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Abstract: Ti and Ti alloys have charming comprehensive properties (high specific strength, strong
corrosion resistance, and excellent biocompatibility) that make them the ideal choice in orthopedic
and dental applications, especially in the particular fabrication of orthopedic and dental implants.
However, these alloys present some shortcomings, specifically elastic modulus, wear, corrosion, and
biological performance. Beta-titanium ((3-Ti) alloys have been studied as low elastic modulus and
low toxic or non-toxic elements. The present work summarizes the improvements of the properties
systematically (elastic modulus, hardness, wear resistance, corrosion resistance, antibacterial property,
and bone regeneration) for 3-Ti alloys via surface modification to address these shortcomings.
Additionally, the shortcomings and prospects of the present research are put forward. 3-Ti alloys
have potential regarding implants in biomedical fields.

Keywords: beta titanium alloy; elastic modulus; wear resistance; corrosion property; surface modifi-

cation; osseointegration

1. Introduction

Titanium and its alloys have been widely used as bone implants in clinical dentistry
and orthopedics, especially CP Ti (x) and Ti-6Al-4V (TC4, « + $3) [1]. However, the
development of CP Ti and TC4 was restricted because of high elastic modulus and toxic
element vanadium (V). Low elastic modulus and non-toxic 3-Ti alloys were designed to
solve these problems. 3-Ti alloys majorly represented a 3-phase-dominated microstructure
after annealing and air cooling to room temperature with the BCC form of titanium (called
beta). The alloying elements in the titanium matrix can be one or more of these metals,
including molybdenum (Mo), vanadium (V), niobium (Nb), tantalum (Ta), zirconium (Zr),
manganese (Mn), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), and copper (Cu) [2-4].
The combination of different types and contents of elements leads to a variety of 3-Ti alloys
with distinct properties; the resultant 3-Ti alloys usually have excellent formability and
facile welding characteristics [5,6].

As shown in Table 1, these Ti alloys have been applied as implants in clinical surgery.
Nevertheless, the low wear resistance of Ti alloys became the new issue. Researchers devel-
oped varieties with modified processing and technology to enhance the wear resistance
and endowed (3-Ti alloys with antibacterial properties and bone regeneration.
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Table 1. The uses, advantages, and disadvantages of Ti and its alloys.

. . o e Clinical
Materials Type Advantages Disadvantages Applications Surgery ef.
CPTi o Good biocompatibility Low strength and poor Dental implants Vv [7]
wear resistance
Ti-3A1-2.5V a+p Good .streng’.ch and Toxicity elements (Al V) Dental implants Vv [8]
corrosion resistance
Ti-6Al-4V Excellent strength and ngh elastic modulus, Bone fixation p'lz'atfes
o+ . . toxicity elements (Al V), and stem of artificial Vv [1]
(TC4) corrosion resistance . .
and poor wear resistance hip joints
Dental prostheses
knee, wrist, and
Ti-6Al-7Nb x+p Good wear resistance Toxicity element (Al) femoral stems, v [9]
fasteners, fixation
plates, and screws
Ti-5A1-2.5Fe x+p Good wear resistance Toxicity element (Al) Hip prostheses v [1]
Hip stems,
endosseous
Ti-2.5A1-2.5Mo- High compatibility, .. . !
2.57r (TAMZ) x+p toughness, fatigue resistance Toxicity element (Al) subperlos.teal, or Vv [10]
transosteal implants
in dentistry
. Low elastic modulus, high Head-neck taper fretting Femoral neck shaft,
Ti-12Mo-6Z1- fracture toughness, good . .
B . and corrosion, acetabular implant, Vv [11]
2Fe (TMZF) wear resistance, and L
. . flexural rigidity and femoral stems
corrosion resistance
Low elastic modulus, low
density, paramagnetic Low hardness Head and
Ti-13Nb-13Zr  near B Y, paramag ) acetabulum of hip v [12]
properties, low and resistance endoprostheses
thermal conductivity P
Ti-24Nb-4Zr- High biocompatibility and . Artificial hip joints
8Sn (Ti2448) B mechanical properties Low wear resistance and dental roots v [13,14]
More biocompatible, Femoral hi
Ti-15Mo B lower modulus, Lower strength . p Vv [15]
b o implant components
etter processability
Low elastic modulus,
high strength and Sureical and
Ti-28Nb-24.5Zr B toughness, excellent Poor wear property & Vv [16]

. . rthopedic implant
mechanical properties orthopedic implants

and biocompatibility

The elastic modulus is one of the most specific mechanical characteristics and among
the vitally prominent physical indicators that substantially affect the long-term stability of
implants in medical applications. In this regard, the maximum elastic modulus of human
bone is 15-30 GPa, while the elastic modulus of CP Ti (100 GPa) and TC4 (112 GPa) is
far higher than that of human bone [1]. The elastic modulus of 3-Ti is more than 50 GPa,
which is higher than that of human bone [17-20]. Because of the mismatch in stiffness,
most of the stress is concentrated on the implants. Human bone grows and rebuilds during
the whole process. Thus, the bone density may decrease due to a lack of load in the
long-term surrounding the implants, which causes bone resorption or nonunions and a
stress shielding phenomenon while affecting usual recovery [21]. On the other hand, low
elastic modulus material will severely deform after being stressed and lose its supporting
effect [22]. Moreover, achieving an intimate attachment of implanted Ti alloys to the
biological tissue is challenging and may lead to implant fracture and fall off the tissue.
Thus, it is necessary to explore the relationship between the elastic modulus and chemical
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composition, hardness, and porosity. To overcome the issue regarding stress shielding,
different chemical compositions and microstructures of 3-Ti alloys were developed; some
of them have been used in the biomedical field (Table 1), and some are still at the research
stage. In Figure 1, some researchers reported an approach to control the elastic modulus by
designing the material microstructures. Hardness improvement without affecting other
properties is of particular importance in (3-Ti alloys for implants [23,24].

