
Chapter 7

Enhancing Functionalities of Metallic

Materials by Controlling Phase Stability

for Use in Orthopedic Implants

Masaaki Nakai, Mitsuo Niinomi, Ken Cho, and Kengo Narita

Abstract This chapter aims to review the recent trends pertaining to the enhanced

functionalities, including low Young’s modulus, self-tunable Young’s modulus,

and low magnetic susceptibility, of titanium and zirconium alloys for use in

orthopedic implants. These value-added functionalities can be realized by control-

ling the type of crystal structure and their lattice structure stabilities, which are

related to the phase stability of titanium and zirconium alloys.
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7.1 Introduction

One of the most important factors concerning the use of orthopedic implants is to

ensure safety in usage, which is often associated with their mechanical reliability to

endure physiologically cyclic loading and unexpected large loads during treatment.

Given these considerations, metallic materials are advantageous over ceramic and

polymeric materials for use as implantable materials. Therefore, more than 80 % of

the implant devices used till date are made of metallic materials [1]. Another

important factor concerning the use of orthopedic implants is their toxicity toward

living tissues. In general, the human body inherently resists any incoming toxic

element. In other words, human body exhibits low permittivity to highly toxic

elements eluted from orthopedic implants [2]. That is, the toxicity of orthopedic

implants depends not only on the nature of the metallic elements but also on the

amount of them, which, in turn, strongly depends on the corrosion resistance of

each metallic material. Therefore, in the human body, a metallic material with high

corrosion resistance is highly imperative to ensure their safe usage as orthopedic

implants.
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Conventionally, industrial metallic materials with high corrosion resistance,

such as stainless steels (SUS316L), titanium (Ti) alloys (CP Ti and Ti–6Al–4V

ELI alloys), and cobalt (Co) alloys (Co–Cr alloys), have been widely used in

biomedical applications [3]. Among these materials, Ti alloys have recently

attracted considerable attention because of the feasibility of imparting improved

functionalities to orthopedic implants. For instance, Ti undergoes allotropic trans-

formation at 1,155 K, which is considered to be very important in terms of phase

stability to obtain various functions. In simple terms, Ti alloys can be tuned to

perform special functions by adept control of phase stability by varying the

chemical composition. In addition, zirconium (Zr), which is one of the congeners

of Ti, has also received considerable attention, and new Zr alloys for orthopedic

implants have been developed on the basis of phase stability.

In this chapter, we have reviewed the latest trends in the development of Ti and

Zr alloys for orthopedic implants with special functionalities, especially those

obtained by controlling phase stability.

7.2 Low Young’s Modulus

During orthopedic surgery, the use of metallic material with Young’s modulus

higher than that of the bone can lead to excess bone resorption due to the inhibition

of load transfer to the bone (stress shielding effect) [4, 5]. Among the different

metallic materials, Ti alloys exhibit high strength and relatively low Young’s

modulus. Furthermore, among the different Ti alloys, β-type Ti alloys consisting

of bcc-β phase generally exhibit Young’s modulus lower than those of α-type and
(α+ β)-type Ti alloys consisting of hcp-α and (hcp-α + bcc-β) phases, respectively.
This can be attributed specifically to their crystal structures, as shown in Fig. 7.1

[6]. Given this consideration, several studies have focused on the reduction of the

Young’s modulus of β-type Ti alloys closer to that of the bone [7–13].

The Young’s modulus of β-type Ti alloys is considered to be closely related to

the stability of the β-phase. For example, the Young’s modulus of Ti–Nb alloys,

which is quenched above the β transus temperature, depends on the niobium

(Nb) content [14, 15]. Depending on the chemical composition, Ti alloys exhibit

some intermediate phases, such as non-equilibrium hcp-α0, orthorhombic-α00, and
hexagonal- or trigonal-ω phases between the equilibrium α and β phases [17]. As a
function of the chemical composition, the Young’s modulus of Ti–Nb alloys shows

local maximum at the chemical composition in which the ω phase is formed by

quenching (Ti–30Nb). Conversely, the Young’s modulus of Ti–Nb alloys shows

local minimum at the chemical composition in which the lowest Nb content in the

range of the non-ω phase is formed by quenching (Ti–40Nb) [14, 15]. This implies

that the formation of the ω phase has to be suppressed in order to obtain low

Young’s modulus in β-type Ti alloys [16]. Furthermore, studies on the temperature

