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The alternative Ti-6Al-7Nb alloy has gained
extensive progression due to its ability to eli-
minate the cytotoxicity of vanadium (V) in
Ti-GAI-4V alloy for orthopedic implants. The
production of titanium alloys by centrifugal
casting shows significant potential to reduce
costs. Heat treatment and aging can tailor the
microstructure and improve the corrosion resis-
tance of titanium alloys. This study examines
the effects of various ageing times on the micro-
structure and corrosion resistance of a centri-
JSugal cast Ti-GAl-7Nb alloy that has previous-
ly been heated and treated at a temperature of
1050 °C, and subsequently cooled to room tem-
perature in argon atmosphere gas. Ageing was
carried out at a temperature of 550 °C with
variable times of 0, 4, 6, and 8 hours. The sur-
face morphology, metal phase changes, and
electrochemical characterization were tested
using an optical microscope (OM), X-ray dif-
fraction (XRD), potentiodynamic polariza-
tion (PDP), and electrochemical impedance
spectroscopy (EIS). The basket-weave micro-
structure is formed where globularization oc-
curs in some phases as ageing time increases.
Increasing the FWHM o. value is correlated with
increasing the amount of o martensite phase.
As an ageing time enhances, the temperature
might offer a greater driving constrain for
the nucleation and expansion of the lamellar
phase (0.). Ageing of 8 hours has the lowest cor-
rosion rate, 0.0023 mpy and highest corrosion
resistance, 90457 Q-cm?, due to the partial-
ly bimodal structure and grain refinement with
a smallest grain size of 327.87 um. Tafel polar-
ization results show that all passivated samples
are stable in the Solution Body Fluid (SBF). This
work can be used as a starting point for develop-
ing microstructural evolution in titanium alloys
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1. Introduction

Ti-6Al-7Nb alloy, as a versatile class of o+f titanium
alloys, offers attractive properties such as high corrosion
and fatigue resistance, biocompatibility, good structural
compatibility, and good toughness [1, 2]. It is the most fre-
quently used alternative orthopedic implant material from
Ti-6Al-4V that can eliminate the toxicity of vanadium [3, 4].
It also exhibits several functional properties, such as plastici-
ty and high-temperature deformation properties. Solution
treatment and ageing are effective processing methods to
strengthen the alloy [5, 6].
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Centrifugal casting is one option for the low-cost manu-
facture of orthopedic implants [7]. Numerous researches have
shown that residual stress can be reduced and the micro-
structure of the alloy can be improved by appropriate heat
treatment [8,9]. The microstructure plays an imperative
role in the corrosion resistance of the material and can be
tailored to improve corrosion resistance. The passive layer’s
resistance of titanium alloys in the presence of artificial saliva
can be enhanced using a heat treatment [10]. The elemental
segregation between different phases, which further effec-
tively restricts the formation of the galvanic corrosion, can be
obtained by subsequent aging treatment to improve corrosion




resistance. The heat treatment process of titanium alloy sig-
nificantly influences the microstructure [11]. The previous
research [12] studied the effect of heat treatment and ageing
at 955 °C/AC/1 h+565 °C/AC/8 h on the microstructure of
a TC4 alloy produced by selective laser melting (SLM). The
results showed that a basket-weave structure can be obtained
after solution with aging treatment, resulting in excellent
wear resistance. The outcome from a previous study [13]
revealed that a globular microstructure had higher plastici-
ty than a globular microstructure, but lower strength and
impact toughness than a lamellar microstructure. Investiga-
tion of the effects of aging treatment on the microstructure
and the corrosion resistance of laser solid formed (LSFed)
Ti-6Al-4V titanium alloy has been carried out. The results
revealed that the corrosion resistance of the solution and
aging-treated (SATed) Ti-6Al-4 V is slightly better than that
of the as-deposited Ti-6Al-4V [14]. It is attributed to the
microstructure of the LSFed Ti-6Al-4 V transformed from
coarse columnar grains microstructure to more homogeneous
basket-weave microstructure after SAT and the B boundary
where corrosion occurs preferentially is interrupted or even
disappears. Investigation of the grain refinement and mecha-
nical properties of titanium alloy during solution-plus-aging
treatment has been carried out. The study reveals that the de-
velopment of ultra-fine microstructure upon the introduction
of severe deformation is shown to significantly improve the
corrosion resistance of aging-hardened Cu-3 wt% Ti alloys
without sacrificing their mechanical properties [15].

