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ABSTRACT: Due to problems such as the stress-shielding effect,
strength—ductility trade-off dilemma, and use of rare-earth,
expensive elements with high melting points in Ti alloys, the
need for the design of new Ti alloys for biomedical applications has
emerged. This article reports the effect of various alloying elements
on the compressive mechanical performance of Ti alloys for
biomedical applications for the first time as a systematic review
following the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines on this subject. The search
strategy in this systematic review used Scopus, Web of Science, and
PubMed databases and searched the articles using (Beta-type OR
) AND Titanium AND (Mechanical property OR Micro-
structure) AND Alloying element keywords. Original articles
from 2016 to 2022 published in English have been selected for this study as per the inclusion criteria. The results have shown that
NbD can be used as the primary alloying element with Ti as it is a strong f-stabilizer element which also reduces the elastic modulus of
Ti alloys. The f-eutectic elements (Fe, Cr, and Mn) have also emerged as cost-effective alloying elements that could improve the
mechanical performance of Ti alloys. Ti—Nb—Zr—Ta alloyed with Si has shown potential to withstand the strength—ductility trade-
off dilemma. The combination of a Ti—Nb binary alloy has emerged as an attractive material for designing low elastic modulus Ti
alloys. The mechanical performance of the Ti—Nb alloy can be further improved using the f-eutectic (Fe, Cr, and Mn) and neutral
(Zr, Sn) elements to be alloyed with a Ti—Nb binary alloy. The strength—ductility trade-off issue can be overcome using Si as an
alloying element in Ti—Nb—Zr—Ta alloys.

Article Recommendations

INCLUSION CRITERIA:
* Articles that studied the effect of
alloying elements on compressive
mechanical properties and microstructure
of beta-titanium alloys.
 Articles that Published in English
between the years 2016 — 2022.

1. INTRODUCTION

The exponential increase in the demand of lightweight alloys for
different structural engineering applications such as biomedical,
automotive, and aerospace has urged material scientists to
explore light-density materials.”” The materials research
fraternity has witnessed titanium (Ti) and its alloys to be the
most preferred materials among other lightweight metallic
materials for industrial applications.”* Ti and its alloys possess
this distinguished position because of their excellent traits, e.g.,
high specific strength, low density, excellent strain hardening
abilities, high corrosion and wear resistance, and good
superelastic and fatigue behavior.” Typically, combining large
plasticity and high strength is difficult to attain simultaneously in
metallic materials and alloys.”® However, Ti alloys display a
superior combination of plasticity and strength.”

Ti alloys were initially applied as a structural material in the
aerospace sector. Afterward, Ti alloys were used in orthodontic
implants during the 1950s.° Ti alloys were later identified as a
possible biomaterial for application in orthopedic implants.® Ti
alloys have a low density of 4.8 g/ cm?®, which permits them to
have high specific strength (i.e., strength to density ratio),
greater biocompatibility, and high affinity for osseointegration.
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When compared to 316 SS and Co—Cr alloys, Ti alloy has a
lower elastic modulus as demonstrated in Figure 1.° Notably, Ti
alloys also possess good corrosion resistance due to the
production of chemically inert, active, stable, and self-protecting
TiO, layers on their surface,” Ti and its alloys have greater
biocompatibility when compared to 316 SS and Co—Cr alloys as
a biomaterial for implant applications. Pure Ti also has low
fatigue and mechanical strength.® Different alloying elements,
such as Al, V, Mo, Zr, and Nb, can be added to pure Ti to
improve its mechanical properties. The commercially available
biomedical Ti alloys, such as Ti—6Al-4V (Ti64) and
commercially pure Ti (CP-Ti), exhibit low biocompatibility
and poor corrosion resistance for implant applications."”"" Tt
has been well documented that the release of aluminum (Al) and

Received: April 5, 2022
Accepted: July 27, 2022
Published: August 15, 2022

https://doi.org/10.1021/acsomega.2c02096
ACS Omega 2022, 7, 29526—29542


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Syed+Faraz+Jawed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chirag+Dhirajlal+Rabadia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Ahmed+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saad+Jawaid+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c02096&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02096?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02096?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02096?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02096?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
https://pubs.acs.org/toc/acsodf/7/34?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c02096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