Elasticity Modulus
. T —
02 46 8 10 12 14 16 18 20

Figure 1. Design of the elastic modulus by changing the material microstructures. Reproduced with permission from [25],

copyright Elsevier, 2020.

The Ti alloys always present low wear resistance. The high coefficients of friction
and large wear loss are considered as the negative factors of the tribological behaviors.
Although there is high corrosion resistance, the protective oxide layer on the surface
of Ti alloys can be destroyed during infection in body fluid with low oxygen content
and biomolecules. The wear and tear of the prosthetic components (femoral head and
cup of a hip implant) creates metallic wear debris with the size of 0.05 pm that leads
to adverse cellular responses, toxicity, and inflammation, ultimately causing osteolysis,
implant loosening, or the formation of a pseudo-tumor [26-29]. The wear debris percentage
is about 4%-5% of all the implant failure cases.

The electrochemical performance (corrosion resistance) of Ti and its alloys” implants
has a decisive role in human health. In the body fluid environment, the toxic ions (for
example, Co, Cr, Ni, Al, and V ions) release into the surrounding tissues and even organs by
body fluids via corrosion, increasing the risk of cytotoxic and even genotoxic and allergic
responses in medical implantation. The corrosion of objects may produce adverse effects,
reduce the implant life, and endanger the safety of human life. In addition, the implants
may cause failure due to corrosion-fatigue under the effect of cyclically load. The reason
for corrosion failure is related to implant design. The number and size of defects (including
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porosity, grain, and inclusions) decides the quality of implants. Due to the micro-current
effects between the different phases and almost non-toxic elements, 3-Ti alloys have broad
prospects in biomedicine compared with other Ti alloys [29].

Another crucial requirement for long-term implant stability is related to their favorable
biological response. In this regard, bacterial infection is one of the main reasons for the
failure of Ti alloys in human implants [30]. It is reported that the implants’ failure rate
reaches 0.5%-5% due to bacterial infection [29]. Regarding bacterial infection, particular
pathogens result in biofilms and microbial reproduction on the surface of implants after
adhering, colonizing, and proliferating, leading to bone destruction [31]. The biofilm is
hard to remove, which results in revision surgeries. In order to promote the biomedical
application of 3-Ti alloys, it is of crucial importance to increase the antibacterial abilities of
3-Ti alloys.

The excellent bone regeneration decides the stability and service life of implants.
Generally, Ti and Ti alloys are bio-inert [32]. The factors affecting the bone regeneration
process are the patient’s age and bone quality, and anatomical location [29]. The elastic
modulus, hardness, wear resistance, and corrosion resistance may cause low bone-implant
contact then implant failure.

Hence, these properties are mutually influencing and closely connected. The stress
shielding, toxicity, and poor wear resistance are difficult to overcome [33]. Developing
novel 3-Ti alloys without toxic elements is the only choice to solve these problems. The
elastic modulus of 3-Ti is lower than other Ti alloys implants. Moreover, the wear resistance
can be improved by surface modification.

There are many literature studies that have reported a variety of methods for address-
ing these shortcomings, such as substrate (surface) modification methods and deposition of
surface coatings. The common surface modification techniques involve in friction stir pro-
cessing (FSP), ultrasonic nanocrystal surface modification (UNSM), laser surface treatment
(LST), surface mechanical attrition treatment (SMAT), and equal channel angular pressing
(ECAP). The surface coating deposition methods include chemical vapor deposition (CVD),
acid and alkali treatment [34], evaporation, sputtering, and laser cladding [35,36]. The
exclusive focus of the present review is the literature on the surface modification methods.

In the recent literature, there are many review articles on Ti alloys and on Ti alloys
for biomedical applications via the surface modification method to improve their proper-
ties [1,37,38]. The previous reviews did not focus exclusively on orthopedic and dental
applications and did not focus exclusively on substrate (surface) modification methods but
also included coating deposition methods.

The purpose of the review is to perform a critical review of the literature on the
surface modification methods, with an emphasis on the improvement in the hardness,
wear resistance, friction coefficient, corrosion resistance, antibacterial activity, and bone
regeneration performance of 3-Ti alloys in orthopedic and dental applications. Moreover,
the review also includes a brief discussion of the shortcomings of this body of literature.

