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Abstract: Pure titanium (Ti) sheets were subjected to shot peening to achieve grain refinement at the
surface. Microstructural studies revealed significant grain refinement at the surface of the Ti sheet after
shot peening. The affected thickness of the grain refined region was measured as 150 pum at the cross-
section. Due to the fine grain structure, higher hardness was measured for the processed surface. X-ray
diffraction studies of the processed sample showed peak broadening for processed Ti due to shot
peening. Wettability studies conducted by contact angle measurements clearly showed increased
hydrophilicity for the processed Ti as reflected in the lower contact angles. Increased surface energy
was calculated for the shot-peened Ti, which can be attributed to the role of the increased fraction of
grain boundaries due to microstructure modification. The results demonstrate the potential of the shot
peening process to improve the surface wettability and further directly enhance the bioactivity of the Ti
implant.
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1. Introduction

Titanium (Ti) and its alloys are the most widely used materials to manufacture
orthopedic implants. Ti's mechanical properties are close to natural bone compared with other
metallic implants, which reduces stress shielding problems [1]. Ti also exhibits non-magnetic
nature, which allows MRI scanning of the patient having a Ti-based implant, which is not
possible with steel base implants. Owing to its high corrosion resistance, Ti can sustain in the
highly aggressive physiological environment for a longer time compared with steels and Co-
based alloys [2-4]. However, Ti suffers from a lack of bioactivity, i.e., it exhibits bio-inert
nature. For implants used in joint replacements such as hip joint or knee joint replacement, the
implant surface that interacts with the bone tissue is desired to have higher bioactivity to
promote strong bonding between the implant and the bone tissue. For example, in total hip
joint replacement, the femoral stem of the hip joint must have a strong bonding with the femoral
bone tissue. However, the acetabular cup and liner, femoral head, or ball do not require
bioactivity but higher wear resistance. Whereas in bone fixing plates and screws, higher
bioactivity is desired to promote a higher healing rate.
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The bioactivity of implants can be enhanced by adopting various strategies, as observed
from the literature. A few examples are providing bioactive surface coatings, surface chemical
treatments, and microstructural modifications [3-13]. Powder metallurgy, additive
manufacturing, Laser surface treatment, etc., are a few processes used to develop Ti-based
engineered medical implants [14-17]. Recently, several authors demonstrated the potential of
microstructural modification by mechanical processing on enhancing the bioactivity of metallic
implants. Among them, severe plastic deformation (SPD) techniques occupy the first place to
alter the microstructure without affecting the geometry of the material. High strain is
introduced into the material in SPD techniques, and through dynamic recrystallization, grain
refinement is achieved [18]. Thirugnanam et al. [19] demonstrated improved bioactivity for
groove pressed Ti due to the high surface energy obtained by grain refinement in Ti. In our
earlier study, Ti rods (solid and hollow) were subjected to equal channel angular pressing
(ECAP) and due to obtained sub-micrometer structure, enhanced cell adhesion was observed
[20]. Other reported works also clearly demonstrate that the refined microstructure enhances
surface properties of Ti-based biomaterials [5,6].

Wettability is an essential property required for the implant surfaces to promote higher
cell interactions at the implant-tissue interface. High wettable surfaces improve the deposition
of mineral phases in the presence of the bio-environment. For example, surfaces with higher
wettability promote higher biomineralization from the biological fluids in biomedical
engineering and signal the primary cells to grow on the implant surface [21]. A higher level of
cell response can be seen on the implants having refined microstructure [22]. Ti exhibits
bioinert nature, depending on the targeted application, selectively the surface of Ti implant can
be subjected to mechanical processing, and the bioactivity can be imparted. As the interactions
between the implant and the local tissue are initiated from the implant's surface, surface
engineering to alter the microstructure and surface properties of the implant to improve the
tissue bonding ability is a viable strategy. Among the available surface treatments, shot peening
is a simple and effective process in which the targeted surface is bombarded with several tiny
shots [23]. Due to the compressive residual stresses resulting in shot peening, the component's
fatigue life is increased [24]. Usually, shot peening is applied to the engineering components
and surfaces to improve the components' life span and reduce the sudden failures during
functioning [25,26]. On the other hand, a significant change also can be expected in the
microstructure at the surface after shot peening. This effect is prominent with the increased size
of the shots. Hence, the advantage in obtaining grain refinement in shot peening can be utilized
to improve the surface properties of biomaterials. Therefore, in the present work, medical-grade
Ti sheets were surface treated by shot peening to alter the surface microstructure and investigate
the influence of shot peening on altering the surface hardness and wettability.

