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Abstract: There is a growing interest in enhancing the bioactivity of TC4-based metallic biomaterials,
which are known for their excellent biocompatibility. Bioactive glass (BG) has been recognized
for its high potential in promoting bioactivity, particularly in osteo tissue engineering. This study
focuses on investigating the influence of BG addition on the microstructure and electrochemical
properties of TC4 coatings. The TC4/BG composite coatings were fabricated through laser cladding,
and their microstructure was characterized using scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The electrochemical properties of the coatings were assessed through electrochemi-
cal impedance spectroscopy (EIS) and potentiodynamic polarization tests in three different solutions.
The results revealed that the incorporation of BG had a significant impact on the microstructure of
the TC4 coatings, leading to the formation of a well-defined interface between the TC4 matrix and
the BG aggregates. The distribution of BG aggregates within the TC4 matrix coating was found to
be random and unrelated to the specific regions of the coating. The metallographic microstructure
variations were attributed to different heat dissipation conditions during the laser cladding process.
Furthermore, the electrochemical corrosion behavior of TC4/BG composite coatings reveals that
they exhibit stability similar to that of passive films and good resistance against media corrosion
compared to TC4, while also showing enhanced corrosion resistance in 3.5 wt% NaCl and Dulbecco’s
modified Eagle medium (DMEM) solutions, indicating their potential for biomedical applications;
however, the corrosion resistance decreases gradually in all solutions, potentially due to the elevated
Cl− concentration. Further research can explore bioactivity enhancement of TC4/BG composite
coatings and investigate the long-term stability and biological response of these coatings in diverse
physiological environments.

Keywords: laser cladding coatings; bioactive glass; microstructure; electrochemical properties

1. Introduction

Ti-6Al-4V (TC4), a titanium alloy composed of titanium, aluminum, and vanadium,
has garnered significant attention in various industries due to its exceptional mechanical
properties, corrosion resistance, and widespread applications [1,2]. By comparison with
other titanium alloys, such as Ti-3Al-8V-6Cr-4Mo-4Zr and Ti-3Al-2.5V (Grade 9), the ex-
cellent biocompatibility of titanium alloys has led to extensive research and applications
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in the field of biomedical engineering, making it stand out compared to other titanium
alloys [3,4]. TC4 exhibits a remarkable strength-to-weight ratio, excellent fatigue resistance,
and exceptional corrosion resistance, making it a preferred choice in aerospace, automotive,
and medical fields [2,5,6]. Corrosion resistance is another standout feature of TC4. It
exhibits remarkable resistance to corrosion in various environments, including aggressive
chemicals and physiological fluids [7,8]. This corrosion resistance is pivotal in applications
where exposure to corrosive agents is inevitable, such as chemical processing plants, marine
structures, and biomedical implants. In the medical field, TC4 is commonly employed in
orthopedic implants, dental implants, and prosthetics due to its ability to withstand the
corrosive nature of bodily fluids and provide long-term implant stability [9].

However, despite its numerous advantages, TC4 faces a limitation that hinders its
utilization in biomedical applications: its lack of bioactivity [9]. In the context of medical
implants, bioactivity refers to the ability of a material to bond with living tissues, promote
cell adhesion, and stimulate tissue regeneration. TC4 exhibits excellent biocompatibility
and has been clinically applied in terms of medical devices, implants, and tissue-engineered
products [10]; however, its inert nature prevents direct interaction with biological systems,
limiting its ability to facilitate osseointegration and tissue regeneration [11]. As a result,
there is a growing demand for research to develop strategies that can enhance the bioactivity
of TC4 [9,11,12], thereby expanding its applications in the biomedical field.

Addressing the lack of bioactivity in TC4 holds significant promise for advancements
in medical implants and prosthetics. By enhancing TC4’s bioactivity, it becomes possible
to promote better integration with host tissues, reduce the risk of implant rejection, and
enhance the long-term stability of implants. Achieving bioactivity in TC4 could involve
various approaches, such as surface modification techniques [6,9,13], the addition of bioac-
tive coatings [14–17], or the incorporation of bioactive elements such as bioactive glass
(BG) [18–21]. Further research is essential to investigate these strategies and unlock the full
potential of TC4 in biomedical applications.

BG has emerged as a remarkable material in the field of biomedical engineering due
to its inherent bioactivity and exceptional tissue regeneration properties. BG possesses the
unique ability to form a biologically active hydroxyapatite layer on its surface when exposed
to bodily fluids [22,23], making it highly attractive for various biomedical applications.
This introduction aims to highlight the significance of BG and its potential benefits when
incorporated into TC4, a titanium alloy, to impart bioactivity and enhance its performance
in biomedical applications, while preserving its electrochemical properties.

Therefore, the addition of BG to TC4 potentially enhances its corrosion resistance, and
further extending its lifespan and performance can be achieved in biomedical applications.
The unique composition of BG and its ability to form a protective hydroxyapatite layer
can act as a barrier against corrosive agents present in the physiological environment.
This corrosion-resistance property is of utmost importance in maintaining the structural
integrity and functionality of biomedical implants over an extended period.