2. Elastic Modulus

In the field of orthopedic implants, elastic modulus is one of the most crucial physical
indicators. The maximum elastic modulus of human bone is 30 GPa, while the elastic
modulus of Ti alloy is generally above 80 GPa. A high elastic modulus of a metallic implant
will cause stress shielding and affect normal recovery [39]. The “stress shielding” effect
is associated with the disproportional load distribution between a bone and an adjacent
implant due to the elastic modulus mismatch. The metallic implant materials are usually
considerably stiffer as compared to bones. Eventually, the elastic modulus mismatch may
lead to bone resorption and loosening or failure of the implant. The elastic modulus of
B-Ti alloys matches with cortical bone. In addition, porous Ti alloys are found to potential
choices to develop low elastic modulus Ti alloys [40-43]. The elastic modulus of common
(3-Ti alloys is summarized in Figure 2.
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Ti-6Al-4V
CP Ti
Ti-15Zr-20Mo
Ti-25Nb
Ti-15Zr-10Mo
Ti-15Zr-15Mo
Ti-20Nb-0.5Ru
Ti-30Nb-32Zr
Ti-25Nb-18n-2Cr
Ti-20Nb-1Ru
Ti-32Nb-2Sn
Ti-24Nb-4Zr-8Sn
Ti66Mo8Nb26
Ti-5Mo—Fe-3Sn
Ti-35Nb-2Ta-3Zr
Ti-35Nb-7Zr-5Ta
Ti75Fe208n5
TiS0Hf50 [ IBPF
Ti62.5Hf37.5 B IBPF

(TiZr)60Cud0
TiMo [IDealloying
(TiZr)40Cu60
TiFe IRIBPF
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Elastic modulus (GPa)

Figure 2. The elastic modulus of different composition and modified 3-Ti alloys (BPF -impregnated
by bisphenol F epoxy resin). Reprinted with permission from ref. [40,44-50]. Copyright Elsevier,
2018, 2019, 2020, and 2021.

Modern surface modification treatments, such as dealloying, have been proven to
reduce the elastic modulus and nonporous structure [51,52]. Okulov et al. [53] synthesized
the Ti-Mg interpenetrating phase composite material with a low elastic modulus by liquid
metal dealloying. The elastic modulus (17.6 GPa) of the composite material was several
times lower than those of the individual component phase, namely Mg (45 GPa) and
Ti (110 GPa). In another study, they [43] developed a design strategy of light-weight
nano-/microporous alloys by selective corrosion in liquid metal. The elastic modulus
could be adjusted between 4.4 and 24 GPa, which affords matching to bone.

In fact, low elastic modulus material deforms easily after being stressed [46]. Thus, Ti
alloys are difficult to closely adhere to the biological tissue. Eventually, the implants break
and fall off from the tissue. It is vital to keep the elastic modulus in an appropriate range.

3. Hardness

There are many ways to measure the hardness of materials with their specific me-
chanical meanings, such as Brinell, Vickers, and nano-indentation methods. As shown in
Figure 3, the hardness of unstrengthened -Ti alloy is much higher than human materials,
such as bones and femurs [24]. The combination of high hardness, low elastic modulus,
and excellent biocompatibility is desirable but difficult to achieve simultaneously, so it is of
great importance to improve the hardness without reducing other properties.

Heat treatment plays a vital part in the improvement of hardness. It is reported that
Ti-xNb-3Zr—2Ta alloys (x = 33, 31, 29, 27, 25) (wt.%) were carried out by water quenching
and air cooling, respectively. The hardness value of both the water quenching and air-
cooling group enhanced significantly with the reduction in niobium content. However,
there are two different mechanisms to increase the hardness between water quenching and
air cooling. For the water quenching group, with the volume fractions of the martensite
phase, the hardness increased. For the air cooling group, the improvement of hardness was
attributed to the lattice distortion of the § matrix [54].
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Ti-20Nb-1Ru
Ti-15Zr-15Mo
Ti-29Nb-13Ta-4.6Zr
Ti-20Zr-10Mo
Ti-29Nb-13Ta-4.6Zr
Ti-25Nb
Ti-35Nb-7Ta-5Zr
Ti-35Nb-7Ta-5Zr
Ti-15Zr-20Mo
Ti-35Nb-2Ta-3Zr
Ti-32Nb-2Sn
Ti-35Nb-2Ta-3Zr | FSP]
Ti-25Nb-1Sn-2Cr
Ti-35Nb-2Ta-3Zr
Ti-24Nb-4Zr-8Sn
human femurs

[ [Laser remelting

[ 1ECAP

Individual differences, . \
0 100 200 300 400 500

Hardness (HY)

Figure 3. The hardness of different composition and modified 3-Ti alloys. Reprinted with permission
from ref. [45,55-60]. Copyright Elsevier, 2003, 2013, 2015, 2019, and 2021.

FSP, as a novel solid-state surface modification technique, is an attractive method for
inducing localized thermomechanical effects [61]. In order to modify the surface of the
newly developed Ti-35Nb-2Ta-3Zr (wt.%) alloy, Wang et al. [56] explored the microhardness
value of deformation pass from single pass to three passes at the same rotation speed.
The microhardness increased from 189 HV to 208 HV via FSP. After three passes, the
microhardness was up to 247 HV. In addition, the ECAP method can produce considerable
uniform plastic strains to refine grains and enhance mechanical properties. It is reported
that the hardness values of 3 Ti-35Nb-3Zr-2Ta biomedical alloy with refined grains and
uniform microstructures after four passes reached 216 HV. Moreover, a low elastic modulus
of about 59 GPa was obtained [59].