Only a few studies have investigated Ti-6Al-7Nb alloy
using the centrifugal casting technique, so the results are not
directly available for industrial application. Aging treatment
has a significant effect on the secondary phases that precipitate
in titanium alloys, resulting in different properties of titanium
alloys. Therefore, it is important to study the microstructural
evolution of titanium alloys due to their potential applications.

Therefore, a study devoted to aging time which influ-
ences microstructural improvement and corrosion resistance
of titanium alloys has scientific relevance to the need for
orthopedic implants, especially total hip arthroplasty, which
is increasing along with the increase in the number of obesity
cases due to the sedentarian and another modern human life-
style. The optimal aging time from as a result of such studies
can be applied to similar titanium alloys to obtain the most
suitable microstructure for orthopedic implants.

2. Literature review and problem statement

The Ti-6Al-7Nb alloy has received clinical approval and
has shown to be a suitable alternative for the Ti-6Al-4V (TC4)
alloy, which has been utilized for medical purposes for recent
decades [16]. The o+ alloy, Ti-6Al-7Nb, may have its micro-
structure altered by heating it to a temperature above or be-
low the beta transus (melting point) temperature, T, which
is an o+ alloy can be engineered using heat treatment and
ageing processes with temperatures above or below the beta
transus temperature, Tg. These alloys may have their com-
position, size, and phase distribution altered to some extent.
As a consequence, the alloy can be reinforced by heat treat-
ment, ageing, and quenching to get the desired material
properties. The mechanical and corrosion characteristics of
materials are directly influenced by their microstructure.
To produce high strength-ductility matching and enhanced
corrosion resistance, the metastable transformation of the

B+Q—B+a phase can be accomplished by heat treatment.
It enables the shift from the sub-stable to the equilibrium
phase to achieve excellent strength-ductility matching and
improved corrosion resistance [17].

The B transus temperature, T, in the Ti-6Al-7Nb alloy is
about 1020 °C. Hence, the determined test temperature co-
vers the dual-phase o+ region in the range from 850 °C and
1000 °C and single-phase B in the range of 1050—1150 °C [18].
Sound casting Ti-6Al-7Nb alloy from centrifugal casting
technique were reported to be sufficient and conducive for
producing very thin parts with complex shapes orthopedic
implants because it produces higher castability, fewer cracks,
and less porosity than gravity casting [19]. The primary
issue regarding the use of titanium and its alloy for ortho-
pedic implants is their low resistance to sliding wear [20].
The low wear resistance of titanium alloy is due to its poor
abrasion resistance and undefended oxide layer. Therefore,
several surface modification methods have been developed to
improve the wear resistance of alloys, such as thermal spray
coating which can cause distortion and thermal damage to
the substrate if not properly controlled [21], and laser clad-
ding coating because laser cladding equipment is relatively
expensive and requires a high level of operator training and
experience [22], and chemical composition deposition due
to the possibility of collapse under applied stress or sliding
velocity, the hard coatings placed on the comparatively soft
Ti-6Al-7Nb alloy matrix might be very damaging to their
joints implant uses [23]. Furthermore, implementation of
such surface modification methods remains difficult due to
the compatibility and wettability of the coating within the
metal matrix. These problems can be resolved with cost-effec-
tive and practical solutions using optimized heat treatment.

The main types of titanium alloy microstructures are lamel-
lar and equiaxed [24]. Lamellar microstructures are formed
after slow cooling when heat treatment occurs at a temperature
in the single-phase B (B-field) region above Tp, consisting of
colonies of lamellar o phase in a p matrix with a diameter of se-
veral hundred microns. The equiaxed microstructure is formed
after deformation in the two-phase o+ region, i. e. below 75,
composed of a globular o phase dispersed in a  phase matrix.
The equiaxed microstructure has a better balance of strength
and ductility at room temperature and fatigue properties that
are highly dependent on the crystallographic texture of the
o hep phase. In general, fully lamellar titanium alloys have
higher fracture toughness and crack resistance, and equiaxed
structures have higher cyclic fatigue resistance [25]. A favor-
able balance of properties can be obtained by the development
of a bimodal microstructure consisting of primary o grains and
fine lamellar o colonies within relatively small size B grains.
Bimodal structures have advantages over other structures in fa-
tigue, ductility, crack growth resistance and creep’s properties.
Although the qualities of creep resistance and course grain
lamellar microstructure are somewhat improved, these mi-
crostructures perform poorly in terms of ductility and fatigue.
Because of the crystallographic character of the hep a-phase,
the equiaxed globular microstructure shows higher balance of
ductility and fatigue. In contrast to course lamellar formations,
these features, however, drastically decline at higher tempera-
tures. Therefore, for better balancing of ductility, fatigue, and
creep qualities, microstructures with a balance in phase distri-
bution of bimodal structure, where primary o-grains and fine
lamellar o+ colonies have been produced [26].