dependence of the Young’s moduli of Ti–Nb–Al [11] and Ti–Nb–Sn [9, 16] alloys

show that their Young’s moduli reduce close to their α00 martensitic transformation

temperature. Figure 7.2 [11] shows a typical example of this case in Ti–24Nb–3Al
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alloys (only the chemical composition of this alloy is expressed using mol% in this

chapter). Therefore, in order to obtain the lower Young’s modulus of β-type Ti

alloys closer to room temperature or body temperature, the chemical composition

of the alloys should be determined to be their α00 martensitic transformation
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temperatures just below these temperatures [16]. Newly developed β-type Ti alloys
such as Ti–Nb–Ta–Zr [7, 8], Ti–Nb–Sn [16, 9, 15], Ti–Nb–Al [11, 17], Ti–Nb–Ta

[18], and Ti–Nb–Zr–Sn [10] alloys are considered to satisfy the abovementioned

requirements for obtaining low Young’s modulus of the order of 40–60 GPa, which

is close to that of the bone (10–30 GPa) [19].

However, the mechanical reliability of these β-type Ti alloys with low Young’s

modulus is typically lesser than that of a common (α + β)-type Ti–6Al–4V ELI

alloy. Therefore, improvement in the mechanical reliability of β-type Ti alloys

with low Young’s modulus is currently under study [20, 21]. The static strength,

namely, the tensile strength and 0.2 % proof strength of β-type Ti alloys with

maintaining low Young’s modulus can be achieved to the level of those of

Ti–6Al–4V ELI alloy by severe cold working such as severe cold rolling, swaging

and forging, and severe plastic deformation such as high pressure torsion (HPT)

[5, 22, 23]. However, the dynamic strength, namely, the fatigue strength with

maintaining low Young’s modulus cannot be improved by severe cold working or

severe plastic deformation [24]. Therefore, to improve fatigue strength of β-type
Ti alloys, introducing the secondary phases such as α and ω phases, which are

formed by aging, in the β-phase matrix is effective, but increases the Young’s

modulus. Therefore, controlling the amount of the secondary phase should be

considered to maintain the Young’s modulus as low as possible. One of the way to

introduce a small amount of the secondary phase is short-time aging at a relatively

low temperature. In this case, the ω phase is attractive because it increases

remarkably the strength of β-type Ti alloys although increasing the Young’s

modulus. For example, as a result of introducing a small amount of the ω phase

by the sort-time aging, the fatigue strength of Ti–29Nb–13Ta–4.6Zr alloy, which

is one of the β-type Ti alloys with low Young’s modulus for biomedical applica-

tions, increases to a level of that of Ti–6Al–4V ELI alloy while maintaining its

Young’s modulus around 75 GPa [20]. Furthermore, introducing a small amount

of ceramics such as TiB and Y2O3 to the β-phase matrix is also effective to

improve the fatigue strength of β-type Ti alloys [21, 25]. Figure 7.3 [21] shows

maximum cyclic stress-fatigue life (the number of cycles to failure) curves,

namely, S-N curves of Ti–29Nb–13Ta–4.6Zr alloys with different Y2O3 additions

obtained from fatigue tests where the amounts of Y2O3 are expresses as Y

concentrations. The fatigue strength is highly improved by Y2O3 additions both

in low- and high-cycle-fatigue life regions, where the number of cycles to failure

is less than 105 cycles and exceeds 105 cycles, respectively. The fatigue limit

of the alloy with 0.1mass% Y is the greatest among the alloys with different

Y concentrations. Young’s moduli of Ti–29Nb–13Ta–4.6Zr alloys with different

Y2O3 additions are shown in Fig. 7.4 [21]. It indicates that Young’s moduli of

Ti–29Nb–13Ta–4.6Zr alloys with different Y2O3 additions are almost similar to

that of Ti–29Nb–13Ta–4.6Zr alloy without Y2O3 addition, which is around

60 GPa.
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7.3 Wear Properties of Low Young’s Modulus

Titanium Alloy

Some orthopedic implants consist of more than one component with metal-to-metal

contacts such as spinal fixation devices so that the wear properties of materials is

important for use in such the applications. A difference of wear behavior between
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Ti–6Al–4V ELI alloy and Ti–29Nb–13Ta–4.6Zr alloy was investigated [26, 27].