Niinomi et al. [62] reported that TNTZ could effectively inhibit bone atrophy and
enhance bone remodeling in vivo. Additionally, TNTZ exhibits a low elastic modulus that
is approximately half of TC4 [63,64]. However, due to its relatively low wear resistance,
TNTZ cannot satisfy the requirements for biomedical implants [65]. Hence, there is a
substantial motivation to improve the wear resistance of TNTZ by increasing the hardness
while maintaining its relatively low elastic modulus. The TNTZ samples after aging
exhibited varying hardness values at different temperatures. Within a definite temperature
range, the hardness increased as the temperature rose.

The UNSM technique as a branch of the physical methods is controlled by a computer
numerical system. Therefore, innovative processed surfaces with complex geometric
shapes and microstructures can be created via accurate parameter selection to improve the
properties of surfaces [60]. Besides, researchers investigating the performance of coatings
on the surface of Ti alloys have proposed various schemes to compensate for some of the
shortcomings of Ti alloys [66,67]. Kheradmandfard et al. [68] processed the TNTZ alloy
with the UNSM technique to enhance its hardness. The result showed that the hardness at
the surface improved from 195 Hv to 385 Hv; by moving away from the surface, the rate of
increase in surface hardness decreases. However, the reason for the hardness increment by
UNSM is attributed to grain refinement and a working hardening phenomenon. It was
seen that the samples have a thin diffusion layer with a weak bonding to the substrate
after diffusion [67].

Chauhan et al. [69] used laser surface heat treatment (LST) to modify the surface mi-
crostructure of VI3-1 a-f3-Ti alloy. LST was carried out at various laser powers (100-250 W)
and scanning speeds of 150-500 mm/min. EBSD)analysis of the laser-affected zone exhib-
ited a distinct microstructure across the depth of the specimen, and it changed with laser
power and scanning speed. At a lower scanning speed (150 mm/min) and high laser power
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(200 W), an almost complete (3-containing microstructure was developed at the surface
with a high hardness level of 750 Hv. Obtaining dendritic microstructure and homogenous
elemental distribution is helpful in hardness improving.

A laser was also used in the study of remelting on Ti-35Nb-2Ta-3Zr by Zhang et al. [58].
It was found that the average microhardness value increased from 165 Hv up to 264 Hy,
which could be ascribed to the surface of the material changing from an equiaxed crystal to
a needle-like structure after laser remelting.

Most of research is concentrated on improving the hardness of 3-Ti alloys by thermo-
mechanical effects. The use of more advanced digital control systems to accurately select
parameters for processing, which includes heat treatment and complex microstructure
building, may be a further development direction.

4. Wear Resistance

Generally, medical Ti alloys show poor wear properties, and it is easy to become worn
in the human body [70-72]. Prosthetic components” wear will produce pieces, causing
adverse cellular behavior and inflammatory reactions, eventually leading to implant loos-
ening [17]. The presence of particle corrosion and wear products in the surrounding tissues
of implants may cause osteoporosis and eventually lead to the failure of implants [73].
Therefore, it is important to clarify the wear mechanism and find the solution to increase
wear resistance.

The wear mechanisms of Ti alloys mainly include oxidation wear, adhesive wear, abra-
sive wear, and layered wear. However, different loading sliding velocities, matrix material,
and ambient temperature conditions will change the wear mechanism [74-76]. According
to Archard’s laws, the sliding wear resistance is proportional to the alloy hardness [77].
Additionally, the friction coefficient can also affect the wear resistance of the material.
Generally, a low friction coefficient is beneficial to the wear resistance of the material. Some
researchers designed [3-Ti via modification processes to decrease the friction coefficient on
the material surface, as shown in Table 2.
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Table 2. Summary of preparation process and tribological performance.