EVIEY

CoCr (Cast)

AlSI 316L

CP-Ta

Ti-6Al-4V

Ti-6AI-7Nb

Ti-5Al-1.5B

CPTi

Ti-10Fe-10Ta

Ti-16Nb-13Ta-4Mo
Ti-12Mo-6Zr-2Fe
Ti-11Nb-9Fe

Tiadyne 1610
Ti-15Mo-5Zr-3Al (ST) aged
Ti-29Nb-13Ta-4.6Zr (aged)
Ti-13Nb-13Zr
Ti-29Nb-13Ta-4Mo
Ti-29Nb-13Ta-6Sn
Ti-27Nb-7Fe-8Cr
Ti=16Nb-10Zr
Ti-29Nb-13Ta-4.6Sn
Ti-29Nb-13Ta-4.5Zr
Ti-40.7Zr-24.8Nb
Ti-29Nb-13Ta-28n
Ti-34Nb-25Zr
Ti-29Nb-13Ta-7.1Zr

NiTi

Bone

Bone & Implant alloys

o

50

150 200 250 300

Elastic modulus (GPa)

Figure 1. Comparison of elastic modulus values of different biomaterials with that of human bone.

3,30—34

vanadium(V) ions into the human body induces cytotoxic
effects which can lead to long-term diseases such as
Alzheimer’s."> Therefore, many scientists are continuously
striving in developing new Ti alloys. However, Ti alloys
developed in the past decades are struggling due to the problem
of stress shielding.>'* Stress shielding is a medical condition
due to a mismatch in the elastic modulus of the implant material
and specific bone."’

Furthermore, the poor osseointegration of conventional Ti
alloys has also caused the development of novel Ti alloys with
high strength, large plasticity, and low stiffness for orthopedic
implant applications.'®'” Furthermore, martensitic nitinol (Ti-
rich Ni—Ti) and austenitic nitinol (Ni-rich Ni—Ti) alloys have
been widely used as superelastic and shape memory biomedical
alloys, respectively.'*~'” Ni-free superelastic and shape memory
biomedical alloys are needed because of the hypersensitive and
carcinogenic effects of Ni in the human body."*'? In 1971, Ni-
free Ti—35 wt % Nb was created for the first time as a biological
shape memory alloy.”>>" However, because of their low critical
stress for slip deformation, Ti—Nb binary alloys have a moderate
recoverable strain.”>* The superelastic behavior of Ti—Nb
binary alloys can be enhanced by lowering the quantity of Nb in
Ti—35 wt % Nb and adding other f-stabilized ternary or
quaternary alloying elements.”>** Notably, the majority of
newly produced biomedical Ti alloys are made up of costly and
rare-earth metals (i.e., Ta, Mo, Hf, Nb).>® Therefore, while
designing new Ti alloys for biomedical applications, low-cost,
nontoxic, and plentiful metals (ie, Cr, Mn, and Fe) with
compressive properties similar to those of bones and hard tissues
should be considered. The compressive mechanical properties
of bone are presented in Table 1.

1.1. Effect of Alloying Elements on Microstructures
and Deformation of Ti Alloys. Ti exhibits two allotropic
phases with an allotropic transformation temperature of 883
°C.** Pure Ti has an @ phase that consists of an hcp crystal

Table 1. Compressive Mechanical Properties of Bone

properties cancellous bone cortical bone refs
density 1.99 g/cm3 0.05—10 g/cm3 26,27
porosity 5—30% 30—90% 28
compressive strength 106—224 MPa 2—5 MPa 26
elastic modulus 16—30 GPa 0.76—4 GPa 9,29

structure, which transforms into a bcce structure known as the
phase of Ti above a -transformation temperature of 883 °C."**