Fabrication methods play a crucial role in the development and production of ad-
vanced materials with tailored properties. In the context of TC4/BG composite coatings,
the laser cladding method has emerged as a suitable technique for depositing these coat-
ings. Laser cladding is a sophisticated additive manufacturing technique that involves
the deposition of material onto a substrate using a high-energy laser beam [15,24]. One
of the key advantages of laser cladding is its ability to provide precise control over the
composition of the deposited coating. By adjusting the laser parameters and controlling the
powder feed rate, it is possible to achieve the desired composition and distribution of TC4
and BG phases in the coating. This level of control allows for the customization of coating
properties to meet specific requirements, such as enhanced bioactivity, mechanical strength,
or corrosion resistance. Furthermore, laser cladding exhibits a minimal heat-affected zone
(HAZ) compared to other fabrication methods. The localized heating provided by the laser
beam allows for precise melting and solidification of the coating material, minimizing the
thermal impact on the substrate [25]. In addition to precise control over composition and
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the minimal HAZ, laser cladding also offers excellent bonding between the coating and the
substrate. The high-energy laser beam melts both the coating material and the substrate,
promoting metallurgical bonding between the two [26]. This strong bonding ensures good
adhesion, mechanical stability, and efficient load transfer between the coating and the
substrate. The robust bonding interface is essential for the longevity and performance
of TC4/BG composite coatings, especially in demanding applications where mechanical
stresses and environmental factors come into play.

In recent studies, laser cladding technology has been reported for the preparation
of BG coatings on titanium alloy surfaces [27–29]. Although the overall reactivity of the
coating increases due to the addition of BG on the entire surface of the titanium alloy
through laser cladding, it is important to note that BG is a non-metallic material with
completely different properties from the metallic titanium alloy substrate. Therefore, they
cannot form metallurgical compounds and their bonding remains a physical embedding
connection. As the service life of the implant increases, there is a risk of detachment and
delamination of the BG coating from the titanium alloy substrate after degradation, which
can lead to the detachment of previously adhered cells and other entities growing on the
BG coating.

In this study, to avoid such detachment issues, we designed a coating that consists
of both BG and TC4 (titanium alloy) coated on the TC4 substrate using laser cladding
technology. The molten TC4 and partially molten or non-melted BG aggregates were coated
onto the TC4 substrate, and the randomly distributed BG aggregates within the coating not
only provided good bioactivity to TC4, enhancing cell adhesion and differentiation, but also
did not pose a risk of cells’ detachment due to their random distribution within the coating.
Therefore, this research aims to contribute to the field by employing the laser cladding
method to fabricate TC4/BG composite coatings. The investigation focuses on evaluating
the effects of incorporating BG on TC4, and assessing the resulting microstructure, chemical
composition, and corrosion resistance of the developed TC4/BG composites.

2. Materials and Methods
2.1. Materials

The TC4 substrate utilized in this experimental study was sourced from Baoji Rong-
sheng Titanium Industry Co., Ltd. (Baoji, China). The chemical composition of the
TC4 substrate is presented in Table 1. The cladding materials employed in the study
include TC4 powder and BG powder. The TC4 powder, obtained from Jiangsu Jinwu
New Material Co., Ltd. (Taizhou, China), possesses a particle size D10 of 41.4 µm, and
its chemical composition is illustrated in Table 2. The BG powder was synthesized in
the laboratory using the sol–gel method, and its chemical composition is outlined in
Table 3. The synthesis process involved pouring a solution containing 3 mL of tetraethyl
orthosilicate (TEOS, >99%) and 25 mL of ethanol into another solution consisting of 4.5 mL
of ammonium hydroxide (28%), 10 mL of ethanol, and 15 mL of deionized water under
continuous stirring. After allowing the mixture to react for 30 min, proportional calcium
nitrate tetrahydrate (99%) was added. The suspension was stirred for an additional 90 min
before being centrifuged at 7830 rpm for 5 min to collect the deposits. The collected deposits
were washed twice with water and once with ethanol, followed by drying at 60 ◦C for 6 h.
Subsequently, the deposits were subjected to calcination at 700 ◦C for 2 h with a heating
rate of 2 ◦C/min. All chemicals used in the synthesis were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification.

Table 1. Chemical composition of TC4 alloy substrates.

Elements Al V Fe C N H O Ti

Wt% 6.1~6.09 4.1~3.9 0.12~0.11 0.01~0.009 0.001 0.012~0.002 0.147~0.13 Bal.
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Table 2. Chemical composition of TC4 powders.

Elements Al V Fe C N H O Ti

wt% 6.36 4.01 0.180 0.01 0.01 0.002 0.10 Bal.

Table 3. Composition of BG powders.

Composites CaO SiO2 P2O5

wt% 49 45 6

2.2. Coating Preparation

Quantities of 83 wt% TC4 powders and 17 wt% BG powders were accurately weighed
and subsequently subjected to a drying process in a designated drying oven. The
TC4 and BG powders, once dried, were mechanically blended together to form a ho-
mogenous mixture. This mixture was then applied as a pre-coating on the TC4 substrate,
resulting in a coating thickness of approximately 2 mm.