Volume loss of Ti–29Nb–13Ta–4.6Zr alloy was larger than that of Ti–6Al–4V ELI

alloy for both discs and balls (mating materials) in the ball-on-disc type wear testing

as shown in Fig. 7.5 [26]. According to wear track observations shown in Fig. 7.6

[27], continuous uniform groove and micro cutting, indicative of abrasion, and

oxide debris are observed on the worn surface of Ti–6Al–4V ELI alloy. On the

other hand, severe plowing, massive surface deformation, many cracks, and some

traces of spalling in the form of platelets, indicative of delamination, are observed

on the worn surface of Ti–29Nb–13Ta–4.6Zr alloy. These observation results

indicate that the resistance to plastic shearing of Ti–29Nb–13Ta–4.6Zr alloy is

lower than that of Ti–6Al–4V ELI alloy, which is intrinsically related to low

Young’s modulus, resulting in different wear behaviors between these two alloys.

7.4 Self-Tunable Young’s Modulus

In case of spinal fixation devices, high rigidity can increase the risks of stress

shielding effect and adjacent segment degeneration. Therefore, materials with low

Young’s modulus are often preferred to realize healthy spine formation [28, 29].

However, these devices also require high Young’s modulus as they are subjected to

bending during surgery to obtain the physiological curvature of the spine [30].

In this case, the device must be bent within a limited space inside the patient’s body.

Therefore, it is often difficult for the surgeon to make an intended curvature if the

spring-back of the spinal fixation devices is relatively large [31]. Furthermore, it has
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been reported that the bending tool used by a surgeon to bend the device often leads

to scratches on the device surface during the surgery. This, in turn, decreases the

mechanical reliability of the spinal fixation devices [32]. Large spring-back leads to

difficulty in bending, resulting in the repetition of contouring during operation. This

increases the risk of failure of spinal fixation devices [33]. The degree of spring-

back depends on both the strength and Young’s modulus of spinal fixation devices.

Given the same strength, it is the spinal fixation devices with higher Young’s

modulus that will exhibit a smaller spring-back. That is, these devices are often

preferred to suppress the spring-back [34]. Therefore, there is a conflicting require-

ment in Young’s modulus from the viewpoint of patients and surgeons, which

cannot be completely satisfied by β-type Ti alloys with low Young’s modulus

[31]. In order to overcome this issue, recent studies have proposed a novel concept

using a deformation-induced ω-phase transformation in β-type Ti alloys [31], such
as Ti–Cr [35], Ti–Mo [36], Ti–Zr–Mo [37], Ti–Zr–Mo–Cr [38], and Ti–Cr–O [39]

alloys. These materials exhibit novel functionality, wherein the deformed material

possesses high Young’s modulus, while the non-deformed part has low Young’s

modulus. This is made possible by the phenomenon of deformation-induced

Fig. 7.6 Scanning electron micrographs of worn surfaces of a β-type titanium alloy with

low Young’s modulus (Ti-29Nb-13Ta-4.6Zr alloy (mass%) (TNTZ)) and a conventional (α + β)-
type titanium alloy (Ti-6Al-4V ELI alloy (mass%) (Ti64)) after ball-on-disc wear tests; (a) Ti64

disc against Ti64 ball, (b) TNTZ disc against Ti64 ball, (c) Ti64 disc against TNTZ ball, and (d)

TNTZ disc against TNTZ ball [27]
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ω-phase transformation localized within the deformed part of the material,

which provides an opportunity to satisfy the conflicting requirement in terms of

Young’s modulus.

Figure 7.7 [31] shows the Young’s moduli of β-type Ti alloys, Ti–12Cr alloy

with self-tunable Young’s modulus and Ti–29Nb–13Ta–4.6Zr alloy with low

Young’s modulus, after being subjected to solution treatment and cold rolling.