Coefficient of Friction

Wear Loss

Material Preparation Process Mechanism Ref.
Before After Before After
Ti-24Nb-387Zr-2Mo cold crucible leV1tat.10n melting + cold rolling + 1.5 1.10 13mg 09 mg plowing and some indication of (78]
solution treatment abrasive wear
Ti-24Nb-387r-2Mo-0.1Sc cold crucible leV1tat'10n melting + cold rolling + 1.20 0.90 10 mg 0.5 mg plowing and some indication of [78,79]
solution treatment abrasive wear
Ti-35Nb-2Ta-3Zr hybrid surface modification 0.6 0.15 / / abrasive wear + adhesive wear [31]
Ti-13Zr-13Nb-0.5B melting Z(iiiit;;eit$:’:;g2:rtéﬁilﬂgg + solid 0.42 04 / / microcutting; abrasive wear [73]
Ti-29Nb-13Ta-4.6Zr Picosecond + laser processing / / 000102 mm?®  0.00014 mm?  “Veardebris containment effectand 7 o
loading pressure
Ti-25Nb-3Zr-25n-3Mo vacuum induction nitriding 0.65 0.25 0.2 mm3 0.0007 mm3 abrasive wear (rod-shaped TiNO.3 [80]
phase and soft 3 matrix)
Ti-5A1-5Mo-5V-3Cr-0.5Fe vacuum arc melting + forging + stress relaxation 0.57 0.45 0.073 mm? 0.034 mm? small amount of adheswe wearand [81]
slight abrasion wear
increased surface hardness +
Ti-29Nb-13Ta-4.6Zr solution-treated + water quenching + UNSM / / 0.00102 mm3  0.00014 mm3 nanoscale lamellar [82]
grains + o precipitates
Ti-30Nb-45n laser nitriding 0.70 0.18 three-body abrasive wear [83]
Ti-10V-2Fe-3Al hot-rolled + heat treatment 0.6 0.6 oxidation + superelasticity [74]
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In addition to the above factors, wear property can be evaluated by wear resistance
indices (H/E and H3/E?.g). The Ti-Nb-Sn-Cr alloy was designed during adjusting Sn
and Cr. After measurement and calculation, Ti-25Nb-15n-2Cr displayed the highest H/E
(0.03327) and H3/E?.4 (0.00261 GPa) [84]. Tong et al. [78] reported the difference in the
wear resistance between 3-type Ti-24Nb-38Zr-2Mo and CP Ti. The samples exhibited an
excellent wear resistance compared with CP Ti because of the Nb2O5 oxide-containing
passivation film. Based on that, Majumdar et al. [73] designed Ti-13Zr-13Nb-0.5B and
evaluated the wear rate and wear mechanism. The wear rate after furnace cooling and
aging treatment was the lowest. The main wear mechanism was microcutting in a dry
condition, while the wear mechanism was abrasive wear in the case of bovine serum.
Liu et al. [31] developed the hybrid coating on Ti-35Nb-2Ta-3Zr substrate and improved
the wear resistance. It involved abrasive wear and adhesive wear by analyzing the friction
coefficient and the wear morphology. It is reported [82] that the UNSM treatment on a new
B-type TNTZ alloy resulted in a nanostructure surface layer fabrication. The wear volume
of the UNSM-treated (1.02 x 10~3 mm?) sample was more than seven times higher than
that of the untreated (0.14 x 1073 mm?) one.

The issue of poor wear resistance of Ti alloys needs to be solved as soon as possible.
At present, the design of alloys based on the chemical composition is a good approach to
improve the wear resistance. In addition, several technologies have been developed to
prepare a modified layer with high wear resistance. The wear resistance has improved,
and the friction coefficient has decreased in the meantime. However, the layers via some
modified processes are easy to peel off because of a weak bonding force.

5. Corrosion Resistance

Some specific Ti alloys are not good for the human body because of the release of toxic
ions [85]. This phenomenon has a negative effect on bone repair and body health. Moreover,
the study has proven that TC4 showed toxicity or lead to intoxication after implanting
for 3 years [86]. The patient showed sensory—motor axonal neuropathy and hearing loss,
which was related to high concentrations of V in the blood (6.1 ug/L) and urine (56.0 pug/L).
Moreover in another study, neurotoxic of aluminum (Al) was demonstrated [87]. Besides,
some other elements (such as Ni and Cr) can cause bone resorption, mobility, and breaking.
Although TC4 presents excellent corrosion resistance, it is not the best choice for implants.

B-Ti alloys are widely studied due to their non-cytotoxic nature (without toxic al-
loying elements) and excellent corrosion resistance [88,89]. However, the applicability of
these alloys should be further verified as it is necessary to understand and improve the
corrosion resistance of 3-Ti alloys. Surface modification technologies are widely utilized to
additionally improve the corrosion resistance of 3-Ti alloys. Usually, the electrolytes are
Hank’s, Ringer’s, and SBF solution in experiments of corrosion resistance. In addition to
the modulation of alloys” chemical composition, the common surface treatment involves
plasma electrolytic oxidation (PEO), plasma injection, vapor deposition, sputtering, alkali
treatment, and other technologies, which can fabricate oxide layers on the alloy surface.
The electrochemical behavior of Ti alloys mainly depends on B, and Ipass. Thus, higher Ey,
higher E,, and lower Ipass in the polarization curves exhibit great corrosion resistance.

It is reported that the corrosion current densities (3—4 nA/cm?) and the film resistances
(10° Q-cm?) of the low-cost Ti-4.7Mo-4.5Fe are close to those of TC4 in Ringer’s solution [90].
Great corrosion resistance can be attributed to the stability of the oxide film on the Ti-4.7Mo-
4.5Fe surface. The Ti-13Nb-13Zr alloy exhibited similar corrosion resistance compared with
TC4 because the source of the Ti-13Nb-13Zr and TC4 corrosion resistances is the same; both
Ti alloys produced TiO; film in Hank’s solution [91].

Jin et al. [92] fabricated TiNbZrFe alloy via surface mechanical attrition treatment
and reached the nanocrystalline size of 10-30 nm. Due to the fabricated stable and dense
passive layer on the nanocrystallized surface of the TiNbZrFe alloy, the corrosion resistance
improved significantly.
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Prakash et al. [93] studied a new method of surface modification on (3-Ti alloy Ti-
35Nb-7Ta-5Zr using HA hybrid electrical discharge machining. The method can deposit
the biomimetic nanoporous HA layer in situ. The deposited layer was composed of
titanium, niobium, tantalum, zirconium, oxygen, calcium, and phosphorus. As shown
in Figure 4, the samples treated with the electrical discharge machining (EDM) technique
showed superior and higher corrosion resistance than the untreated samples in Ringer’s
simulated body fluid. Moreover, the HA-deposited bio-ceramic layer indicated excellent
corrosion resistance.