The samples were prepared utilizing a YLS-3000 laser system manufactured by IPG
company (Harbin, China). After the optimization of the process, the following parameters
were selected for the experiment: a laser power of P = 2000 W, a scanning speed of
V = 10 mm/s, a spot diameter of D = 3 mm, and a gun head height of 4 cm. A total of
8 passes were performed with a pass overlap rate of 30%.

2.3. Characterization Methods

The XPert-Pro automated X-ray diffractometer (manufactured by Philips, MRD 3055,
Amsterdam, The Netherlands) was employed to analyze the phase composition of the
TC4 substrate, TC4/BG coating surface, and BG powder. The X-ray source used was a Co
target (0.17897 mm), and the scanning range was set from 10◦ to 80◦ with a scanning speed
of 10◦/min. The QUANTA 200 environmental scanning electron microscope (manufactured
by FEI, Quanta 250, Hillsboro, OR, USA) equipped with an energy-dispersive spectroscopy
(EDS) system was utilized to observe the microstructure and elemental distribution of the
cross-section of the TC4/BG coating samples. The 4XC-BD metallographic microscope
(manufactured by Shanghai Optical Instrument Factory, Shanghai, China) was employed
to observe the cross-section microstructure of TC4/BG coating samples.

Electrochemical experiments were conducted using a CHI660E electrochemical work-
station (manufactured by Shanghai Chenhua Instrument Co., Ltd., Shanghai, China) with a
three-electrode system. The working electrode was either the TC4 substrate or the TC4/BG
coating sample (with the working area calculated using ImageJ software bundled with
64-bit Java 8), sealed with dental putty, while the reference electrode was a saturated
calomel electrode. Platinum foil was used as the auxiliary electrode. The electrolyte solu-
tion consisted of a 3.5 wt% NaCl solution, Hank’s balanced salt solution, and Dulbecco’s
modified Eagle medium (DMEM) solution (Hank’s solution (with the main composition
listed in Table 4) and DMEM solution (with the main composition listed in Table 5) were
produced by Shanghai Macklin Biochemical Co., Ltd., Shanghai, China). Open circuit
potential (OCP) testing was conducted for 300 s to stabilize the testing system. Electrochem-
ical impedance spectroscopy (EIS) was performed within a frequency range of 10−2 Hz to
105 Hz, with an AC amplitude of 10 mV. Nyquist plots and Bode plots were used to describe
the corrosion behavior, and the ZSimpWin software 3.0 was utilized to fit and process the
EIS data. Potentiodynamic polarization scans were conducted within a potential range of
−500 mV vs. OCP to 3.5 V, at a scan rate of 1 mV/s. The Tafel extrapolation method was
employed to analyze the polarization curves.
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Table 4. Composition of Hank’s equilibrium salt solution.

Composition NaCl KCl CaCl2 NaHCO3 NaH2PO4·2H2O MgCl2·6H2O KH2PO4

Concertation (g/L) 8.0 0.4 0.14 0.35 0.06 0.10 0.6

Table 5. Composition of DMEM solution.

Composition NaCl KCl CaCl2 NaHCO3
NaH2PO4

(Anhydrous)
MgSO4

(Anhydrous) Amino Acids D-Glucose

Concertation (g/L) 6.4 0.4 0.2 3.7 0.109 0.09767 1.60539 4.5

3. Results and Discussion
3.1. Composition and Microstructure of Composite Coatings

Figure 1 presents the X-ray diffraction (XRD) patterns of the TC4 substrate, BG powder,
and TC4/BG composite coating. The XRD patterns clearly demonstrate a substantial
overlap between the TC4/BG and BG phases in the range of 10◦ to 25◦, indicating the
presence of BG in the TC4/BG coating with relatively low crystallinity. Notably, distinctive
peaks are observed in the 15◦ to 25◦ range, providing further evidence of the BG phase’s
existence within the composite coating. The appearance of these characteristic peaks in the
XRD pattern confirms the incorporation of BG in the TC4/BG composite.
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Figure 1. XRD patterns of TC4/BG, TC4, and BG.

Additionally, within the 30–40◦ range, BG exhibits certain peaks corresponding to
low crystallinity, which can be attributed to the specific BG preparation process and com-
position. This observation aligns with findings from the related literature, where similar
low crystallinity peaks have been reported under similar conditions [30]. However, it is
important to note that in the XRD pattern of the TC4/BG composite coating, the presence
of highly crystalline titanium alloy peaks in this range masks the distinct BG peaks. Con-
sequently, the presence of BG in the composite coating may not be as easily discernible
within this specific range.