The Young’s moduli of both Ti–12Cr and Ti–29Nb–13Ta–4.6Zr alloys subjected

to solution treatment are almost similar of the order of 60–70 GPa. After being

subjected to cold rolling, Ti–29Nb–13Ta–4.6Zr alloy, in which no phase transfor-

mation occurs during cold rolling, reveals Young’s modulus almost similar to that

subjected to solution treatment. Conversely, the Young’s modulus of Ti–12Cr alloy

is found to increase with cold rolling. The microstructure of Ti–12Cr alloy after

cold rolling, as observed using a transmission electron microscope, indicates the

formation of the ω phase. In general, the formation of the ω phase significantly

increases the Young’s modulus of β-type Ti alloys [24]. Therefore, the observed

increase in Young’s modulus of Ti–12Cr alloy as a result of cold rolling could be

attributed to the deformation-induced ω phase transformation [31, 35]. The increase

in Young’s modulus due to the deformation-induced ω phase transformation was

also confirmed experimentally, as shown in Fig. 7.8 [35], which indicates that

the spring-back of Ti–12Cr alloy could be suppressed in comparison to that of

Ti–29Nb–13Ta–4.6Zr alloy.
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7.5 Low Magnetic Susceptibility

Conventionally, magnetic resonance imaging (MRI) is used for the diagnosis of

various diseases. However, when metallic orthopedic devices are implanted in the

human body, deficits and distortions are formed in the images of organs and tissues

around the implant (artifact), hindering the exact diagnosis performed using a MRI.

The artifacts formed by the metallic materials could be ascribed mainly to the

difference in magnetic susceptibilities between living tissues and metallic materials

[2]. The magnetic susceptibility of living tissues reveals diamagnetism, while that

of water being �9� 10�6 cm3g�1 [40]. On the other hand, Ti, being paramagnetic,

has the magnetic susceptibility of 3.2� 10�6 cm3g�1 [41]. This magnetic suscep-

tibility of Ti is much lower than that of ferromagnetic iron (Fe) and Co, but still

higher than that of water. Therefore, Zr, which is a congener of Ti, also exhibits a

smaller magnetic susceptibility of 1.3� 10�6 cm3g�1, [41]. This property has

gained significant attention, and it forms the genesis for the recent developments

of Zr alloys, such as Zr–Nb [41, 42] and Zr–Mo [43, 44] alloys. The dependence of

magnetic susceptibility on the Nb content in Zr–Nb alloys is shown in Fig. 7.9 [41].

As is seen, the magnetic susceptibility of Zr–Nb alloys varies as a function of Nb

content, showing a local minimum for the Nb content of 3–9 mass% [41]. As Zr

undergoes allotropic transformation similar to Ti, the concept of the phase stability

in Zr alloys is similar to that of Ti alloys. Therefore, the phase stability of Zr alloys

depends on the chemical composition. The allotropic transformation results in the

formation of some intermediate phases, such as non-equilibrium α0 and ω phases, in

addition to the equilibrium α and β phases [41–43]. In Zr–Nb alloys, the magnetic

susceptibility of Zr–(3–9)Nb alloys reveals local minimum with Zr–3Nb, Zr–6Nb,

and Zr–9Nb alloys consisting of single α0 phase, (α0 +ω + β) phases, and (ω + β)
phases, respectively. However, given the volume fractions of each phase, the ω
phase is considered to have the lowest magnetic susceptibilities among these phases
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[41]. Analogously, Zr–3Mo alloys consist of (ω+ β) phases, revealing the lowest

magnetic susceptibility of below 1.1� 10�6 cm3g�1 among both Zr–Nb and Zr–Mo

alloys [43].

7.6 Summary

Metallic materials used in orthopedic implants are required to have high mechanical

reliability and corrosion resistance. In addition to these conventional properties,

additional value-added functionalities are being considered beneficial for the suc-

cessful use of metallic materials in orthopedic implants. Therefore, in this chapter,

the authors have reviewed the recent topics pertaining to the improved functional-

ities (low Young’s modulus, self-tunable Young’s modulus, and low magnetic

susceptibility) of titanium and zirconium alloys via controlling the phase stability,

which imparts essential functionalities to the implants. This overview is expected to

facilitate a better understanding of biomedical metallic materials in potential future

applications.
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