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Abstract: Surface engineering of titanium (Ti) for medical implant applications is an active research
area in the biomedical field across the globe. Improving the bioactivity of the Ti surface is crucial for
implant applications where osseointegration is essentially required to enhance the healing rate. In the
present work, shot peening followed by micro-arc oxidation (MAQ) treatments were applied to pure Ti
with an objective to investigate the role of surface grain refinement and the oxide layer on
biomineralization ability to assess the bioactivity of the surface. After shot peening with steel balls, Ti
substrates were subjected to MAO using sodium phosphate solution. Grain refinement was observed at
the surface after the shot peening at a submicrometer levels ranging from 0.5 to 2 um for a thickness of
~ 50um. Ti sheets subjected to MAO exhibited a porous oxide layer on the surface. From the XRD
analysis, the TiO; layer was observed as a combination of anatase and rutile. Higher Ca/P-based apatite
deposition on shot-peened Ti compared with MAO Ti was observed in the in vitro immersion studies.
The results indicated increased bioactivity for grain refined Ti compared with MAO Ti. Hence, it is
concluded that the microstructure influences the bioactivity of Ti implants compared with the oxide
layer.

Keywords: Ti implant; micro-arc oxidation; shot peening; bioactivity; biomineralization; implant
tissue interface.
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1. Introduction

Tailoring the surface of titanium (Ti) to enhance its surface properties through different
surface engineering methods, including coatings and surface treatments, is an active area of
research in biomedical engineering. Being a relatively lightweight material compared with
steels and Co alloys, Ti reduces the stress shielding issue usually found in load-bearing medical
implants [1, 2]. Diagnosis by MRI scanning is also conveniently carried out for patients with
Ti implants, unlike the other metallic implants. High corrosion resistance and better
compatibility in the physiological environment make Ti a promising implant material [3, 4].
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However, the lack of osseointegration is a limitation of the bare Ti surface. Higher
osseointegration is desirable in developing implants for artificial joints and dental implants [5-
7]. Ti exhibits bio-inert nature; hence, appropriate surface treatment is adopted, or a coating is
provided to make Ti surface bioactive or introduce antimicrobial properties [3]. It is evidently
explained that grain size significantly alters the structure-sensitive properties of materials. It is
understood from the available scientific literature that fine-grained Ti promotes better tissue
implant interactions [8-16]. Since the implant surface properties govern the bio interactions at
the tissue-implant interface, refining the microstructure at the surface can enhance the
bioactivity of Ti implants.

In the shot peening process, a number of tiny balls are used to bombard the surface to
introduce higher compressive stresses. Usually, the surfaces of engineering components are
treated with shot peening to increase the fatigue life of engineering components [17-19].
Surface grain refinement can also be achieved in shot peening [20]. The grain refinement to a
level of nano-ultra fine-grained structure promotes higher bioactivity [21]. On the other hand,
micro-arc oxidation ((MAO) is another surface engineering process in which a self-grown
porous oxide layer can be developed from the metallic surface by using an appropriate
electrolyte [22]. Several earlier reports demonstrated the development of the TiO2 on Ti
substrate by MAO process for implant applications [23-26]. Furthermore, several
biocompatible elements were also embedded into TiO2 during MAO to functionalize the Ti
substrate with antimicrobial properties [27-29]. Usually, the electrochemical events at the fine-
grained surfaces are rapid compared with coarse-grained surfaces [9, 30]. Therefore, grain
refinement influences the rate of oxidation of Ti. Hence, in the present work, the grain-refined
Ti surface was produced by shot peening, and both the grain-refined and base Ti samples were
subjected to the MAO process. Then the samples were subjected to in vitro studies in artificial
body fluids to understand the effect of refined microstructure and oxide layer on enhancing the
bioactivity of Ti.