Further detailed analysis utilizing Jade software reveals that the TC4/BG composite
coating mainly consists of characteristic peaks corresponding to α-Ti, β-Ti, and α’-Ti phases.
These peaks exhibit higher crystallinity and relatively strong peak intensities, which align
with the typical characteristic peaks of TC4 (composed mainly of α-Ti and β-Ti phases).
The appearance of the α’-Ti phase in the TC4/BG composite is believed to be a result of
the rapid cooling experienced during the solidification process, as reported in previous
studies [24]. Based on the comprehensive XRD results, the primary composition identified
within the TC4/BG coating includes α-Ti, β-Ti, α’-Ti, and BG phases.

Figure 2a displays SEM images of the TC4/BG composite coating. The clustered
particles seen in the recesses of Figure 2 correspond to BG, while the remaining regions
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represent TC4. BG is present in TC4 as clustered particles, as illustrated in Figure 2a, which
highlights that BG particles are either fully exposed or partially covered by TC4. A clear
interface can be observed between BG and TC4. Rather than forming a multi-component
homogeneous system, the coating constitutes a composite material composed of TC4 and
BG. Hence, it can be inferred that the coating is referred to as the TC4/BG composite
coating. Moreover, the presence of micro-sized cracks near the BG particles within the
coating is evident, which can be attributed to the internal stresses induced by the differential
shrinkage ratio during the cooling process. These cracks have the potential to compromise
the integrity and performance of the TC4/BG composite coatings.

Coatings 2023, 13, x FOR PEER REVIEW 6 of 16 
 

 

Figure 2a displays SEM images of the TC4/BG composite coating. The clustered par-
ticles seen in the recesses of Figure 2 correspond to BG, while the remaining regions rep-
resent TC4. BG is present in TC4 as clustered particles, as illustrated in Figure 2a, which 
highlights that BG particles are either fully exposed or partially covered by TC4. A clear 
interface can be observed between BG and TC4. Rather than forming a multi-component 
homogeneous system, the coating constitutes a composite material composed of TC4 and 
BG. Hence, it can be inferred that the coating is referred to as the TC4/BG composite coat-
ing. Moreover, the presence of micro-sized cracks near the BG particles within the coating 
is evident, which can be attributed to the internal stresses induced by the differential 
shrinkage ratio during the cooling process. These cracks have the potential to compromise 
the integrity and performance of the TC4/BG composite coatings. 

 
Figure 2. SEM image (a) of TC4/BG composite coatings and EDS (b) of BG clusters embedded within 
TC4/BG composite coating. 

Figure 2b shows the results of EDS analysis, which was conducted on the TC4/BG 
composite coating to identify the presence of BG particles embedded within the TC4 ma-
trix. EDS point analysis was performed on the clustered particles of BG within the TC4/BG 
composite. The analysis confirmed the presence of BG particles based on the detection of 
Si, Ca, and O elements, which are characteristic constituents of BG. This analysis conclu-
sively identified the clustered particles containing Si and Ca elements as BG within the 
TC4/BG composite. Additionally, the elements Ti, Al, and V originate from the matrix 
phase of TC4. 

In order to accurately characterize the metallurgical features of different regions 
within the TC4/BG composite coating, a detailed analysis of the microstructural morphol-
ogy was conducted. 

Figure 3 presents the metallographic morphology images of various regions within 
the TC4 matrix phase in the TC4/BG composite coating. It can be observed from Figure 3 
that the cladding layer exhibits a defect-free microstructure, devoid of cracks and pores. 
Furthermore, due to inherent microstructural variations, the cladding layer can be classi-
fied into three distinct regions: the top region (Figure 3A,a), the middle region (Figure 
3B,b), and the bottom region (Figure 3C,c). In the top region of the coating, TC4 demon-
strates a fine-grained equiaxed structure with high density. The fine-grained nature of the 
microstructure indicates that the individual grains are relatively small in size and have a 
more uniform distribution. Moreover, the fine-grained equiaxed structure enhances the 
homogeneity of the material, leading to a more uniform distribution of properties 
throughout the top region. Equiaxed grains refer to grains that have similar dimensions 
in all three directions, resulting in a more isotropic material behavior. The presence of a 
fine-grained equiaxed structure in this region is often associated with rapid solidification 
during the laser cladding process. As the molten TC4 material is rapidly deposited onto 
the substrate, it experiences rapid cooling, leading to the formation of small and evenly 

Figure 2. SEM image (a) of TC4/BG composite coatings and EDS (b) of BG clusters embedded within
TC4/BG composite coating.

Figure 2b shows the results of EDS analysis, which was conducted on the TC4/BG
composite coating to identify the presence of BG particles embedded within the TC4 matrix.
EDS point analysis was performed on the clustered particles of BG within the TC4/BG
composite. The analysis confirmed the presence of BG particles based on the detection of Si,
Ca, and O elements, which are characteristic constituents of BG. This analysis conclusively
identified the clustered particles containing Si and Ca elements as BG within the TC4/BG
composite. Additionally, the elements Ti, Al, and V originate from the matrix phase of TC4.

In order to accurately characterize the metallurgical features of different regions within
the TC4/BG composite coating, a detailed analysis of the microstructural morphology was
conducted.