On the basis of the volume proportion of @ and f
microstructures in Ti alloys, there are four types of Ti alloys:
(1) a alloys are those that contain just a stabilizers and are
completely composed of @ microstructure, (2) near a alloys
contain 1—2% f-stabilizer elements, resulting in 5—10% f phase
in microstructures of near « Ti alloys, (3) a + f§ alloys which
have a higher amount of S-stabilizer elements than near o Ti
alloys, causing the microstructures of Ti alloys to contain 10—
40% f3 phase, and (4) f-type alloys that contain practically all #
stabilizers and are rapidly cooled to produce a f micro-
structure.”*®*” The microstructures of Ti alloys vary with the
addition of different alloying elements; some elements, such as
N, Al and O, raise the p-transformation temperature and
stabilize the @ microstructure, while others, such as Ta, Nb, Mo,
W, V, Cr, Ni, Fe, Mn, and Cu, lower the f-transformation
temperature to stabilize the # microstructure.”® Furthermore,
some of them, such as Sn and Zr, are classified as neutral alloying
elements because they do not affect the p-transformation
temperature.39

In comparison to (a + f§)-type Ti alloys, ﬂ-tzpe Ti alloys have
a higher number of S-stabilizing elements.*”*" Metastable and
stable f-type Ti alloys can be obtained, without the formation of
intermetallic phases, based on the proportion of B-stabilizing
elements (i.e., Nb, Mo, Ta, W, Cr, Mn, Fr, etc.).4o_42 Because /-
type Ti alloys are heat treatable, their strength can be increased
by solution treatment followed by aging at temperatures ranging
from 450 to 650 °C.* In particular, increasing the quantity of 8
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phase in Ti alloys improves the toughness, hardenability, and
plasticity while lowering the elastic moduli of Ti alloys.** Ti
alloys have a lower elastic modulus than other types of Ti alloys,
which inhibits the problem of stress shielding. In comparison to
(a + p)-type Ti alloys, S-type Ti alloys also display superior
biocompatibility, strength, and corrosion resistance in the
human body.””** As a result, S-type Ti alloys have emerged as
a more viable biomaterial to be used in orthopedic implants.
Furthermore, when f-stabilizer elements are added in excess as
alloying elements with Ti, the temperature of the allotropic
transition begins to lower accordingly.*® A sufficient amount of 8
stabilizers should be added to Ti alloys to prevent phase
precipitation. Therefore, the metastable f phase can be
preserved as depicted in Figure 2."’

< b

metastable Stable

4—)~§mechanica\|y instable

Beta-stabilizing elements (%) )

Figure 2. Effect of f-stabilizer content with temperature on the phase of
the titanium alloys. Reprinted with permission from ref 47. Copyright
1998 Elsevier.

Furthermore, metastable @ phase precipitate formation is
susceptible to aging, which is undesirable because it reduces the
plasticity and may cause severe brittleness and fatigue
resistance.*® A limited amount of @ phase forms due to the
high-temperature § phase after quenchrng, which leads to the
formation of a thermal @ phase.” There is the possibility of
forming a @ phase at room temperature also after qulck
quenching, which forms an isothermal @ phase later.”” The
precipitation of both a and @ phases is undesirable because it
leads to an increase in the elastic modulus and strength, which
leads to the problem of stress shielding.”” Hence, adding a
sufficient amount of f-stabilizer elements to Ti alloy can
improve its f-phase stability. Most of the f-stabilizer elements
that are used in Ti alloys are rare earth with high melting
temperatures which leads to issues, such as expensive raw
material costs and segregation during preparation.”>* There-
fore, new low-cost f-eutectic elements with low melting points
such as Cr, Mn, and Fe have been receiving a lot of attention in
the development of novel Ti alloys.

The deformability among different types of Ti alloys follows
the trend # > a + f# > a. This is because the f-type Ti alloys
exhibit a greater number of slip systems than other types of Ti
alloys.” The fraction of the /3 phase significantly 1nﬂuences the
mechanical and corrosion properties of Ti alloys.’® As
mentioned earlier, the percentage of f-stabilizer elements (i.e.,
Ta, Mo, Nb, Mn, Fe, and Cr) impacts the fraction of the ff phase
in Ti alloys.”*>* Therefore, the choice of -stabilizing elements

is of vital importance when developing new groups of Ti alloys.
Moreover, some electronic parameters including the valence
atom to electron ratio (e/a), atomic radius (Ar), molybdenum
equivalency (Mo,g), bond order (Bo), d-orbital energy level
(Md), and bonding force (BF) also play an important role for
predicting the p-stabilization, mechanical, superelastic, and
deformation behaviors of Ti alloys.”**°~*