2. Materials and Methods

Pure titanium (Ti) sheets (medical grade) of thickness 2 mm were obtained from Venku
Metals, India. Shot peening experiments were conducted on sheets of area 100 x 100 mm? by
using steel balls of diameter 2 mm. Pressurized air was used to strike the substrate with the
steel balls through a nozzle, as shown in Figure 1(a), for 5 min. The balls induce localized
compressive stress that leads to the development of fine grains at the surface, as schematically
illustrated in Figure 1(a). Both the base material (Ti) and shot-peened Ti (SP-Ti) were subjected
to micro-arc oxidation (MAO) by using sodium phosphate solution as the electrolyte. Fig 1(b)
presents the schematic drawing of the MAO process in which platinum was used as the counter
electrode. MAO process was done at a voltage of 240 V by applying a current density of 250
mN/cm? for 10 min. After the MAO process, the samples were named as follows, Ti MAO and
SP-Ti MAO for base material and shot-peened Ti, respectively.

For microstructural studies, Ti and SP-Ti samples were prepared following a standard
protocol to produce mirror-finished surfaces and etched with Kroll's reagent. An inverted
optical microscope (Leica, Germany) was used to record the microstructures. A cross-sectional
image was observed for the SP-Ti sample. The refined grain surface and MAO processed
surfaces were studied by scanning electron microscopy (SEM, TESCON, Czech Republic).
The MAO samples were also analyzed for phase analysis by energy-dispersive X-ray
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spectroscopy (EDS). Then all the samples were analyzed by X-Ray diffraction (XRD, Bruker,
USA) between 20 to 80 ° 20 range with a 0.05 step size.
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Figure 1.(a) Schematic diagram explaining the shot peening process; (b) Schematic illustration of micro-arc
oxidation (MAOQ) process.

Simulated body fluid (SBF) has been used for in vitro bioactivity study. SBF is an
artificial physiological solution prepared in the laboratory that has a concentration of ions
similar to that of the human extracellular matrix, including Na*, K*, Mg?*, Ca?*, CI-, HCOs,
HPO.2", and SO4>". In the process of biomaterials evaluation, the materials are immersed in
SBF, and the potential of deposition of mineral phases from SBF to the surface of the test
material is evaluated to assess the level of bioactivity. Usually, Ca/P mineral phases are formed
from the SBF and deposited on the surface of the immersed material. Higher deposition of the
Ca-based phases on the surface of the immersed sample indicates the higher bioactivity of the
material. The list of required chemicals and their weights, sequence of steps involved in the
preparation of SBF, and ion concentration can be referred to from the works of Kokubo et al.
[31]. The samples for immersion studies were placed in 50 mL of SBF containers and
maintained at 37 °C for 28 days. All the immersed samples were then gently washed in water
and subjected to XRD, SEM, and EDS analysis.

3. Results and Discussion

The shot peening process introduces grain refinement at the surface, similar to the
surface mechanical attrition treatment [32]. Figure 2 shows the microstructures of the samples
before and after shot peening. From the linear intercept method, the grain size of the starting
material was obtained as 57 + 2.5 um. From the cross-sectional image of SP-Ti, it is evident
that the shot peening process refined the surface microstructure up to a depth of ~ 50 um, as
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indicated with an arrow in Figure 2(b). SEM image of SP-Ti demonstrates the level of grain
refinement due to the shot peening. It can be learned from the microstructure that the refinement
of the microstructure happened at different levels, as reflected from 0.5 to 2 um grain size in
the SP-Ti. The level of grain refinement was observed from submicrometer to ultra-fine grain
size.

. | o T [N
Figure 2. Microstructural observations: a) Ti, b) cross-section of SP-Ti, and c) SEM image of refined grain
surface of SP-Ti.