Figure 3 presents the metallographic morphology images of various regions within
the TC4 matrix phase in the TC4/BG composite coating. It can be observed from Figure 3
that the cladding layer exhibits a defect-free microstructure, devoid of cracks and pores.
Furthermore, due to inherent microstructural variations, the cladding layer can be classified
into three distinct regions: the top region (Figure 3A,a), the middle region (Figure 3B,b), and
the bottom region (Figure 3C,c). In the top region of the coating, TC4 demonstrates a fine-
grained equiaxed structure with high density. The fine-grained nature of the microstructure
indicates that the individual grains are relatively small in size and have a more uniform
distribution. Moreover, the fine-grained equiaxed structure enhances the homogeneity of
the material, leading to a more uniform distribution of properties throughout the top region.
Equiaxed grains refer to grains that have similar dimensions in all three directions, resulting
in a more isotropic material behavior. The presence of a fine-grained equiaxed structure in
this region is often associated with rapid solidification during the laser cladding process.
As the molten TC4 material is rapidly deposited onto the substrate, it experiences rapid
cooling, leading to the formation of small and evenly distributed grains. This rapid cooling
prevents significant grain growth and promotes the formation of a dense and compact
microstructure. The high density of grains in the top region of the coating contributes to
improved mechanical properties and enhanced performance.
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Moving towards the middle region, TC4 exhibits relatively smaller dendritic grains.
Dendritic grains are characterized by a tree-like or branching structure that forms during
the solidification process of the material. In this region, the microstructure undergoes
some changes compared to the top region, resulting in the formation of smaller and more
intricately shaped grains. The presence of smaller dendritic grains in the middle region
is influenced by the thermal history experienced during the laser cladding process. As
the molten TC4 material is deposited onto the substrate and solidifies, the cooling rate
in this region is slightly slower than that in the top region. This moderate cooling rate
allows the material to form dendritic structures, where the solidification front branches
out and creates smaller grain structures. The smaller dendritic grains in this region may
provide some benefits to the overall properties of the cladding layer. Furthermore, the
presence of smaller dendritic grains may offer some advantages in terms of microstructural
stability. However, it is essential to note that the presence of smaller dendritic grains in the
middle region is not entirely uniform and can vary in distribution and orientation. The
exact characteristics of the microstructure in this region may depend on various process
parameters, including laser power, scanning speed, and powder feed rate.

Finally, in the bottom region of the coating (Figure 3C,c), TC4 reveals coarser dendritic
grains. Coarse dendritic grains exhibit a more pronounced and larger branching structure
compared to the smaller dendritic grains observed in the middle region. The transition
to coarser grains in this lower part of the cladding layer is a result of the distinct thermal
conditions experienced during the laser cladding process. As the molten TC4 material is
deposited and solidifies in the bottom region, the cooling rate is further reduced compared
to both the middle and top regions. The slower cooling rate in this area allows for the growth
of larger dendritic grains, which tend to form with extended solidification times. The
presence of coarser dendritic grains in the bottom region can have significant implications
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for the microstructure and properties of the cladding layer. The increased size of these
dendrites results in a reduction in the overall grain boundary density.

The transition in the grain size of TC4 within the cladding layer, ranging from fine
to coarse, can be attributed to the heterogeneous heat dissipation conditions prevailing in
different segments of the laser cladding process.

The distinctive metallographic morphology observed is primarily associated with the
laser cladding preparation process. During cladding, the heat dissipation within the coating
primarily occurs through the substrate, resulting in a decreasing temperature gradient (G)
from the bottom to the top of the cladding layer. Concurrently, the solidification rate (R)
increases from the bottom to the top. According to the constitutional undercooling theory,
the G/R ratio governs the crystal growth morphology, with lower G/R values favoring
dendritic growth and extremely low G/R values leading to equiaxed growth.

At the bottom of the coating, the G/R value is relatively low, promoting dendritic
growth. The longer solidification time due to the lower R value results in the formation of
coarser dendritic structures [31]. In the middle region of the coating, the decrease in G and
increase in R lead to a lower G/R ratio, causing shorter and denser secondary dendritic
branching. Additionally, the increased R value contributes to the development of finer
dendritic structures, yielding a microstructure characterized by relatively smaller dendritic
grains.

At the top of the coating, the G/R value further decreases, leading to the formation of
a significantly high degree of constitutional undercooling in the liquid phase region at the
solidification interface. This creates a highly undercooled composition range, promoting
heterogeneous nucleation. Furthermore, the laser beam may serve as a stirring mecha-
nism, promoting fragmentation of dendritic structures. The top region exhibits numerous
independent crystals growing freely within the highly undercooled melt, resulting in the
formation of fine-grained equiaxed structures with varying growth directions but compara-
ble dimensions. Additionally, the higher R value in this region contributes to the formation
of a dense microstructure consisting of fine equiaxed grains, as shown in Figure 3A,a.

Figure 4 depicts the metallographic images of the distribution of BG aggregates in dif-
ferent regions of the TC4/BG composite coating. The BG clusters are randomly distributed
throughout the coating, from the top to the bottom. The size of the BG aggregates within
the composite coating is likely influenced by the aggregation state of BG during the powder
mixing process. Therefore, the size of BG aggregates appears to be random and unrelated
to their distribution within the coating regions.