Heat treatment is an effective post-treatment process to
optimize microstructure and improve mechanical properties,



with the objectives of which are to reduce residual stresses
developed during fabrication, produce the desired combina-
tion of material properties, increase strength, and optimize
unique properties [27]. In addition, heat treatment plays
a vital role in achieving quality characteristics to obtain par-
ticular complex technological and /or use characteristics [28].

The o+ alloy can have its microstructure engineered
using heat treatment and ageing processes at temperatures
above or below 7. The composition, size and phase dis-
tribution of titanium alloys, size and phase distribution of
titanium alloys can be manipulated to a certain extent, and
then the resulting alloy can be strengthened by heat treat-
ment and cooling, followed by ageing to obtain maximum
strength [29]. Heat treatment can improve the microstruc-
ture of metal materials and increase mechanical properties.

In addition to improving mechanical properties, heat
treatment can also affect the corrosion properties of materials.
Microstructure is the main factor that influences the me-
chanical and corrosion properties of materials. For example,
the metastable transformation of the p+Q—B+o phase can
be achieved through heat treatment, which facilitates the
transition from the sub-stable to the equilibrium phase to
achieve excellent strength-plasticity matching and improved
corrosion resistance [30]. Meanwhile, primary o (o) and
secondary o precipitation (o) in titanium alloys are required
to achieve perfect strength-plasticity matching and increased
corrosion resistance. In addition, coarse columnar grains
can be changed to become more homogeneous with solution
treatment and aging (STA), thereby increasing the corrosion
resistance of the Ti-6Al-4V alloy [31].

The paper [32] showing, that tensile testing and corro-
sion resistance showed an increase in strength at solution
treatment of 1050 °C and aging of 8 hours. However there
were unresolved issues related to the microstructure trans-
formation and potentiodynamic polarization which is formed
as a result of aging time, the reason for this may be cost part
in terms of sample preparation for microstructure observa-
tion and polarization test, which makes relevant research
impractical. A way to overcome these difficulties can be
grinding and polishing to obtain a mirror-like microstruc-
ture. This approach was used in [33], however for different ti-
tanium alloys. All this suggests that it is advisable to conduct
a study on microstructure and potentiodynamic polarization
on Ti-6Al-7Nb alloy.

Therefore, the present study endeavored to investigate
the influence of ageing treatment on centrifugal casting and
heat-treated Ti-6Al-7Nb titanium alloy at 1050 °C, including
phase formed, the nature of the microstructure of the alloy,
grain size, and corrosion resistance. Corrosion resistance is
greatly influenced by the type of microstructure and the grain
size. One type of microstructure, namely o+ titanium alloys
can be modified to suit the intended application, in this case,
to obtain the best combination of mechanical properties and
corrosion resistance. All this allows to assert that it is expe-
dient to conduct a study on heat treatment at 1050 °C and
ageing time on microstructure and its relationship to corrosion
resistance prepared by centrifugal casting of Ti-6Al-7Nb alloy.

3. The aim and objectives of the study

The study aims to unveil the relationship between the age-
ing time duration of Ti-6Al-7Nb alloy by centrifugal casting
to their corrosion resistance under solution body fluid (SBF).

To achieve this aim, the following objectives are accom-
plished:

—to identify the phase formed of as-cast, heat-treated
and aged Ti-6Al-7Nb alloy by centrifugal casting production;

—to determine the nature of the microstructure of the
alloy (lamellar, equiaxed, or bimodal);

— to elaborate on the contribution of grain sizes along
with the length of ageing time;

— to know how microstructures and grain size modifica-
tions affected passive layer development kinetics and anodic
behavior, including corrosion resistance and corrosion rate.