Chen et al. [94] successfully developed the PEO coating on the Ti-39Nb-6Zr alloy
and studied the electrochemical corrosion and wear behavior of the Ti-39Nb-6Zr alloy
before and after modification in PBS solution. The results showed that, after PEO surface
treatment, the corrosion and wear resistance of the Ti-39Nb-6Zr alloy in the PBS solution
was significantly improved. Wang et al. [95] conducted a systematic study on the MAO
treatment of Ti-35Nb-2Ta-3Zr alloy in sodium silicate electrolyte. The results showed
that the Ti-35Nb-2Ta-3Zr alloy had good film-forming properties, and a layer of porous-
structure-nested film is formed on the surface of Ti-35Nb-2Ta-3Zr alloy. The relative
content of the biologically active anatase phase was much higher than that of the rutile
phase, which can effectively improve the deposition ability of HA. In addition, since the
surface of Ti-35Nb-2Ta-3Zr treated by micro-arc oxidation has a Nb,Os phase, an oxide film
with the denser and thicker condition is formed, leading to excellent corrosion resistance.
Gu et al. [96] also developed Ti-35Nb-2Ta-3Zr alloy by means of surface modification. They
used fabricated TiO; /Ti-35Nb-2Ta-3Zr anticorrosion micro/nano-composites with different
amounts of TiO, particles via FSP. The refined surface microstructure could increase the
compactness of the surface oxide films that eventually affect the corrosion performance.
Material with the most TiO, content has Icorr magnitude five times less than the substrate;
hence, the corrosion resistance can be further improved by the TiO, micro/nano-composite
layer. Figure 5 displays the potentiodynamic polarization curves and EIS patterns of the
substrate and TiO, micro/nano-composite layers of Ti-35Nb-2Ta-3Zr substrate and FSPed
in Hank’s solution. Icorr reduced with the increasing amount of TiO, incorporation at
the same rotation speed. The capacitances of the outer and inner layer are less than the
substrate, which was attributed to the surface topography and thickness of the passive film.

Enhanced Corrosion
resistance

HA Powder
particles

Enhanced
surface
microhardnes

HA-deposited Surface

Hydrogen
bubble

New Compound
particles

Enhanced Bioactivity

Figure 4. The enhancement of corrosion resistance, hardness, and bioactivity on HA-deposited
surface (surface modification of 3-phase Ti implant by hydroaxyapatite mixed electric discharge
machining to enhance the corrosion resistance and in-vitro bioactivity). Reproduced with permission
from [93], copyright Elsevier, 2017.

Liu et al. [97] proposed a unique method that combined alkali treatment with natural
cross-linking agent proanthocyanidin to form a sub-micron porous structure (pore size
100-300 nm). The dense inner oxide layer mainly provided enhanced corrosion resistance
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phase of Z / degree

Figure 5.

for the Ti2448 alloy stent. Pina et al. [98] found that Ti30Nb4Sn alloys containing Sn have
excellent chemical resistance. Bahl et al. [99] studied the tribo-electrochemical behavior of
different 3-Ti alloys sintered by powder metallurgy. According to the results, the active
and passive dissolution rates increased by attaining the Sn content of 2% and 4%, leading
to enhanced mechanically activated corrosion under the friction corrosion condition.
Diomidis et al. [100] tested the open circuit potential and anodic current of Ti-13Nb-
13Zr and Ti-29Nb-13Ta-4.6Zr alloys. Ti-13Nb-13Zr and Ti-29Nb-13Ta-4.6Zr showed the
ability to restore their passive state during the fretting process. The excellent potential of
these 3-Ti alloys to restore their passive state during the fretting process was related to the
interaction of the mechanical properties of the passive surface layer and its contact pressure.
In addition, they also studied the effect of the bovine serum albumin addition, hyaluronic
acid, and triglyceride dipolyphosphate on the fretting corrosion of the Ti-12.5Mo alloy.
The results showed that the addition of the sliding film leads to a decrease in the friction
coefficient, the elastic adjustment of displacement, and the wear rate of the alloy.
However, the human body environment is very complicated. In addition to electro-
chemical corrosion, biomedical 3-Ti alloy implants also need to satisfy the friction corrosion
conditions. In addition, the material quality, the effect of mechanical force, the chemical
composition of the medium, and the alloy itself will affect the 3-Ti alloy. Under such cir-
cumstances, the biomedical 3-Ti alloy needs further research on corrosion resistance [85].
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The corrosion behavior of the substrate and TiO, micro/nano-composite layers in Hank’s solution:

(a—h) potentiodynamic polarization curves, (g—j) EIS pattern: (g) Nyquist diagram with equivalent circuit, (h) Bode diagrams

of TiO, micro/nano-composite layers at the different rotation speeds, (i) Bode diagrams of TiO, micro/nano-composite

layers at the different amount of TiO, added, (j) schematic diagrams of the substrate and TiO, micro/nano-composite layers.

Reproduced with permission from [96], copyright Elsevier, 2019.
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M (untreated)

6. Biological Response
6.1. Antibacterial Property

Antibacterial property refers to the ability of a material to remain effective under the
action of bacteria or microorganisms. High antibacterial performance is one of the vital
requirements in human implant materials [101]. Bacterial infection has been indicated
as one of the main factors in the failure of metallic implants [102]. 3-Ti alloys have been
widely used in medical and surgical implants, but they are currently facing the challenge
of implant-related infections [83]. Hence, it is crucial to improve the antibacterial property
of the 3-Ti alloys.