1.2. Theoretical Approaches Rationale of Ti Alloys. The
initial design of new Ti alloys is based on the well known
theoretical approach developed by Morinaga et al,*” which is
called the DV-Xa cluster approach. The theoretical approach is
very effective for predicting the B-phase stability and various
deformation mechamsms for newly designed Ti alloys using two
electronic parameters.’” The mean values of Bo and Md for the
investigated Ti alloys were evaluated using eqs 1 and 2,
respectively

Bo = ) X,(Bo), (1)
Md = Y X,(Md), )

where X is the atomic fraction.
The aforementioned Bo—Md map presented in Figure 3 has
been used by many researchers to design new metastable § Ti
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Figure 3. Bo—Md map for designing Ti alloys. Reprinted with
permission from ref 58. Copyright 2006 Elsevier.

alloys with simultaneous twmmng and stress-induced martensite
(SIM) deformation mechanisms.”' The values of Bo and Md for
various elements are depicted in Figure 4. Notably, various
newly designed B Ti alloys have been in line with their
theoretical prediction usrng a Bo—Md map and the actual
deformation mechanism.”” Nonetheless, some newly designed
alloys show discrepancies between the theoretical deformation
mechanism using the Bo—Md map and the actual deformation
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2.84 where Zg, Bo, and Md are the compositional averages of the
effective charge experienced by the valence electron, bond order,
582 and metal d-orbital energy level, respectively.
’ Notably, for the last two decades, material scientists have been
working hard to design a biomaterial for implant applications
2.80 that could meet the compressive mechanical properties of
human bone using various theoretical parameters. A literature
8 2788 review shows that there are a lot of narrative reviews that have
been presented for Ti alloys in biomedical applications, but very
5 5 few studies are available based on a systematic review.
’ Therefore, in this work, a systematic review of the
compressive mechanical properties of Ti alloys for biomedical
2.74 applications is presented using the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) search
2 7o . strategy for the first time. Scopus, Web of Science, and PubMed
22 2.30 2.35 2.40 2.45 2.50 have been used as search databases for original articles from

Md

Figure 4. Vector diagram for individual elements in Ti on a Bo—Md
map. Reprinted with permission from ref 43. Copyright 1998 Elsevier.

mechanism.>” A new semiempirical approach has been recently
designed for the theoretical prediction of various deformation
mechanisms for newly designed 3-Ti alloys using the average
electron—atom ratio (e/a) and the atomic radius difference
(Ar)."”” The approach suggested by Wang et al. shows that the
twinning/SIM region has lower values of e/a in comparison to
the slip region, which actually occurs when e/a < 4 and Ar >
—2.5. Further, the value of ¢/a are at its peak for the twinning/
SIM region when Ar is approximately 0 and decreases as the
value of Ar increases. Hence, the ¢/a and Ar also influence the
prediction of various deformation behaviors for newly f-type Ti
alloys through controlling the lattice shear difficulty. However,
recently, a revised semiempirical approach based on e/a and Ar
has been proposed by Rabadia et al. for prediction of the
deformation mechanism of newly designed Ti alloys as
presented in Figure 5.

Mo, is another key parameter in predicting the deformation
behavior of a Ti alloy. According to one study, an alloy will
undergo a martensitic transformation during fast cooling if Mo,
is less than 10%, while if its value is greater than 10%, it can retain
in a metastable /3 state.*>®* It has been reported that the increase
in the value of Mo, enhances the f-phase stability of an alloy.
Mo, can be evaluated using eq 3%

[Mo]eq=[M0]+E+m+m+m
S 3.6 2.5 1.5

+ 1.25[Cr] + 1.25[Ni] + 1.7[Mn] + 1.7[Co]
+ 2.5[Fe] (3)

Notably, a newly introduced bonding force (BF)—d-electron
superelasticity theoretical approach was developed from the
compositional averages of the effective charge experienced by
the valence electron, bond order, and metal d-orbital energy
level to predict the superelastic behavior of Ti alloys.”’ By
combining Coulomb’s law and d-electron theory, the
interatomic bonding force (BF) of newly designed Ti alloys
can be calculated using eq 4
Z4Bo
BF x — )

2016 to 2022 that are reporting the effect of various elements on
the compressive mechanical properties of Ti alloys.

