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Abstract: Metals for biomedical implant applications require a simultaneous achievement of high
strength and low Young’s modulus from the viewpoints of mechanical properties. The American
Society for Testing and Materials (ASTM) standards suggest two types of processing methods to
confer such a mechanical performance to Ti-13Nb-13Zr alloy: solution treatment (ST) and capability
aging (CA). This study elucidated the kinetics of CA process in Ti-13Nb-13Zr alloy. Microstructural
evolution and mechanical change were investigated depending on the CA duration from 10 min
to 6 h. The initial ST alloy possessed the full α′-martensitic structure, leading to a low strength,
low Young’s modulus, and high ductility. Increasing CA duration increased mechanical strength
and Young’s modulus in exchange for the reduction of ductility. Such a tendency is attributed to
the decomposition of α′ martensite into (α+β) structure, particularly hard α precipitates. Mechanical
compatibility (i.e., Young’s modulus compensated with a mechanical strength) of Ti-13Nb-13Zr alloy
rarely increased by changing CA duration, suggestive of the intrinsic limit of static heat treatment.
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1. Introduction

Ti-6Al-4V alloy is one of the most used titanium alloys due to its good mechanical properties,
lightweight characteristics, and high corrosive resistance. The alloy has been used in various
industries including aerospace, automotive, and biomedical applications. For the last section, however,
researchers have claimed that toxic Al and V ions are released in a human body by wear and corrosion
of the Ti-6Al-4V alloy [1]. This led to various endeavors to replace those alloying elements with safer
ones, such as Nb, Ta, and Zr [2]. Ti-13Nb-13Zr alloy is one of accomplishments from such endeavors,
which is registered in the American Society for Testing and Materials (ASTM) standards for surgical
implant applications [3].

Besides the cytotoxicity, implant materials have two requirements in terms of mechanical properties:
high strength and low Young’s modulus. The latter is the main interest, because it is much more
difficult to control in comparison to the former. Young’s modulus of human bone tissue is reported to
be 10–30 GPa [4]. Although Ti and its alloys have been used for biomedical applications, their elastic
moduli are still higher than that of bone tissue [5]. Excessive Young’s moduli of traditional biomedical
metals (e.g., Co-Cr-Mo, Grade 4 Ti, Ti-6Al-4V, and stainless steels) lead to a stress-shielding effect;
they decrease an amount of stress applied to bone tissue near an implant, resulting in the weakening
of human bone [6]. Compared with those materials, Ti-13Nb-13Zr is also beneficial to biomedical
applications due to its moderately low Young’s modulus.
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Mechanical properties of Ti alloys, including Young’s modulus, are tailored by either plastic
deformation or heat treatment. Both approaches change a microstructure of alloy towards the way
beneficial to mechanical improvement. For example, Park et al. [7] employed a cross-rolling of
water-quenched Ti-13Nb-13Zr to exploit a beneficial effect of dynamic globularization. Lee et al. [6]
recently suggested a cold caliber rolling to confer high strength and low Young’s modulus to
Ti-13Nb-13Zr alloy. According to their study, the improvement stemmed from the effective grain
refinement and formation of metastable martensitic phases. In contrast, relatively less attention has
been paid to the other type of approach (i.e., heat treatment). Although Geetha et al. [8] and Majumdar
et al. [9] carried out an extensive study of heat treatment, they focused on heat-treatment temperature
and cooling rate rather than heat-treatment duration. The objective of this study is to clarify the kinetics
of heat treatment in Ti-13Nb-13Zr alloy. Specifically, this study elucidates the relationship between the
heat-treatment duration and mechanical compatibility (i.e., Young’s modulus compensated with a
mechanical strength) of Ti-13Nb-13Zr alloy.

2. Materials and Methods

The Ti-13Nb-13Zr alloy used in this study possessed a specific chemical composition of
13.8 mass% Nb, 14.0 mass% Zr, 0.06 mass% Fe, 0.07 mass% O, 0.01 mass% C, 0.007 mass% N,
and balance Ti. Samples were prepared in the dimension of 10 × 10 × 5 mm3. Geetha et al. [10]
reported β-transus temperature (Tβ) of 1,008 K for Ti-13Nb-13Zr alloy. Accordingly, Ti-13Nb-13Zr
specimens were solution treated (ST) for 1073 K for 1 h and then soaked in a water bath to induce a
rapid cooling [6,7]. Sections of these specimens were subsequently aged at 773 K for 10 min, 60 min,
180 min, and 360 min, respectively, followed by air cooling. ASTM standard for the Ti-13Nb-13Zr
alloy [3] refers to this aging process as a “capability aging” (CA). Hereafter, the aged specimens are
denoted as CA10, CA60, CA180, and CA360 where the numbers indicate their CA duration in minutes.

The samples were water-abraded with #400, #800, #1200, #2400 emery paper, and then treated
in different ways for characterization methods. No evidence for oxidation has been found after
the mechanical polishing. Samples for X-ray diffraction (XRD, D8 Advance, Bruker, Billerica, MA,
USA) analysis were mirror-polished using 3-µm and 1-µm ethanol-based diamond suspensions,
respectively. Samples for scanning electron microscopy (SEM, SU8020, Hitachi, Tokyo, Japan) were
prepared in the same manner followed by the final polishing with 0.05-µm colloidal silica. Afterwards,
SEM specimens were chemically etched in an aqueous solution containing 2% nitric acid and 2%
fluoric acid. Samples for electron backscatter diffraction (EBSD, FEI QUANTA 3D FEG, Hillsboro,
OR, USA) analysis were electropolished at 35 V in a solution of 5 mL perchloric acid (6%) and 95 mL
methanol. XRD measurement was performed in 2θ range from 30◦ to 40◦ at a scan speed of 0.75◦·min−1.
EBSD data were analyzed using the TSL OIM software ver. 8 with a confidence index higher than 0.1.