4. Material and methods

4. 1. Object and hypothesis of the study

The object of this research is Ti-6Al-7Nb alloy (ASTM
F 1295, Daido Steel, Japan). The chemical composition of
the material comprises 6.48 Al, 7.13 Nb, 0.24 Fe, 0.01 C,
0.02N, 0.18 O, 0.01 Ta, 0.01 H, and balance Ti, in mass pct.
The Ti-6Al-7Nb alloy with a longer aging time is predicted to
have a lower corrosion current density. It is known that low
current densities have a low corrosion tendency. In addition,
heat treatment and aging have a considerable influence on
the secondary o-phase (o), the enlargement of the primary
o-phase (0y,), grain globularization, and some B phase trans-
formations disappear in titanium alloys which will affect the
corrosion resistance of titanium alloys.

4. 2. Centrifugal casting material and method

Centrifugal casting Ti-6AI-7Nb alloy under investigation
in this work was formed into a rod. A vacuum electric arc
furnace was used to melt wrought Ti-6Al-7Nb rod [31]. A rod
was created by casting the molten metals. Ceramic with a zir-
conium base and nine shell layers make up the casting mold.
Argon was employed as a protective environment while melt-
ing, pouring, and solidification was carried out in a vacuum
centrifugal investment casting machine (Flash Caster, Japan).

4. 3. Heat treatment and ageing

Centrifugal cast Ti-6Al-7Nb alloy was heat treated at
temperature B region, i.e. 1050 °C in an argon atmosphere.
The heat treatment time was 1 h. Heat-treated at  region to
receive Widménstatten a+p colony structures. Furthermore,
the heat-treated samples were aged at 550 °C for 4, 6,and 8 h
in an argon atmosphere to decrease desirable residual stresses
due to the centrifugal casting process, as well as a decompo-
sition of martensitic o’ to a-phase. They were cooled to room
temperature by argon gas flow. The heat treatment process
routes are presented in Fig. 1:

— optical microscope (OM).

Metallographic techniques were used to characterize
the microstructure of the as-cast, heat-treated (HT), and
heat-treated (HT)+ageing. Several mechanical treatments
were made, including cutting, mounting, grounding, polish-
ing, engraving, and finishing with alumina paste until a mir-
ror-like surface is obtained, and ensuring that the micro-
structure is using an optical microscope. These observations
were made using an Olympus DSX1000 digital microscope;

— XRD analysis.

An instrumentation tool from Malvern Panalytical’s Aeris
Benchtop XRD System product line was used to conduct the
XRD study. XRD examination was performed on the as-cast,
HT, and HT+ageing specimens. The surface was cut, grinding,



and polished to a mirror-like finish.
The system operated in the 26=5-100°
range with Cu Ko anode (1.5406 A).
To improve data acquisition, the sam-
ples were rotated while collecting data.
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The potential range of —1.2 to 1.5V vs Ag/AgCl was
used to generate potentiodynamic curves of polarization
at a scan rate of 0.2 mV/s. Using traces of the polarization
profile at 10 mV vs OCP, the resistance of polarization, Rp,
was computed.

1050 °C

Argon Gas
Cooling 41, aging 8 h aging

550 °C

1 h Heat Treatment

Fig. 1. Schematic overview of the different ageing
time conducted — heat treatment at [ region (HT),
HT+4 h ageing (HTA 4 h), HT+6 h ageing (HTA 6 h),
HT+8 h ageing (HTA 8 h)

3. Results of the centrifugal casting for orthopedic
implant based on ageing time variations

5. 1. Effect of heat treatment and ageing of Ti-6Al-7Nb
alloy on metal phase changes

Fig. 2 shows the XRD profiles of the samples in differ-
ent conditions: as-cast, heat-treated, and heat-treated+aged
samples (4, 6, 8 h). The investigated samples clearly show
the presence of similar phases at the same angles of diffrac-
tion (20), but with different intensities. As-cast, heat-trea-
ted (HT), and heat-treated+aged (HTA) samples are mostly
o/0’ phase with hexagonal close packed structure (HCP)
and B phase with body-centered cubic (bcc) structure.