2. Materials and Methods

Commercially pure Ti (CP-Ti) sheets of 2 mm thickness were procured from Venku
Metals, India. Specimens of size 100 x 100 mm were prepared for shot peening experiments.
Shot peening was conducted by placing the samples in a chamber and applying steel shots of
diameter 2 mm with the help of compressed air. The pressurized air that passes through the
nozzle colloid the surface with the steel shots supplied into the air stream. Figure 1 shows a
schematic illustration of the shot peening process and the surface peening that induces
compressive stresses at the surface of the workpiece. The processed samples were named as
SP-Ti.
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Figure 1.(a) schematic illustration of shot peening process, (b) inducing high compressive stresses from the
striking shots, and (c) photograph showing the surface of SP-Ti (inset: samples of size 20 x 10 cut from SP-Ti).

X-Ray diffraction studies (XRD, D8, Bruker, USA) were carried out for both the SP-
Ti and CP-Ti sheets for the 26 range from 20 to 80 ° with a step size of 0.05. CuKa radiation
was used in the XRD analysis. The samples were then subjected to the standard polishing
protocol for microstructural observations. The superfine polished surface of the samples was
etched by using Kroll’s agent and cleaned with ethanol. The optical microscope images were
captured at different magnifications using an inverted optical microscope (Leica, Germany).
The average grain size was measured by adopting the linear intercept method. A scanning
electron microscope (SEM, TESCON, Czech Republic) attached with an energy dispersive X-
ray analysis (EDS) facility was used to observe the microstructure and chemical composition
of the samples. The microhardness of the samples was measured by conducting indentation
experiments using Vicker’s microhardness tester using a diamond indenter at 100 g load.
Measurements were obtained across the thickness to verify the effect of the shot peening on
the microstructure modification from the surface to the inner regions of the processed Ti sheet
in the thickness direction. Contact angles by using distilled water as the solvent were obtained
for each sample. From the contact angles (0), the surface energy of the samples (Es) was
measured by considering the surface tension of distilled water (Evi = 72.8 mJ/m?) using the
following equation [27].

Es=Evcos 0 Q)

3. Results and Discussion

The main objective of the shot peening process is to induce compressive stresses in the
surface of a metallic sheet or plate to achieve improved fatigue life. However, the repetitive
impact of the shots introduces crystal imperfections and leads to a microstructural modification.
The region that undergoes plastic deformation at a microscopic level at the surface of the
workpiece due to the impact of the flying shots is limited to a few hundreds of micrometers.
This is similar to the mechanism by which nanostructured surfaces of metals can be produced
due to localized plastic deformation in surface mechanical attrition treatment (SMAT) [28].
However, the velocity with which the balls hit the workpiece's surface is lower than shot
peening. However, in both the shot peening and SMAT processes, surface grain refinement is

expected. Since the size of the balls is larger in SMAT, the depth of the affected surface is
https://biointerfaceresearch.com/ 5747



https://doi.org/10.33263/BRIAC125.57455752
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.57455752

relatively higher than shot peening. Whereas in shot peening, the velocity of the shots impact
the surface is higher than the size of balls used in SMAT but introduce microstructural
modifications and increase the compressive stresses. Figure 2 compares the microstructure of
CP-Ti and SP-Ti at the cross-section. It is evident (Figure 2 (b)) from the observations that the
layer of refined grain surface in SP-Ti. A magnified image (Figure 2(c)) of the cross-section
shows refined grain region in SP-Ti up to 50 um. Under the refined grain region, the presence
of numerous twins can also be observed in the cross-section of SP-Ti (Figure 2(c)). Being an
hcp metal, Ti usually undergoes plastic deformation by slip and twinning. Therefore, the
appearance of twins is a common phenomenon when Ti undergoes plastic deformation. The
depth of grain refinement region was observed as nonuniform at the cross-section of SP-Ti.
This is due to the random bombardment of the shots on the surface of the Ti sheet during shot
peening.