Chang et al. [103] utilized the fully automated fiber laser system (Micro Laser Systems)
for laser nitriding of Ti-30Nb-4Sn in the open air. A set of samples was prepared by
varying the duty cycle from 5% to 100%. In Figure 6, the studied laser-nitrided samples are
displayed, including DC5-DC100. The results showed a significant difference in the total
bacterial adherence/biofilm formation on the surface coverage of the untreated samples
and the laser-nitrided samples. The untreated sample had the highest biofilm coverage of
29.8%, and the total biofilm coverage was significantly decreased and reached 2.9% (DC60).

S S o o] S S D H
& & o"' o‘p F& 00»9 & & d‘ S ods

b) 40 = *kkk C)

w
=]
1

% Biofilm Coverage
e »
o o
1 1
*
*
Live:Dead (each sample replicate)

DC20 DC40 DC60 DC80 DC100

Figure 6. Bacterial coverage results for the untreated and laser-nitrided surfaces after 24h culture with S. aureus.

(a) Representative images showing bacterial adherence/biofilm coverage on each sample. Images were obtained by

live/dead staining and fluorescence microscopy. Live (viable) bacteria are stained green, and dead (non-viable bacteria)
stained red. (b) Percentage biofilm coverage on each treated sample and untreated sample as determined by image analysis
(* denotes significant difference, **: p < 0.01. ****: p < 0.0001). (c) Ratio of live: dead bacteria on each image analyzed for
each sample and untreated sample control and data displayed as a heat-map. The scale shows samples with a greater

proportion of live bacteria represented in green and greater proportion of dead bacteria represented in red. Reproduced
with permission from [103], copyright Elsevier, 2020.

A laser nitriding treatment was performed on the Ti-35Nb-7Zr-6Ta surface [104].
Biological studies of the laser-nitrided surfaces included in vitro culture for 24 h using
mesenchymal stem cell (MSC) fluorescence staining and Staphylococcus aureus (S. aureus)
live/dead staining. The bacteria coverage percentage was decreased from more than 5% to
less than 1%, so it can be claimed that the laser-nitrided surfaces (laser power: 45 W) led to
a significant antibacterial effect.

Shi et al. [105] fabricated a low elastic modulus Ti-13Nb-13Zr-5Cu alloy with a good
antibacterial property (against S. aureus > 90%) as the precipitation of the Ti;Cu phase.
Liu et al. [106] prepared SLA-TiCu by sandblasting and large-grits etching (SLA) to avoid
implant-related infection and promote early bone integration. Studies had shown that the
antibacterial rate of SLA-TiCu surface increased from 36.6% to 99.9% against S. aureus.
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Most (3-Ti alloys do not present an antibacterial property. After being implanted in
the human body, the implants are prone to infection, which may cause implant failure,
especially in the early stage after implantation, causing pain and an economic burden to
the patients. Therefore, it is of great significance to endow the antibacterial property of
(3-Ti alloys (incorporation of antibacterial particles) via surface modification.

6.2. Bone Regeneration

In recent years, the surface morphology modification effect on the biological activ-
ity of titanium implants has been extensively studied. Topography investigations from
the bionics perspective revealed that the more similar micro-topography of the implant
surface to the human bone structure led to more effectiveness in the biological activity
improvement of the implant. More and more shreds of evidence show that the surface
microenvironment structure can affect cell growth, which, in turn, affects osseointegra-
tion [107]. Micromorphology has been identified as a potential stimulating factor for stem
cell osteogenic differentiation and new bone formation. It was reported that Ti, Zr, Nb,
Ta, Au, Mo, and Sn are highly biocompatible elements [108]. Hence, subsequent surface
processing of 3-Ti alloys that includes high biocompatible elements can effectively improve
bone regeneration performance. Researchers have proposed various surface modification
strategies to produce micron or sub-micron surface topography on titanium implants, such
as sandblasting, acid etching, anodizing, spin-coating, sputtering deposition, etc.

Scholars applied some exceptional processes in combination with the characteristics
of the alloy itself to directly construct the micro-topography on the surface without intro-
ducing other active materials to improve the bone regeneration performance [109-111].
Micro-scale surface topographies can enhance bio-mechanical interlocking and increase
bone-anchoring. Kheradmandfard et al. [68] fabricated a gradient nanostructure layer on
the TNTZ surface by UNSM technology. The microstructure of the top surface layer was
composed of nanoflakes with a width of 60—200 nm. The results showed that the nanostruc-
tured titanium surface induced enhanced cell adhesion, osteoblast differentiation, and im-
proved osseointegration toward mesenchymal stem cells. The micro-pattern will assist the
TNTZ implants in attaining high biological activity and bone regeneration performance.