Figure 3 presents the surface morphologies and EDS analysis of MAO samples. The
formation of numerous pores in the TiO, surface layer is evident in both Ti MAO and SP-Ti
MAO samples. It is the characteristic of the MAO process to produce surface layer oxide with
porosity. Ti has shown large pores (Figure 3 (a) and (b)) compared with SP-Ti samples (Figure
3(d) and (e)). In SP-Ti, numerous pores of smaller size appeared in the produced TiO; layer.
The difference in the morphologies of the oxide layer in Ti and SP-Ti can be claimed to be the
grain refinement in SP-Ti. Usually, the surfaces with grain refinement exhibit high energy.
Therefore, electrochemical events such as corrosion and oxidation are higher under the same
environmental conditions [9]. In the present work, the surface of SP-Ti was observed with more
surface undulations and porosity. These features are more favorable for cell interactions at the
implant tissue interface [33]. From the EDS analysis presence of Ti, P, and O elements were
observed for both the MAO samples (Figure 3(c) and (f)). The appearance of Ti and O can be
understood from the formation of the TiO> layer. Despite gently washing the MAO samples in
distilled water after the MAO process, the presence of phosphorous in the TiO2 layer in both
the MAO samples indicates the leftover phosphorous residue from the electrolyte solution after
the MAO process. Phosphorous is a biocompatible element and does not cause any toxic issues.
Hence, the presence of P in the TiO, layer after MAO can be considered an additional
advantage.

The XRD patterns of Ti and SP-Ti are presented in Figure 4(a), and XRD plots of Ti
MAO and SP-TI MAO samples are shown in Figure 4 (b). It is evident from the XRD of Ti,
and SP-Ti samples (Figure 4 (a)) that the peak intensities of (100), (101), (110), 112), and (201)
were observed as decreased, and the peak intensities of (002) and (103) were observed as
increased due to shot peening. Usually, the change in the peak intensities is referred to as the
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texture change in crystalline materials. In hcp metals, the (002) plane is close-packed, and in
the present work, it is understood that the SP-Ti has a preferred texture after shot peening. Peak
broadening is another significant observation from the XRD pattern of SP-Ti compared with
Ti. Usually, peak broadening results in decreased crystallite size. Therefore, the XRD analysis
suggests grain refinement in SP-Ti and supports the microstructural findings.

() ©

Figure 3. SEM observations of MAO samples: (a) Ti MAO;(b) magnified image of Ti MAO;(c) EDS analysis
of Ti-MAO;(d) SP-Ti MAO;(e) magnified image of SP-Ti MAQO;(f) EDS analysis of SP-Ti MAO.