2. METHODS

The Web of Science, Scopus, and PubMed were electronically
searched for keywords (Beta-type OR ) AND Titanium AND
(Mechanical property OR Microstructure) AND Alloying
element.

The inclusion criteria are the articles that studied the effect of
different alloying elements on the microstructure and
compressive mechanical properties of newly designed Ti alloys
for biomedical applications between 2016 and 2022 and
published in English.

The exclusion criteria are the articles that did not study Ti
alloys with the effect of different alloying elements on their
compressive mechanical properties and microstructure.

Notably, it has been reported in the literature that the human
body exgeriences compressive loads during daily living activities
(DLA).®® Therefore, the influence of alloying elements on the
compressive mechanical properties of alloys is of crucial
importance for assessment of the alloy’s performance for
implant applications. Hence, in this work, research articles are
included that studied the compressive mechanical properties of
alloys, whereas research articles that studied the tensile
mechanical properties were excluded from the systematic
review.

The PRISMA flowchart is presented in Figure 6. Initially, 322
articles popped up using the previously mentioned keywords
and databases. Furthermore, 4 articles were added from other
sources. Among them 25 were duplicates, and 219 articles were
excluded after reading the title and abstract. By applying the
inclusion criteria, 45 articles were selected for full-text reading;
among them, 17 articles were excluded because of not fulfilling
the inclusion criteria in their entirety. Finally, 28 articles were
included in the study.

3. RESULTS

The studies®* ™" used the casting method for the fabrication of
dense alloys as presented in Table 2. By contrast, some of the
included studies®' ~*® investigated the compressive mechanical
properties of porous metals and metal foam for biomedical
applications. The main objectives and major findings for each
type of alloy included in this study are summarized in Table 2.

All of the incorporated studies””**~*>*7%% in this systematic
review evaluated the microstructures and compressive mechan-
ical properties of the investigated alloys. The biocompatibility
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Figure S. e/a—Ar diagram developed to distinguish the Slip and Twinning/SIM regions based on the reviews of published works. Reprinted with

permission from ref 62. Copyright 2021 ACS Publications.

and electrochemical properties have also been evaluated by the
studies® T***7* for the investigated alloys. These are the

. 24,66,67,69,70,72—74,78,81,83,84,87
studies™™">° "> o

that analyze the effect of a
series of alloying elements on their compressive mechanical
properties. The authors of some studies suggested the best alloy
among the investigated alloys based on their optimum
characteristics for biomedical applications. Therefore, the best
alloy suggested by the author among the series of alloys has been

considered in this systematic review.

Table 3 presents a comparative analysis of the quantitative
compressive mechanical features, including elastic modulus,
yield strength, ultimate compressive strength, hardness, and
elongation of alloys, in the incorporated studies. It can be noted
from Table 3 that each included study does not evaluate all of the
selected compressive mechanical features for the investigated
alloys. Among the dense materials, a study’® reported an
outstanding lowest elastic modulus of 14.72 GPa for Ti—2Zr—
0.1Nb—0.1Sn alloy, whereas studies®”**”® reported a low elastic
modulus of around 65 GPa for Ti—10Nb—5Sn, Ti—20Nb—1Ru,

https://doi.org/10.1021/acsomega.2c02096
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I Databases used for searching articles are
| Web of Science, Scopus and PubMed

Articles identified through
database searching n = 322

Articles identified through
other sources n = 4
J

IDENTIFICATION

|

A 4

\ 4

Duplicates n = 25

Articles after duplicates
removed n = 301

SCREENING

A\ 4

Articles excluded after reading
title/abstracts n = 219

Articles screened after

reading title/abstract n = 82

Articles excluded after application
of exclusion criteria n = 37

A 4

ELIGIBILITY

Articles selected for
reading full text n = 45

A 4

f Articles excluded after reading full
'L textn=17

Articles included in the
systematic review n = 28

INCLUDED

Figure 6. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart for the screening and selection strategy.