Li et al. [112] prepared hierarchical nanostructures on the surface of Ti-24Nb-4Zr-7.95n
alloy through anodic oxidation, forming a nanoscale bone-like structure and nanotubes.
They observed the behavior of bone marrow stromal cells on the surface of the sample
through in vitro culture. They also conducted histological analysis after implanting the
modified materials in vivo to evaluate the biocompatibility and osseointegration of the
implant surface. The results showed a generation of a hierarchical structure with nano-scale
bone-like layers on the surface of Ti-24Nb-4Zr-7.95n. The BIC value was 65.48 £ 8.0% com-
pared with 33.21 + 6.05% of untreated specimen, and the bone area reached 55.28 & 14.92%
compared with 20.64 £ 10.28% of untreated. The Ti-24Nb-4Zr-7.95n surface showed high
biocompatibility with bone marrow mesenchymal stem cells in vitro and osseointegration
in vivo.

Fu et al. [113] found that the behavior of murine mesenchymal stem cells (MSCs) and
murine preosteoblastic cells (MC3T3-E1) is regulated by the cell-material interface. They
used selective laser melting and alkaline heat treatment techniques on titanium implants
and constructed ordered-micro and disordered-nano patterned structures. Compared
with untreated specimens, the expression level of osteogenic genes in the treated implants
increased by 3.43 times. The optimal bone formation structure had a steady wave structure
(horizontal direction: ridge, 2.7 pm; grooves, 5.3 um; and vertical direction: distance,
700 um) with the appropriate density of nano-branches (6.0 per ptm?). Ordered grooves
provided direction guidance for cells, and disordered branches influenced the shape of cells
by maintaining nanostructures with different spacing and densities. Micro-nano patterned
structures can provide biophysical clues to guide the development of cell phenotypes,
including cell size, shape, and direction, thereby affecting cell survival, growth, and
differentiation processes. Therefore, the superimposed isotropic and anisotropic cues,



Coatings 2021, 11, 1446

14 of 19

ordered-micro and disordered-nano patterned structures, can promote integrin &5, integrin
1, cadherin 2, Runx2, and Opn by activating Wnt/ 3-catenin signaling and Ocn, thereby
further transferring and changing the cell shape and inducing nuclear orientation (as
shown in Figure 7). The osteogenic differentiation induced by the ordered-micro and
disordered-nano pattern structure is related to Wnt/ 3-catenin signaling and was further
proved by the common Wnt signaling inhibitor Dickkopfl. Ordered micro-topography
and disordered nano-topography pattern structures can lead to osteogenic differentiation
in vitro and bone regeneration in vivo.

The osseointegration ability of 3-Ti alloys increases in comparison to the material be-
fore modification, which is essential for implants. The surface microenvironment structure
plays an important role in cell growth, which, in turn, affects osseointegration. Many modi-
fied methods, including sandblasting, anodizing, and so on, can provide microstructure
and even nanostructure. Additionally, the osseointegration behaviors of 3-Ti alloys increase
in comparison to the material before modification, which is essential for implants. There is
a trend of constructing the micro-topography directly on the alloy surface without intro-
ducing other active materials. Furthermore, the principle of the complex microstructure
improving bone regeneration requires further study.

& Ti implant
— Qs

. Integrin
Integrin

Extracellular

............

................................................................

B-catenin  Tefef

)

Figure 7. Schematic illustration of patterned Ti for osteogenic differentiation. Function 1: Activa-
tion of integrin «5p31 heterodimers and regulation of cell morphology. Function 2: Stimulation of
MSCs and MC3T3-El-related gene and (3-catenin expressions to promote osteogenic differentiation.
Reproduced with permission from [113], copyright Elsevier, 2020.

7. Shortcomings and Prospects

[-Ti alloys show notable potential in orthopedic and dental applications, mainly as
low modulus and low or non-toxic elements. However, low wear resistance is a challenge
for 3-Ti alloys, which causes abrasive particles running in the body fluid environment.
Additionally, corrosion behavior may lead to infection and implant failure. Besides, despite
excellent biocompatibility, antibacterial ability and bone regeneration are also necessary
with -Ti alloys for bone recovery. Researchers have studied and developed various novel
B-Ti alloys, but there is a lack of systematic optimization. The traditional methods of
selecting chemical compositions have high time costs. This results in most of the 3-Ti alloys
still being in the fundamental research stage rather than clinical surgery. Thus, a general
standard is necessary to be formulated. Moreover, the relationship of hardness, friction
behavior, and corrosion resistance is not clarified yet. It seems that the new strategy may
be to explain the relationship between these characteristics by computer simulation. The
single and comprehensive model of the simulated environment needs to be designed to
reduce unnecessary animal experiments in vivo. In short, 3-Ti alloys present considerable
prospects in the future for orthopedic and dental applications.



Coatings 2021, 11, 1446 15 of 19

8. Conclusions

The performance of the (3-Ti alloy consists of more adaptation to the required demands
of biomedical materials compared to other alloys, but it is still far from the requirements
of biomedical materials. It is necessary to develop novel targeted 3-Ti alloys rapidly. The
computer simulation to search for and optimize the composition of Ti alloys may be a
suitable approach to solve the issue. The utilization of surface modification techniques can
improve the mechanical properties, wear resistance, corrosion resistance, and biological
responses of 3-Ti alloys. However, the specific relationship between these aspects is
complicated and needs to be clarified by considering the deeper mechanisms rather than
just adjusting the parameters during the processes. The improvements of -Ti alloys
deserve continuous attention. The successful development of 3-Ti alloys is beneficial for
clinical surgery in the orthopedic and dental fields.
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