Table 1 lists the volume and weight fractions of the o.(a")
phase with the lowest values obtained for samples that had
not been treated at all. After heat treatment there was an
increase in the volume fraction and reached the highest value
at an ageing time of 8 hours.

T . ‘I - : - T - : 1
40 60 80 100
Angle of diffraction 26 (°)

Fig. 2. X-ray diffraction patterns of as-cast and heat treated and aged samples

Table 1
Phase fraction of centrifugal casting Ti-6Al-7Nb alloy
W Ti Phase Fraction (%)

Volume Weight
As-cast 88.9665 89
HT 94.2695 94
HT+aging 4 hours 90.9655 91
HT+aging 6 hours 94.4638 94
HT-+aging 8 hours 95.3066 95

To distinguish between o- and martensitic o phases, the
full-width at half-maximum (FWHM) of the three main dif-
fraction peaks of o), namely (101), (002), and (100) are
calculated and shown in Table 2.

Table 2
The FWHM of three main diffraction peaks of o./o phase
FWHM
Sample
(101) (002) (100)
As-cast 0.092 0.0881 0.0824
HT 0.0955 0.1094 0.1329
HT+aging 4 hours 0.1352 0.1327 0.1294
HT+aging 6 hours 0.083 0.0771 0.0686
HT+aging 8 hours 0.1487 0.1557 0.1669

As shown in Table 1, the heat-treated sample has a much
greater FWHM than the as-cast sample. The FWHM during
heat treatment and ageing is listed in Table 2.

5. 2. Microstructure characteristic of Ti-6Al-7Nb alloy

Fig. 3 depicts typical microstructure patterns of alloys
with the combination of lamellar a+f (basket-weave micro-
structure). All of the specimens studied have similar overall
microstructural features.



Fig. 3. The microstructure of the:
a — as-cast Ti-6Al-7Nb alloy; b — HT; ¢ — HT+4 h ageing;
d— HT+6 h ageing; e — HT+8 h ageing. SEM image showing
the o (bright region) and B (dark region) phases

As observed in Fig. 3, the light areas correspond to
the o phase, whereas the dark areas belong to the trans-
formed B phase. Heat-treated and aged samples have lamellar
shapes that are wider than those seen in as-cast specimens.
Fig. 3 demonstrates that as the heat treatment process and
ageing period rise, the primary o phase and the grain globu-
larizes steadily increase.

5. 3. Changes in grain size due to heat treatment and
ageing

Grain size measurement through observation of the
results of an optical microscope (OM) on all Ti-6Al-7Nb
alloy samples produced using centrifugal casting techniques
aims to determine the homogenization that occurs in the
samples after being given heat treatment in the B (T) re-
gion=1050 °C) and different aging times (0, 4, 6, and
8 hours) with a temperature of 550 °C. Table 3 shows quan-
titative data on the grain size of the Ti-6Al-7Nb alloy based
on ASTM E112-13.

Table 3 shows that the smallest grain size was ob-
tained by 8 hours aged sample. Heat treatment and longer
aging time make the grain size smaller except for aging
during 6 hours.

Table 3

The average grain size of Ti-6Al-7Nb alloy is in accordance
with ASTM E112-13

Sample Grain size average (um)
As-cast 508.05
HT 485.8
HT+aging 4 hours 473.59
HT+aging 6 hours 698.37
HT-+aging 8 hours 327.87

5. 4. Microstructures modifications affected corrosion
resistance behavior

Potentiodynamic Polarization (PDP).

The potentiodynamic polarization findings of HT and
HTA Ti-6AI-7Nb in SBF solution at room temperature are
shown in Fig. 4. As-cast specimens are not included because
this study wants to know the effect of ageing time variation
to the microstructure and characteristic of Ti-6Al-7Nb alloy.
The trend of the four cathode polarization curves, as seen
in Fig. 4, does not significantly change.
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Fig. 4. Potentiodynamic polarization curve Ti-6Al-7Nb
centrifugal casting with variations in ageing time

Fig. 4 displays a stable passivation film spreading over
a wide potential region with a constant current density over
the entire sample. There is no significant difference in the
trends of the four cathodic polarization curves, indicating that
the same anodic and cathodic reaction occurs on the surface
but at different rates. For a better comparison of the polari-
zation behaviour of the specimens in the SBF environment,
the confirmed E.,,, and i, from Fig. 4 are listed in Table 4.