3.2. Electrochemical Behavior of TC4/BG Composite Coatings

The primary aim of this study was to examine the effects of incorporating BG into
TC4 laser cladding coatings, with a specific focus on evaluating its influence on the electro-
chemical corrosion behavior. Furthermore, our objective was to verify that the addition
of BG can enhance the bioactivity of TC4 coatings while preserving their electrochemical
corrosion-resistance properties. Subsequent investigations will delve deeper into the ex-
ploration of the bioactivity aspects, aiming to further elucidate the impact of BG on TC4
coatings and their potential biomedical applications. This study mainly focuses on the
electrochemical behaviors of TC4/BG composite coatings.

In this study, 3.5 wt% NaCl, Hank’s, and DMEM solutions were used as electrolytes
in the electrochemical experiments to investigate the differences in the electrochemical
behavior of the composite coating in different physiological solutions.

Figure 5 shows the potentiodynamic polarization curves of TC4 substrate and TC4/BG
coating in 3.5 wt% NaCl, Hank’s, and DMEM solutions. In all three solutions, both TC4/BG
and TC4 exhibited distinct passive regions in their polarization curves, but with slight
differences in the passivation behavior. By considering the passivation current density
values in Table 6, it can be observed that TC4/BG and TC4 have different passivation
current density (Ipp) values in different solutions, but they are both in the magnitude
of 10−6 A·cm−2. This indicates that TC4/BG and TC4 exhibit similar stability of the
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passive film formed by the externally applied anodic current in the same solution, and
the comparable Ipp values suggest that both coatings have good resistance against media
corrosion [32,33].
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Table 6. Fitting data of polarization curves for TC4/BG coating and TC4 substrate.

Ecorr/VSCE Icorr/(A·cm−2) Epp/VSCE Ipp/(A·cm−2)

NaCl TC4 −0.487 1.37 × 10−7 −0.005 2.96 × 10−6

Hank’s TC4 −0.360 5.72 × 10−8 0.110 3.51 × 10−6

DMEM TC4 −0.495 3.44 × 10−8 0.252 3.77 × 10−6

NaCl TC4/BG −0.513 1.15 × 10−7 −0.023 3.41 × 10−6

Hank’s TC4/BG −0.459 5.71 × 10−8 0.143 3.20 × 10−6

DMEM TC4/BG −0.532 2.61 × 10−8 0.126 2.87 × 10−6

Furthermore, TC4/BG coating shows different resistance to the solution erosion caused
by anodic polarization in the three solutions, although the differences are not significant.
TC4 exhibits a trend similar to that of TC4/BG coatings in its electrochemical behavior. The
corrosion resistance of samples is often evaluated by the magnitude of corrosion current
density, where a lower corrosion current density (Icorr) corresponds to higher corrosion
resistance. As shown in Table 6, in 3.5 wt% NaCl and DMEM solutions, TC4/BG exhibits
better corrosion resistance compared to TC4, but the difference is not significant. In Hank’s
solution, TC4/BG and TC4 exhibit comparable corrosion resistance. Additionally, both
TC4/BG and TC4 demonstrate excellent corrosion resistance in the three solutions, with
Icorr values having a maximum magnitude of 10−7 A·cm−2. During the electrochemical
process, passivation behavior refers to the formation of a stable passive film on the surface
of titanium alloy induced by electrochemical anodic oxidation. This passive film serves as
a protective barrier, effectively inhibiting the continuation of corrosion [34,35]. In the three
solutions, both TC4/BG and TC4 exhibit a decreasing trend in corrosion resistance, with the
order of DMEM < Hank’s < 3.5 wt% NaCl solution. Taking into account the composition of
the three solutions, it is worth noting that only the DMEM culture medium contains organic
substances, but without corrosive organic compounds [36]. The primary inorganic salt
constituents in these solutions consist of Na+ and Cl−, and their concentrations increase
in the order of DMEM, Hank’s, and 3.5 wt% NaCl solutions. The literature has reported a
correlation between the increased Cl− concentration in the solution and a decrease in the
corrosion resistance of titanium alloys [37,38]. Hence, the disparity in corrosion resistance
between TC4/BG and TC4 in the three solutions can be attributed to the elevated Cl−
concentration, resulting in diminished corrosion resistance.