The XRD patterns of MAO samples (Figure 4b) show dominating intensities for the
Ti0; phase compared with the base Ti. Interestingly, the developed TiO2 layer was observed
with two phases, i.e., anatase and rutile phases, as indexed in the XRD patterns of Ti MAO and
SP-Ti MAO samples (Figure 4 (b)). Usually, TiO> exhibits polymorphism and may present in
the form of an anatase or rutile phase. The stability of the anatase phase of TiO2 is lower
compared with the rutile phase, as explained in the literature [34, 35]. Hence, in the MAO
process, the TiO2 anatase phase is initially developed, and with the increased process time, the
fraction of TiO, phase transformation from anatase to rutile is increased [36]. In the present
work, both the TiO. phases (anatase and rutile) were identified in addition to Ti peaks in Ti
MAO and SP-Ti MAO samples. The highest intensity peak, (002) was noticed in the XRD
plots of both the Ti MAO and SP-Ti MAO samples. The other peaks corresponding to Ti have
not appeared for the samples after MAO. Since the surface TiO: layer developed during MAO
has completely covered the Ti substrate, XRD peaks corresponding to TiO, have dominated,
and therefore, intensities of XRD peaks corresponding to Ti were significantly decreased.
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Figure 4. XRD analysis of the samples: (a) Ti and SP-Ti;(b) Ti-MAO and SP-Ti M.A.O.
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Figure 5 presents the surface morphologies of the immersed samples collected after 28
days from SBF and their area EDS analysis. From the surface of Ti (Figure 5 (a)), no significant
phases were observed as deposited from the SBF. The EDS spectrum (Figure 5 (b)) shows Ti
and indicates lower amounts of Ca, P, and O on the sample surface. On the surface of SP-Ti
(Figure 5 (c)), the presence of white precipitates deposited from the SBF was noticed, and the
EDS analysis (Figure 5 (d)) demonstrates a similar chemical composition to that of the Ti
sample. However, relatively more Ca and P suggests the increased bioactivity on the SP-Ti as
reflected from the more Ca/P phases deposited from the SBF. The surface morphologies of
MAO samples (Figure 5 (e) and (g)) indicate no significant biomineralization on the surfaces.
However, the appearance of Ca and P in the EDS analysis (Figure 5 (f) suggests the deposition
of Ca/P phases on the surface of MAO samples.
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Interestingly, more phosphorous was observed on the Ti MAO and SP-Ti MAO
samples. This can be attributed to the presence of phosphorous in the TiO, layer before the
immersion study. Figure 6 presents the XRD plots of the immersed samples. Even though the
presence of Ca and P was observed on the sample surfaces, no significant peak corresponding
to any Ca/P phase was observed on the samples except for SP-Ti. A smaller intensity peak
corresponding to hydroxyapatite was noticed on SP-Ti at around 31.8°, suggesting the SP-Ti
surface's higher bioactivity than the other samples. It is true that the smaller amounts may not
be detected in XRD as observed in the case of Ti, Ti MAO, and SP-Ti MAO. The presence of
smaller amounts of Ca and P has not been seen in the XRD in the form of any phase. However,
smaller amounts of Ca and P on Ti, Ti MAO, and SP-Ti MAO indicate biomineralization in
lower concentrations. Among all the samples, higher biomineralization was observed for the
SP-Ti sample.

In the context of cell interactions at the implant-tissue interface, MAO surfaces have
demonstrated better performance, as learned from the literature [23, 24]. The pores and surface
bio-mimicking features resulting in the MAO process are favorable to osseointegration. In the
present work, the oxide layer obtained on SP-Ti MAO has more tiny pores and surface
undulations than the Ti MAO sample, which is attributed to the fine grain structure achieved
by shot peening that accelerated the electrochemical events at the surface. However, from the
immersion studies in SBF, higher mineral deposition was observed for the SP-Ti sample due
to the grain refinement compared with the MAO samples. This observation can be justified by
understanding grain refinement's positive role in increasing surface energy and promoting
biomineralization [9, 37, 38]. Hence, the results demonstrate higher biomineralization for the
grain refined Ti compared with the ceramic layer of TiO2 produced by MAO. Therefore,
selecting appropriate surface treatment based on the targeted application is crucial to benefit
from the surface-functionalized Ti in bone-implant applications.
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Figure 6. XRD analysis of the immersed samples.
4. Conclusions

Pure Ti was subjected to shot peening to produce a refined grain surface and
subsequently subjected to micro-arc oxidation (MAO) to develop a porous TiO; layer. A
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significant grain refinement up to a level of 0.5 to 2 um was obtained at the surface of shot-
peened Ti for a depth of approximately 50 um. XRD analysis indicated the development of
preferred texture after shot peening dominated with basal (002) texture. The produced
submicrometer to ultra-fine grain size microstructure at the surface of Ti led to the developing
TiO2 layer with very fine pores with numerous surface undulations, which favors the implant
tissue interactions. From the in vitro experiments, a higher level of biomineralization was
observed on grain-refined Ti compared with MAO samples, as confirmed by the presence of
more Ca/P phases from the SEM and XRD analysis. The present study demonstrates the
potential of grain refinement in enhancing biomineralization, which promotes the healing rate
compared with the ceramic TiO- layer. However, an appropriate route can be selected based
on the targeted application where biomineralization is crucial for implant-tissue bonding.
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