and Ti—25Zr—10Nb—10Ta—1.5Ag alloys in comparison to
other investigated alloys. Among the porous materials, a study®’
reported the lowest elastic modulus of 9.04 GPa for Ti—5Mo
alloy, and the highest elastic modulus was reported for Ti—SW
foam, which is 25 GPa.®® It can be observed from Table 3 that
the highest compressive and yield strength for dense Ti—5Mo—
5Ag alloy are reported® to be 2100 and 1694 MPa, respectively.
The maximum elongation and hardness for dense alloys are
reported”” to be 35.72% and 433.4 HV, respectively, for Ti—
38.3Ta—22Zr—8.1NDb alloys. Notably, addition of Si in a Ti—
Nb—Zr—Ta alloy is shown to be a suitable solution for the
strength—ductility trade-off dilemma.*~"" Ti—35Nb—7Zr—
STa—3Si, Ti—34.5Nb—6.9Zr—5Ta—1.4Si, and Ti—23.33Nb—
5Zr—1.67Ta—58i have high yield strengths of 1151, 1286, and
1569 MPa with low elastic moduli 0of 48.7 = 1,79 + 3, and 53 +
6 GPa, respectively.”” ™"

29531

The included studies in this systematic review developed and
characterized the alloys that are to be used in biomedical
applications. Therefore, it can be noted from Table 3 that the
primary phase in all of the investigated alloys is the bcc § phase
with or without the existence of @, @', @”, and @ phases in their
microstructures. Each mechanical features for the investigated
alloys will be discussed individually in the subsequent section.

4. DISCUSSION

The individual trends of compressive mechanical features
including the elastic modulus (GPa), yield strength (MPa),
ultimate compressive strength (MPa), elongation (%), and
hardness (HV) of the investigated alloys from the incorporated
studies in this systematic review are presented in Figures 7, 8, 9,
10, and 11, respectively.

https://doi.org/10.1021/acsomega.2c02096
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Figure 7 displays the elastic modulus of the studied alloys; the
highest elastic modulus was found to be 121 GPa for Ti—10Ta—
4Fe alloy.”” Ti—10Ta—4Fe exhibits such a high elastic modulus
value due to the presence of the @ phase in its microstructure.
Notably, the dense Ti—2Zr—0.INb—0.1Sn alloy exhibits a
remarkably low elastic modulus of 14.72 GPa despite containing
intermetallic phases, i.e., TiZr in its microstructure which is not
reported for the dense alloys.*> However, the study does not
mention the use of a strain gauge or extensometer for estimation
of the precise elastic modulus. Studies®”*”® have shown a
moderately low elastic modulus of around 65 GPa for Ti—
10Nb—5Sn, Ti—20Nb—1Ru, and Ti—25Zr—10Nb—10Ta—
1.5Ag alloys in comparison to other investigated alloys. These
alloys are alloyed with 10—20 wt % of Nb, which is a strong -
stabilizer element.”* Therefore, Ti—20Nb—1Ru and Ti—25Zr—
10Nb—10Ta—1.5Ag demonstrate a monolithic £ phase in their
microstructure, whereas Ti—10Nb—5Sn exhibits a # + a” phase

major findings
properties; moreover, it has been noted that coherent S2

and semicoherent S1 phases impede the dislocation
motion and dislocation initiation which correspondingly

increases the strength of the alloy
separate steps because of the consequent two different

phases cubic f-Ti and hexagonal (Ti, Zr), Si phase;
different sintering processing parameters were attributed

to different microstructure properties in bulk and

crystallized samples
Ti—24Nb—4Zr—7.9Sn possesses better fatigue strength

and larger plastic zones compared to the Ti—6Al—4V

increasing the porosity of a porous sample;
porous sample

(1) crystallization of metallic glass powder possesses two
(1) mechanical properties of Ti alloys can be improved by

;FEJ g % E in its microstructure.’”%%7% Increasing the Nb content leads to a
': g 5 g lower elastic modulus; Ti—10Nb—5Sn, Ti—20Nb—1Ru, and
%% g = Ti—ZSZr—IOng—IOTa—l.SAg alloys demonstrated a low
E = % o % & elastic modulus.”® It can be noted from this trend that most of
& & i the Fe-containing alloys demonstrate a higher elastic modulus.