EIS results of TC4/BG coating and TC4 substrate in three different solutions are
presented through Nyquist and Bode plots, as illustrated in Figure 6. As shown in Figure 6a,
both TC4/BG and TC4 display a single semicircular capacitive impedance arc in their
Nyquist plots, indicating that their EIS profiles consist of a single time constant [39].
However, the Nyquist plots of TC4/BG and TC4 differ in terms of the radius of the
capacitive impedance arc. Generally, a larger arc signifies higher corrosion resistance
of the samples [40]. Hence, in 3.5 wt% NaCl and DMEM solutions, TC4/BG exhibits
superior corrosion resistance compared to TC4. Conversely, in Hank’s solution, TC4/BG
demonstrates slightly poorer corrosion resistance than TC4.
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As shown in Figure 6b,c, the Bode modulus curves of TC4 and TC4/BG display a linear
slope with an approximate value of −1 at the mid-to-low-frequency range. The phase angles
approach −90◦ from the mid-frequency to the low-frequency region, indicating the presence
of dense passive films on the surface of both samples [41–43]. In the Bode impedance plot
(Figure 6b), at low frequencies, the TC4/BG impedance modulus (|Z|0.01Hz) is higher compared
to that of TC4 in 3.5 wt% NaCl and DMEM solutions. However, in Hank’s solution, TC4/BG
exhibits a slightly lower |Z|0.01Hz compared to TC4. Additionally, in 3.5 wt% NaCl and Hank’s
solutions, both TC4/BG and TC4 show comparable |Z|0.01Hz values.

In the Bode phase angle plot (Figure 6c), a distinct peak can be observed in the phase
angle–lgf curve of TC4/BG and TC4 at frequencies where the phase angle approaches
−80◦ in the mid-to-low-frequency range. Comparing the flat regions of the peaks, it is
evident that in DMEM, the flat region of TC4/BG exhibits a higher phase angle than
TC4. Conversely, in 3.5 wt% NaCl and Hank’s solutions, the flat region of TC4/BG shows
a slightly lower phase angle compared to TC4 (opposite trend). However, there is no
significant difference in the phase angle between TC4/BG and TC4 in all three solutions.

It is well-established that higher impedance and phase angle values indicate better
corrosion resistance of the samples [44]. Based on the Bode plots, it can be inferred that
TC4/BG demonstrates corrosion resistance similar to that of TC4 in 3.5 wt% NaCl solution,
slightly lower corrosion resistance than that of TC4 in Hank’s solution, and slightly stronger
corrosion resistance than that of TC4 in DMEM solution.

Equivalent circuits A and B, as depicted in Figure 6d,e, respectively, were utilized to fit
EIS data of TC4 and TC4/BG [41–43]. Table 7 presents the interpretation of the equivalent
components depicted in Figure 6d,e. The table provides a comprehensive understanding
of the meaning and significance of each component in the respective equivalent circuits.
Circuit A is commonly associated with materials that possess a dense passive film on the
surface, serving as a robust barrier against electrolyte corrosion and reducing the material’s
corrosion rate, as observed in TC4. Conversely, circuit B represents an alternative equivalent
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circuit composed of a dense blocking layer and a porous layer, effectively mitigating the
corrosion rate, as evidenced in TC4/BG.

Table 7. Equivalent components in the circuit.

Equivalent Component Meaning

Rs Electrolyte resistance
Rp Charge transfer resistance of the porous layer
Qp Constant phase angle element of the porous layer
Rb Charge transfer resistance of the dense barrier layer
Qb Constant phase angle element of the dense barrier layer

In atmospheric environments, titanium alloys, including TC4, naturally form a dense
passive film mainly composed of TiO2 on their surfaces. However, in the case of TC4/BG
coatings, the presence of microcracks resulting from the detachment of the BG layer com-
promises the integrity of the surface passivation film. Thus, the analysis of TC4/BG EIS
using circuit B provides valuable insights into the surface structure and behavior of the
coating.

Furthermore, the characteristic shape of the Nyquist plots, exhibiting only a capacitive
arc without an inductive arc, indicates that the selected equivalent circuit for fitting the EIS
should not include an inductance element. Therefore, the chosen equivalent circuit in this
study aligns with this observation.

In the two models mentioned above, Rp and Rb represent charge transfer resistances
with units of Ω·cm2. A higher charge transfer resistance indicates greater hindrance of
electrochemical reactions, implying better corrosion resistance of the electrode material
in the solution. Qp and Qb are constant phase angle elements. In complex corrosion
processes involving interfaces, the capacitance in impedance spectra is typically non-ideal
and exhibits deviations. To address this, a constant phase angle element (CPE) is used as a
substitute for capacitance, denoted as Q. The impedance of Q is defined as ZQ = [Y0(jω)n]−1.
Therefore, the equivalent element Q has two parameters: Y0, measured in Ω−1·cm−2·s−n,
and n, a dimensionless exponent ranging between 0 and 1.

The fitting parameters are listed in Table 8. The quality of the fit was assessed using
the chi-square (χ2) value, and both TC4 and TC4/BG exhibited χ2 values on the order
of 10−4, indicating a good fit quality. It is noteworthy that the EIS of TC4/BG suggests
that the equivalent circuit should consist of only one time constant. However, the selected
equivalent circuit, based on the analysis of the sample’s surface structure and references,
incorporates two time constants, and the fitting results align closely with the actual mea-
surement data. The presence of a single time constant in the EIS of TC4/BG, despite its
dual-layer film structure, can be attributed to the following reason: the porous layer ap-
pears to be sufficiently thin and exhibits low resistance compared to the blocking layer, thus
making a negligible contribution to the electrochemical performance [45]. This observation
is supported by the significant difference in magnitude between Rb and Rp in TC4/BG
(three orders of magnitude apart). Therefore, the electrochemical behavior of TC4/BG
is primarily governed by the blocking layer, resulting in the EIS displaying a single time
constant.