Table 4

Electrochemical parameters obtained from the Tafel
extrapolation method of polarization curve

Sample Ecor (mV) icorr (NA) | Corrosion rate (mpy)
HT —416.038 13.180 0.006

HTA 4 h —175.065 11.916 0.005

HTA6h —469.312 16.047 0.007

HTA8h —387.738 5.3060 0.002




Table 4 lists the results of electrochemical parameters
calculated from potentiodynamic polarization curves in SBF
solutions. E,,, is the corrosion potential whereas i.y; is the
corrosion current density. It can be seen that the i, value
for HTA 8 hour sample is the lowest compared to other
specimens. This shows that the stability of the passive film
formed in the HTA 8-hour sample is better compared to oth-
er samples to increase performance in corrosion protection.
The low corrosion rate is achieved due to the better layer
formation and effect caused by the finer grain structure, in
accordance with the FWHM value listed in Table 2. The
FWHM value, according to the Scherrer equation is inverse-
ly proportional to the crystal size [34]. Grain refinement in
8 aging sample is also visible based on the grain size of the
microstructure revealed through OM observations.

Electrochemical Impedance Spectroscopy (ELS).

The corrosion performance of HT and HTA Ti-6AI-7Nb
centrifugal casting alloys was investigated using EIS. The
Nyquist plots for HT and HTA Ti-6Al-7Nb were observed,
indicating a depressed semicircle, in Fig. 5.

The values of the EIS parameters, such as Ry, Ry and
CPE, are represented in Table 5.

Table 5
Electrochemical parameters of equivalent circuits
Sample Ry (-cm?) CPE (Q-cm?) R (©-cm?)
HT 42.53 1.45%107° 65883
HTA4h 45.72 1.06x1073 88376
HTA6h 46.80 6.18x1076 46565
HTA8h 42.41 1.28x1075 157120

Ry, is the resistance of the electrolyte or solution. The
corrosion rate is inversely proportional to the R value, and
is a function of the movement of electrons across the sub-
merged alloy surface.

6. Discussion of the centrifugal casting for orthopedic
implants based on ageing time variations
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Fig. 5. Nyquist diagram of centrifugal casting Ti-6Al-7Nb
alloy with varying ageing times

Fig. 6 shows the equivalent circuit used to fit EIS data
and evaluate the corrosion resistance of Ti-6Al-7Nb alloy
samples. The impedance response is properly represented
using an equivalent circuit that can examine and allow cal-
culation of data relating to the physical and chemical cha-
racteristics of the electrochemical process being analyzed.
To minimize the effects caused by uneven metal surfaces,
a constant phase element (CPE) is introduced into the
circuit in pure double-layer capacitance, which provides
better fitting.

Fig. 6. The electrical circuit used for the fit
of experimental data

To discriminate between lamellar (o) and martensitic
phase (0), the FWHM of the third primary o/’ peaks of
diffraction, i. e., (101), (002), and (100) diffraction peak,
have been calculated. As shown in Table 1, the heat-treated
sample has a much greater FWHM than the as-cast sample,
indicating the presence of more martensitic phase (o) for the
HT sample, which results from the transformation generated
by furnace cooling throughout the heat treatment process.
Furthermore, the FWHM of 8 hours of ageing-treated sam-
ples is more significant compared to other specimens, which
may be ascribed to the partial o’—a+ evolution [35], exhibit-
ing the declining o phases. The martensitic (o) and lamel-
lar (o) phases coexist after ageing treatment because the
martensitic phase (o) mostly breaks down into the lamellar
o-phase and B-phase over ageing treatment. Furthermore,
Fig. 3 shows that as ageing time increases, there is a lot of
globularization a-phase. It means that the volume percentage
of the martensitic phase (o) decreases, whereas the volume
of lamellar o-phase increases (Table 1). It explains by the fact
that as an ageing time enhances, the temperature might offer
a greater driving constraint for the nucleation and expansion
of the lamellar phase (o) during the composition breakdown
of the martensitic phase (o) [35-37].

The FWHM value during heat treatment and ageing is
shown in Table 2. In all conditions, there is an increase and
decrease in the FWHM value. The lower FWHM values in
the as-cast and 6-hour aged samples indicate that these con-
ditions exhibit lower levels of chemical inhomogeneity and
internal strain [38].