However, Fe is a strong /f stabilizer, but it increases the elastic
modulus of Ti alloys.”””>”?

Figure 8 demonstrates the trends of the yield strength of the
studied alloys. Among the studied alloys, dense Ti—5Mo—S5Ag
alloy displays the highest yield strength of 1694 MPa, whereas
the lowest yield strength of 477 MPa was shown for a dense Ti—
31Nb—1.0Fe alloy.”* Among the porous materials, Ti—6Al—3Fe
demonstrates the highest yield strength of 1067 MPa whereas
Ti—5Mo displays the lowest yield strength of 320 MPa.*>*’
Alloys containing a single  phase have a low yield strength
compared to alloys containing a dual @ + f phase.

The ultimate compressive strength and elongation results of
the studied alloys are displayed in Figures 9 and 10. Ti—25Nb—
4Mn—1Sn and Ti—26Nb—SMn—4Zr have extremely high
values of the ultimate compressive strength and plasticity.”*®’
However, these high values have no significant impact because
none of the Ti—25Nb—4Mn—1Sn and Ti—26Nb—SMn—4Zr
alloys fail during the compression test until the maximum load
capacity, i.e,, 100 KN of the universal testing machine.”**” Ti—

objectives
structure, mechanical property, and strengthening mechanism of

the newly designed Ti—Nb—Zr—Ta—Si alloy
nonisothermal crystallization kinetics of mechanically alloyed

Ti—23.33Nb—5Zr—1.67Ta—5Si alloy
alloys through electron beam melting and characterize their

objective of this study is to produce porous Ti—24Nb—4Zr—7.9Sn
macrostructure and mechanical properties

this study focuses on a comparison of the isothermal and

o L4 B E. g SMo—SAg has the highest ultimate compressive strength of
ORI RN g g p g
. = _E= = e EEREE I 2100 MPa, and Ti—38.3Ta—22Zr—8.1Nb has a large plastici
g 2w g oB =] = g s g p
L g8 g8 2 =T =] 2 Q . .
g Ll £ 3 % goE PR g of 35.72%.°"* It has been reported in the literature that
5B R DS E 23 o . 1.
IR £ é % £ ég & § é e g g plasticity is directly proportional to -phase stability. It.can be
G5 gu E5582 8ETBIa3 noted from Table 3 that those alloys that have a dominant
. phase demonstrate a large plasticity.
.y & , B3 Figure 11 demonstrates the hardness of the studied alloys. It
S P Q5 s g y
=1 @ N-p -1 . .
5 £2 9350 y & £ ‘—;5) can be noticed that Ti—38.3Ta—22Zr—8.1Nb demonstrates the
2 Rk b= -
< 22% 57 FoE 8 maximum hardness of 433.4 HV among the dense alloys,
) o 8 6w kK I} g y
&L
o & S5 o bl § whereas Ti—25Nb—4Mn—1Sn demonstrates the lowest hard-
2L 0 T 2L & a B
s 3 EEREF I o2 ég ness of 228.4 HV among the studied alloys.”*’” None of the
£ w 235 é 2C g8 %:E orous materials have estimated the value of hardness. However,
o £ £55254 £:38 P 85
=5 g9 2 &% g . Ti—SW foam demonstrates a hardness of 271 HV.
EE SESESH oAb It can be observed from the included studies that 17 out of 24
- studies contain Nb as an alloying element in Ti alloys. This
2 . shows that combination of a binary Ti—Nb alloy has received
g & % “ more attention among the materials research community for
g £ 5 = biomedical applications. This is because Nb is a strong j
° ® 2 o stabilizer and reduces the elastic modulus and strength of Ti
2 ~ - alloys.”” However, Nb is a rare-earth and expensive material
% g 5 % having a high melting point.54’62 Therefore, it is very important
= s for material scientists to bear in mind the four important factors
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when designing new Ti alloys for biomedical applications: (i)
reducing the stress-shielding effect, (ii) controlling the
strength—ductility trade-off dilemma, (iii) application of low-
cost and abundantly available materials having low melting
points, and (iv) use of nontoxic elements.”*™" It has been
observed from the included studies that when scientists tried to
reduce the stress-shielding effect, which is an elastic modulus
mismatch between a bone and an implant material, the strength
was compromised to some extent. It is very important to keep