As shown in Table 8, the value of Rp in TC4/BG is significantly smaller than Rb,
with a difference of at least three orders of magnitude. Therefore, Rp can be considered
negligible when evaluating the charge transfer resistance [46]. In both 3.5 wt% NaCl
and DMEM solutions, TC4/BG exhibits a larger Rb compared to TC4, indicating superior
corrosion resistance for TC4/BG. However, in Hank’s solution, the Rb of TC4/BG is slightly
smaller than that of TC4, suggesting slightly inferior corrosion resistance of TC4/BG in
this particular environment. Furthermore, it is noteworthy that the Rb values for both
TC4/BG and TC4 decrease in DMEM, Hank’s, and 3.5 wt% NaCl solutions, indicating
a gradual decrease in corrosion resistance. This trend is consistent with the polarization
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curve results and can be attributed to the detrimental effect of increased Cl- concentration
on the corrosion resistance of the materials.

Table 8. Fitting results of EIS for TC4/BG coating and TC4 substrate.

Rs
(Ω·cm2)

Qp-Y0

(Ω−1·cm−2·s−n)
Qp-n Rp (Ω·cm2) Qb-Y0

(Ω−1·cm−2·s−n) Qb-n Rb
(Ω·cm2) χ2

NaCl
TC4 8.27 — — — 32.3 × 10−5 0.929 2.41 × 105 9.76 × 10−4

Hank’s
TC4 27.7 — — — 3.09 × 10−5 0.873 9.56 × 105 3.98 × 10−4

DMEM
TC4 27.7 — — — 3.98 × 10−5 0.859 1.79 × 106 1.37 × 10−3

NaCl TC4/BG 3.63 1.89 × 10−5 0.929 123.2 1.35 × 10−5 0.852 4.51 × 105 2.33 × 10−4

Hank’s TC4/BG 17.8 3.17 × 10−5 0.868 238.6 2.08 × 10−5 0.821 9.47 × 105 4.45 × 10−4

DMEM TC4/BG 46.3 1.43 × 10−5 0.885 952.3 4.65 × 10−5 0.999 2.06 × 106 2.70 × 10−3

TC4/BG coating exhibits excellent corrosion resistance in all three solutions. In 3.5 wt%
NaCl and Hank’s solutions, TC4/BG shows comparable corrosion resistance to that of TC4,
while in DMEM, TC4/BG demonstrates slightly superior corrosion resistance compared to
that of TC4. The passivation behavior of TC4/BG and TC4 also exhibits slight differences,
with both materials forming stable surface passivation films under anodic polarization,
albeit with minor variations. Additionally, the corrosion resistance of both TC4/BG and
TC4 gradually decreases in DMEM, Hank’s, and 3.5 wt% NaCl solutions. The ability of
the passivation films formed under anodic polarization to withstand solution attack varies
between TC4/BG and TC4, although no significant disparity is observed.

4. Conclusions

In conclusion, the investigation of TC4/BG composite coatings revealed valuable
insights into their microstructural morphology and electrochemical behavior. The XRD
analysis confirmed the presence of α-Ti, β-Ti, α’-Ti, and BG phases in the TC4/BG coating,
indicating its composite nature. SEM and EDS analyses provided visual evidence of
the distribution and composition of BG clusters within the TC4 matrix. The presence
of micro-sized cracks near the BG particles indicated the presence of internal stresses
induced by differential shrinkage during the cooling process. The metallographic analysis
of the TC4 matrix phase within the coating unveiled distinct regions with varying grain
sizes, attributed to heterogeneous heat dissipation conditions during laser cladding. The
top region exhibited a fine-grained equiaxed structure, the middle region showed smaller
dendritic grains, and the bottom region displayed coarser dendritic grains. These variations
in grain size were influenced by the temperature gradient and solidification rate during the
cladding process.

The electrochemical behavior of TC4/BG composite coatings was evaluated in different
physiological solutions. The potentiodynamic polarization curves indicated that both
TC4/BG and TC4 coatings formed stable passive films, exhibiting good resistance against
corrosion. TC4/BG exhibited slightly better corrosion resistance than that of TC4 in 3.5 wt%
NaCl and DMEM solutions, while their corrosion resistance was comparable in Hank’s
solution. The EIS analysis further supported these findings, showing larger capacitive
impedance arcs and higher impedance modulus values for TC4/BG in 3.5 wt% NaCl and
DMEM solutions. The interpretation of the equivalent circuit models in the EIS analysis
provided insights into the surface structure and behavior of the coatings.

Overall, the incorporation of BG into TC4 coatings showed potential for enhancing
the bioactivity of the coatings while preserving their electrochemical corrosion-resistance
properties. Further investigations are warranted to explore the bioactivity aspects and
potential biomedical applications of TC4/BG composite coatings.
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