The gradual cooling from 1050 °C (above the Tg) leads
to a combination of lamellar o+p (basket-weave micro-
structure) develops owing to vacuum gas argon as a cooling
medium, similar to the results of previous research [39] that
has been comparable findings for the heat-treated tempera-
ture’s variation and cooling effect’s method of Ti-6Al-7Nb
alloys achieved comparable findings for the heat-treated and
furnace-cooling effect of Ti-6Al-7Nb alloys. Heat-treated
and aged (HTA) samples have lamellar shapes that are wider
than those seen in as-cast specimens. These colonies are more
prominent because the furnace’s slow cooling allows for dif-
fusion and growth. Fig. 3 demonstrates that as the heat treat-
ment process and ageing period rise, the primary o phase and



the grain globulars steadily increase, but the volume fraction
of o/’ phase remains unchanged considerably (Table 2). The
morphological characteristic of phases changed noticeably;
many secondary o phases precipitated in the matrix seemed
to merge together and develop, and some B phases disap-
peared, according to previous study [39—41]. The coarse
o phase can be seen in Fig. 3 after being heat-treated and
growing in size after ageing (Fig. 3, b—e) and cooling with
gas argon. When contrasted to the as-cast lath (Fig. 3, a), the
lamellar begin to coarsen. As a result, when the ageing period
rises, the lath gets coarser (Fig. 3, c—e). In the Ti-6Al-4V
alloy, globularized microstructure, as opposed to martensitic
lath, is known to provide excellent strength and toughness.
It is widely known that creating a bimodal microstructure in
titanium alloy results in an optimal combination of strength
and high ductility [42]. A bimodal microstructure with
partly equiaxed structures is shown in Fig. 3, c—e. Further
heat treatment, in this case ageing till eight hours holding
time, are required to accelerate lamellar globularization and
generate partially equaixed (bimodal) structures. So, among
the various treatments in this investigation, it can be con-
sidered that 8-hour-aged specimens had the most fantastic
deal of optimum balance of excellent ductility and strength.

Furthermore, the heat-treated and aged materials in this
study for 8 hours might result in grain refinement (Fig. 3, e).
Structure refinement might explain the lower rate of cor-
rosion in the 8-hour aged sample. Because tiny grains have
more intergranular sites, such as grain boundaries and triple
junctions, which are chemically active and have high energy,
tiny grains have more intergranular locations, enhanced elec-
tron activity, and diffusion-enhanced interaction among the
higher energy sites and the electrolyte. Because of the ele-
vated reactivity, there may have been multiple locations for
the nucleation of the protective oxide film, leading to the for-
mation of a dense passive film. It is in line with the findings
of previous studies [43]. Furthermore, Fig. 3 reveals that the
obvious grain boundaries increased with heat treatment and
ageing time. The study indicates that improved mechanical
adhesion of the oxide layer on the surface is facilitated by
a higher density of grain boundaries.

Potentiodinamic Polarization of Heat Treated and Heat
Treated+aged Ti-6A1-7Nb Centrifugal Casting Alloy.

The trend of the four cathode polarization curves, as seen
in Fig. 5, does not significantly change. It corresponds with
the cathodic reaction that takes place on their surfaces at
different corrosion rates. Passivation occurred for all samples
in the SBF solution. Table 3 lists the E,,,, and I, confirmed
from Fig. 5 for a better comparison of the polarization be-
haviour of the HT and HTA Ti-6AI-7NDb alloys. It is seen that
the I, value for the 8-hour aged sample is the lowest among
the specimens, indicating that the stability of the passive film
generated on the 8-hour aged sample is superior to that of
the other specimens. It can also be determined that 8 hours
of ageing after 1050 °C heat treatment is more conducive to
improving corrosion performance. Low corrosion rates were
achieved as a result of the formation and improved layer effect
caused by ultrafine grain structures, which coincided with the
microstructural features and FWHM value listed in Table 2.

EIS of Heat Treated and Heat Treated+aged Ti-6Al-7Nb
Centrifugal Casting Alloy.

