phosphate
precipitation, which is essential for osseointegration
in biomedical implants. Additionally, the formation of
TiO, on the surface of the extruded sample
contributes to its improved corrosion resistance and
biocompatibility, making it a promising candidate for
medical applications. Furthermore, the SBF solution
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was periodically replaced (every two to three days)
to prevent any changes in its ionic composition [23]
(Table 3 and Figure 5).

Table 3. Comparison of soluble compounds of simulated body fluid
(SBF) and human blood plasma

Components Human blood plasma SBF
Na+ 142.00 142.00
K+ 5.00 5.00
Mg2+ 1.50 1.50
Ca2+ 2.50 2.50
Cl- 103.8 147.96
HPO42- 1.00 1.00
S042- 0.50 0.50
HCO3- 27.0 4.20

1 [}
% o
SO0 | U 1SR
1208 bk [ spm

Figure 5. SEM images of bone-like growth: a) spark plasma
sintering (SPS) and b) simple shear extrusion (SSE).
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Discussion

The present study aimed to address this gap by
examining titanium samples processed via SPS and
optimized using SSE. The observed changes in the
XRD pattern and the increased lattice strain resulting
from the SSE process are consistent with results from
previous studies on the effects of SPD on the
structural and mechanical properties of materials.
Previous research has shown that reducing grain size
and altering the crystal structure are correlated with
improvements in mechanical properties, such as
hardness and tensile strength [21l. In this study, the
reduction in grain size from 60.6 nm to 27.2 nm and
the increase in dislocation density to 2.58x10*® m™2
in the extruded samples are consistent with findings
from other studies, indicating that increased
dislocation density enhances resistance to plastic
deformation and improves tensile strength. The
increase in hardness from 315 to 411 HV is
particularly noteworthy, as previous studies have
also demonstrated that a decrease in grain size below
30 nm significantly enhances hardness and strength.
This increase in hardness is highly beneficial for
biomedical applications, particularly in implantable
devices where mechanical stability and wear
resistance are critical factors.

The emergence of a new peak at approximately 62.5°,
attributed to titanium oxide, was a significant
observation. The formation of this oxide phase can
enhance biocompatibility, as titanium oxide is known
to interact favorably with biological tissues and
promote better tissue growth [20l. Furthermore, the
formation of the TiC phase in titanium composites
could also play a crucial role in improving the
mechanical properties of titanium, especially in
terms of hardness and wear resistance, which are
critical for medical implant applications. Topolski et
al. 24 have obtained a maximum hardness of 279 HV
for commercially pure titanium after SSE under
optimal experimental conditions. However, in this
research, the hardness of commercially pure titanium
reached 411 HV after a single pass of SSE. TiC is a
highly stable and wear-resistant phase that can
increase the longevity and performance of implants,
especially when subjected to severe mechanical
forces and wear within the body. The presence of TiC
has not been fully validated for medical applications
but has gained attention in research on in vivo
implants. Its potential to improve the mechanical and
biological performance of titanium implants is
promising. The harder and more wear-resistant
surface of TiC can also reduce the release of wear
particles from the implant surface, which could
otherwise lead to inflammatory responses and long-
term complications. Thus, the formation of the TiC
phase in titanium-based implants could significantly
enhance their mechanical and biological
performance, improving their lifespan and efficacy in
medical applications. One of the most prominent
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shortcomings in previous studies that have refined
commercially pure titanium through SSE is the lack of
attention to and discussion of the biocompatibility
aspects of the processed material [25 24],

The successful fabrication of fine-grained titanium
components was achieved through the synergistic
combination of SPS and SSE, leading to significant
improvements in both mechanical properties and
biocompatibility, making them highly relevant for
medical applications. The incorporation of the TiC
phase into the titanium matrix notably enhanced its
mechanical properties, including a remarkable
increase in hardness (up to 411 HV) and chemical
stability. These improvements are essential for
extending the service life of medical implants,
particularly under physiological conditions.
Additionally, the SSE process further refined the
microstructure, contributing to better integration
with bone-like tissues, as evidenced by data from SBF
studies. These findings highlight the promising
potential of combining SPS and SSE methods to
advance the production of high-performance medical
implants. The ability to tailor the material properties
precisely for clinical needs, such as improved
durability and lower failure rates, positions these
techniques as viable alternatives to conventional
titanium manufacturing methods, especially in
critical biomedical applications. These implants
promise extended longevity and increased reliability,
addressing the growing demand for more durable
medical solutions. Future research should focus on
optimizing these techniques for large-scale
production and exploring their potential for complex
implant geometries.

Conclusion

The fusion of SPS and SSE not only enhances the
mechanical integrity and biocompatibility of titanium
components but also establishes a solid foundation
for developing next-generation medical implants.
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