Figure 3 shows the XRD plots of the samples before and after shot peening. By
comparing the normalized peaks from the XRD, the textural changes induced by shot peening
can be noticed. The peak relative intensities of (002), (102), (110), and (103) were significantly
decreased, and the peak of (100) and (101) was significantly increased after shot peening. These
changes strongly suggest the development of texture due to the plastic deformation at the
surface of SP-Ti. Furthermore, the peak broadening after shot peening indicates the decreased
crystallite size in SP-Ti, supported by the grain refinement at the surface of SP-Ti as observed
from the microstructural studies. Figure 4 shows the comparison of hardness data of CP-Ti and
SP-Ti. Due to the grain refinement, presence of more twins, and induced high compressive
stresses in SP-Ti, higher average hardness (269.5 = 13.4 Hv) was measured compared with CP-
Ti (196.2 £ 7.8 Hv). The hardness distribution profile obtained on the surface and cross-section
of SP-Ti explains the role of grain refinement achieved at the surface of the SP-Ti on enhancing
the hardness. The cross-section profile shows a declining trend in hardness with the thickness
away from the surface.
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Figure 3. XRD patterns of the samples: (a) CP-Ti and (b) SP-Ti.
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Figure 4. Microhardness measurements: (a) average hardness and (b) hardness distribution.
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Figure 5. Photographs of water drop on the surface of the samples: (a) CP-Ti and (b) SP-Ti.

The photographs of water droplets on the surface of CP-Ti and SP-Ti during measuring

contact angles are shown in Figure 5.
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Figure 6. Surface energies of the samples calculated from water contact angles.

From the measured 6 values (CP-Ti=63.9+ 1.8 °and SP-Ti=46.1+2.1°), itisevident
that the surface of SP-Ti is more hydrophilic compared with CP-Ti as reflected in lower contact
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angles. Surfaces with lower water contact angles exhibit higher wettability, the desired property
that promotes a higher level of cell adhesion on the implant surface.

Figure 6 shows the calculated surface energies of the samples. SP-Ti has shown higher
surface energy compared with CP-Ti. With the grain refinement and presence of more twins at
the surface of SP-Ti, the available fraction of grain boundary has been enormously increased.
It is a well-understood phenomenon that the grain boundaries are considered as surface defects
and associated with higher surface energies due to the imperfection in the crystal structure
(pseudo crystal structure) [29]. With the development of new grains and twins due to shot
peening in SP-Ti, more grain boundaries and twin boundaries also appear, which eventually
increases the surface energy.

3 2 1 —
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2. Increased cell adhesion due to high surface energy
3. Higherlevel of bone remodeling and healingrate

Figure 7. Schematic illustration of improved cell-implant interactions with increased wettability.

The thin layer (50 um) of refined grain surface of SP-Ti with higher surface energy
accelerates the tissue-implant interactions by making the surface bioactive. Usually, when a
material is used for bone implant applications, the formation of new bone follows the following
major steps [23], as schematically illustrated in Figure 7.

i. Adsorption of protein from the surrounding bio-environment (blood plasma and tissue
fluids) at the implant’s surface.

ii. Movement of specific connective cells and inflammatory cells towards the implant's
surface and releasing targeted specific matrix proteins.

iii. The approach of osteogenic cells to the implant's surface accelerated cell adhesion and
bone remodeling at the tissue-implant interface.

The events above influence the implant acceptance by the local host and promote a
higher healing rate. Among the sequence of events, the biomineralization step is crucial. A
higher level of protein deposition and essential growth factors deposit on the implant's surface
and strongly influence the healing rate [21]. Therefore, altering the surface of Ti to accelerate
biomineralization helps to develop bioactive Ti-based implants. Surfaces with higher surface
energy exhibit higher wettability [22]. Higher wettability promotes rapid biomineralization,
and by doing so, a higher bone remodeling rate can be achieved. Furthermore, refined grain
surfaces promote a higher level of cell adhesion and growth, as demonstrated by Thirugnanam
etal. [19] on groove pressed Ti due to grain refinement. Similarly, Jojibabu et al. [20] produced
fine-grained Ti rods by equal channel angular pressing (ECAP) and observed higher cell
adhesion on ECAPed Ti compared with a base material. Therefore, it can be summarized that
the fine grain structure with higher surface energy achieved in SP-Ti helps to develop Ti
implants with higher bioactivity and increases the rate of new bone formation to achieve a
better healing rate.
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4. Conclusions

Medical grade pure Ti sheets were subjected to shot peening by using 2 mm diameter

steel shots. Grain refinement up to a thickness of 50 um was achieved at the cross-section,
followed by several twins. XRD data revealed the texture change and confirmed the decreased
crystallite size after shot peening. Due to the grain refinement and presence of twins, higher
hardness was measured for the SP-Ti. Water contact angle measurements demonstrate the
nature of higher hydrophilicity of SP-Ti. Surface energies calculated from the contact angles
indicate higher surface energy for SP-Ti that promotes higher cell interactions at the surface of
Ti. Hence, the results show that shot peening can produce surface grain refined Ti that exhibits
higher wettability to promote better tissue-implant interactions to develop bioactive Ti-based
implants.
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