The corrosion performance of HT and HTA Ti-6Al-7Nb
centrifugal casting alloys was investigated using EIS. The
Nyquist plots (Fig. 5) for HT and HTA Ti-6Al-7Nb were ob-
served, indicating a depressed semicircle, as seen in this figure.

EIS theory generate that the Nyquist graphs would produce
perfect semicircles. The drift from the ideal semicircle was
commonly attributed to surface inhomogeneities, resistive
mass transfer, and frequency dispersion [44]. Equivalent
electric circuits (EEC) for bare metal were employed based
on the literature [44—46] to understand the experimental
findings, which have been widely used in titanium alloys for
medical implants. Fig. 5 shows the equivalent circuit used
to fit the EIS data. According to the schematic, solution
resistance (Ry,) is the electrolyte or solution resistance.
The corrosion rate is conversely related to the R value,
and this is a function of the electron movement across the
alloy’s submerged surface [47]. The impedance response
may be depicted by using electrical circuits that can fit and
allow the computation of mathematical information related
to the physical and chemical properties of the electroche-
mical mechanism under inquiry [48]. A constant phase ele-
ment (CPE) was employed in the circuit in place of a pure
double-layer capacitance to give a more exact match and re-
duce the effects brought on by the heterogeneity of the metal
surface. The CPE described by Zcpr=1/[Y(jQ)"], where n is
the phase shift’s exponent, Q is the angular frequency, j is the
imaginary integer, and Y° shows the magnitude of the CPE.
Depending on the quantity of n, the CPE might be a capac-
itor, inductor, or resistor [49]. Table 4 displays the values of
EIS parameters such as CPE, Ry, and R, demonstrating that
R, values increase in the following order: HTA 8 hour>HTA
4 hour>HT>HTA 6 hour. As the FWHM value increase,
so did the thickness of the compact oxide layer.

The limitation of this research is when sample prepara-
tion, it would be more representative if the samples were cut
before heat treatment and ageing. Moreover if the sample is
in the form of an actual implant, for example in the form of
a femoral stem. It disadvantages the research concerning the
influence of geometry on galvanic corrosion. Furthermore, it
may have a slight effect on the microstructure after cutting
the post-processed sample even though the wire cut tech-
nique is used to cut the sample.

The possible development to address the restriction in
the preceding phenomenon is by giving intensive attention to
the near-net shape of the cast sample. However, the possible
difficulty might be related to how electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PDP)
testing when the sample has a diameter of less than 25 mm.

Overall, the expected results from the above research can
be implemented as a candidate material for orthopedic im-
plants in vitro. Passivation of PDP test results on all samples
shows that the centrifugal casting method was successfully
applied for the Ti-6Al-7Nb alloy as an orthopedic implant
in terms of corrosion resistance. The low rate of corrosion in
samples with an aging time of 8 hours shows that the aging
time influences the shape of the microstructure and increases
corrosion resistance reaching 157120 Q-cm?. Moreover, the
OM result shows the smallest grain size obtained by 8 aged
samples is recovered to achieve maximum protection. The
research could be a provision to increase the integrity of
orthopedic implant due to the corrosion resistance and lower
toxicity in the SBE

7. Conclusion

1. Revealing the potential of Ti-6Al-7Nb alloy by cen-
trifugal casting as an implant shows that the o+ phase is



formed indicating that this alloy can be modified by heat
treatment and aging to obtain the best phase composition
to inhibit the corrosion rate of titanium alloys in SBF. Ap-
propriate aging time provides superior volume fraction. This
shows an increased volume fraction o after heat treatment
and aging for 8 hours.

2. The microstructure observation shows the formation
of coarsen o lath (globularization) and finer secondary o.
It confirms the bimodal microstructure obtained and increas-
es with the length of ageing time.

3. The FWHM o) increase with the length of aging
time in the XRD analysis results, where the pining effect of
the primary o which formed during solution treated and aged
below B transus, are identified. The FWHM o(a’) is increase
to prove that there is a decrease in grain size.

4. The PDP results confirm that the Ti-6Al-7Nb alloy by
centrifugal casting both before and after heat treatment and
aging shows passivation in the SBF solution. The results of
XRD analysis, microstructural observations, and EIS testing
are in very good agreement with PDP, where the smaller
grain size and the formation of a bimodal structure were iden-
tified to increase the corrosion resistance of titanium alloys
to SBF solutions.
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