the balance between plasticity and strength to achieve optimum
functionality of the implant material.”® Luo et al. found that the
strength—ductility trade-off can be overcome by addition of Si to
Ti—Nb—Zr—Ta alloys due to formation of the globular S2 phase
in Ti alloys.””'* Notably, addition of Si to Ti—Nb—Zr—Ta
alloy forms high-strength Ti—Nb—Zr—Ta—Si alloy micro-
structures with a bee #-Ti matrix and hexagonal S2 reinforced
phase when fabricated by spark plasma sintering of the
nanocomposite powders, whereas the Ti—Nb—Zr—Ta—Si alloys
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produced by additive manufacturing show a different micro-
structure (thin shell-shaped metastable S1 phase surrounding
the columnar f-Ti grain) and mechanical properties. However, a
comparison of the processing technologies is not the scope of
this work, but both processing technologies show a moderate
balance between high strength and low modulus due to the
addition of Si in Ti—Nb—Zr—Ta alloys, which makes them an
ideal candidates for biomedical applications.”” "' It has been
reported in the literature that alloying elements have different

types of phase-stabilizing effects on Ti alloys. f-Phase stabilizers
are divided into two categories: (i) f-eutectic (Fe, Mn, Cr) and
(ii) p-isomorphous (Nb, Mo, Ta, W). It has also been reported
that neutral elements such as Zr and Sn have no effect on the
phase stability of Ti alloys, but when alloyed with f-stabilizer
elements, they also stabilize the /3 phase along with them.'"!
Although the combination of a Ti—Nb binary alloy is effective
for biomedical applications, its percentage should be reduced
with other alloying elements. The balanced combination of
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alloying elements that are alloying one element from the f-
isomorphous category, one element from the p-eutectic
category, and one element from the neutral category in Ti
alloys would display a balanced mechanical performance as
reported by some studies as well.'”**

Therefore, in the author’s opinion, when designing low
modulus, moderate strength, and low-cost Ti alloys for
biomedical applications, combination of a Ti—Nb binary alloy
along with some fS-eutectic elements (Fe, Cr, Mn) and neutral
elements (Sn, Zr) in appropriate percentages would be an ideal
material for biomedical applications. This is because the
addition of Nb in Ti alloys can significantly lower the elastic
modulus and stabilizes the # phase. However, addition of Nb
lowers the compressive yield strength as well, which could be
increased by the addition of S-eutectic elements (Fe, Cr, Mn)
and neutral element (Sn, Zr) in Ti—Nb alloys. Moreover,
addition of Si in Ti—Nb—Zr—Ta alloys improves its yield
strength and lowers the elastic modulus. Finally, this systematic
review comprehensively reported the effect of different alloying
elements on the compressive mechanical performance of Ti
alloys that would be very useful for the material research
community in designing new f-type Ti alloys for biomedical
applications.

5. CONCLUSION

The following concluding remarks of this systematic review are
as follows.

(1) Analyses of the compressive mechanical features of Ti
alloys for biomedical applications are of utmost
importance as human bones are primarily experiencing
compressive loads during their daily living activities.

(2) Element selection and its percentage to be alloyed with Ti
for biomedical applications must be balanced, and its
effect should be theoretically predicted using the various
reported theoretical approaches in this systematic review.

(3) The combination Ti—Nb binary alloy has emerged as an
attractive material for designing low elastic modulus Ti
alloys. To further improve the mechanical performance of
Ti—Nb alloys, f-eutectic (Fe, Cr, and Mn) and neutral
(Zr, Sn) elements should be alloyed with a Ti—Nb binary
alloy.

(4) Addition of Si to Ti—Nb—Zr—Ta alloys improves its
biomechanical performance, which could be an optimum
solution to overcome the strength—ductility trade-off
dilemma in Ti alloys produced for biomedical applica-
tions.

(5) This work reports the effect of alloying elements on the
compressive mechanical properties. In the future, a
systematic review on the effect of interstitial elements
and heat treatments on the compressive mechanical
performance of Ti alloys will be presented which has not
been reported yet as a systematic review.
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