Young’s modulus of heat-treated Ti-13Nb-13Zr alloys was determined in two ways. First, the alloys
were machined into a cylindrical tensile specimen with gauge length in 10 mm and gauge diameter in
2.5 mm. Tensile tests were repeated three times at a strain rate of 10−3 s−1 to secure a data reproducibility.
Second, Young’s modulus (E) was measured using the velocities of an ultrasonic longitudinal wave
(VL) and transverse wave (VT), expressed as follows [11]:

E = [ρVT
2(3VL

2
− 4VT

2)]/(VL
2
− VT

2), (1)

where ρ is the density of the investigated alloys.

3. Results

Figure 1 demonstrates microstructures of the investigated Ti-13Nb-13Zr alloys. ST alloy was
investigated through the EBSD analysis as the SEM observation rarely confirmed its fine laths.
The average width of its laths was determined to be 0.51 ± 0.24 µm (numbers including the standard
deviation). The EBSD micrograph also confirmed a high frequency of submicron-sized twins inside
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relatively thick laths. These results are in good accordance with microstructural characteristics observed
by transmission electron microscopy (TEM) [12]. The EBSD analysis yielded a volume fraction of
β phase of 0.6%; however, this phase is highly likely to be absent in the ST alloy considering the
thermomechanical processing route as well as an experimental error of measurement. This leaves the
deduction that the ST alloy was fully composed of α-variant phases (i.e., α, α′, and α”). The detailed
phase constituents in the investigated Ti-13Nb-13Zr alloys are further discussed in Section 4.
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Figure 1. Microstructure of the investigated Ti-13Nb-13Zr alloys: (a) electron backscatter diffraction
(EBSD) inverse pole figure map of ST alloy; (b) SEM micrograph of CA10, (c) CA60, (d) CA180, and (e)
CA360 alloys.

Although CA samples presented the similar lath structure, the average width increased with an
increase in CA duration: 1.64 ± 0.5 µm for CA10, 2.42 ± 1.3 µm for CA60, 2.73 ± 1.1 µm for CA180,
and 3.01 ± 1.5 µm for CA360. This is not surprising because the longer CA process induced more active
atomic diffusion and grain growth. The length of α laths extends more rapidly when compared with
the thickness due to the diffusional ledge mechanism [13]. It is also noted that the CA360 alloy was
fabricated on the basis of the ASTM standard [3]. This standardized procedure rapidly increased the
lath width six-fold in comparison to that of the ST sample. The rate of grain growth became retarded
as the alloy was aged for a longer duration. For example, the lath size increased by 0.78 µm after CA
treatment from 10 min to 60 min, whereas it increased by 0.28 µm from 180 min to 360 min despite
3.6-time longer duration of the heat treatment.

Figure 2 presents the XRD line profile of the investigated Ti-13Nb-13Zr alloys. All samples show
peaks at 2θ angle of 34.5◦, 38◦, and 39.5◦. These peaks correspond to the α-variant phases, which are
hardly distinguishable via XRD analysis due to a negligible difference in 2θ angles among the phases [6].
Nevertheless, the peaks for ST alloy are considered as the indication of α′ martensite, as discussed
in Section 4. It is of particular note that CA180 and CA360 alloys exhibited a “shoulder” peak in the
vicinity of the peak generated at 2θ angle of 38◦, as marked by the arrows in Figure 2. Such a peak
corresponds to (110)β as confirmed in previous studies [14–16].



Crystals 2020, 10, 693 4 of 8Crystals 2020, 10, x FOR PEER REVIEW 4 of 8 

 

 

Figure 2. XRD line profiles of the investigated Ti-13Nb-13Zr alloys. The arrows indicate the 

“shoulder” peak corresponding to (110)β phase. 

Figure 3 shows a tensile deformation behavior of the investigated Ti-13Nb-13Zr alloys. 

Obviously, the flow curves of CA alloys are distinguished from that of the ST alloy in the aspects of 

an increase in yield strength (YS), ultimate tensile strength (UTS), and Young’s modulus (E) as well 

as a decrease in elongation to failure (EL). Even the short-time (10 min) CA treatment considerably 

increased the mechanical strength in exchange for the EL reduction. Such trends (i.e., increasing 

strengths and decreasing EL) were intensified with an increase in CA duration. Meanwhile, ST alloy 

exhibited a remarkable hardening (i.e., UTS—YS) of 247 MPa, which was suppressed after applying 

the CA process, as shown in Figure 3b. The hardening decreased with increasing CA duration: 82 

MPa for CA10, 76 MPa for CA60, 66 MPa for CA180, and 54 MPa for CA360. 

 

Figure 3. (a) Engineering stress-strain curves and (b) variation in mechanical strengths of the 

investigated Ti-13Nb-13Zr alloys as a function of capability aging (CA) duration. The data at the zero 

duration in Figure 3b indicate YS and UTS of ST alloy. 

Figure 4 demonstrates increasing elastic moduli with increasing duration of the CA process, 

which is similar to the tendency for YS and UTS shown in Figure 3b. The trends were consistent in 

both measurements (i.e., tensile test and ultrasonic method). The data obtained from the slope of flow 

curve in the elastic regime were consistently higher than those measured via the ultrasonic method. 

Such a difference is acceptable in light of the intrinsic nature of the ultrasonic method, consistent with 

previous studies [11,17]. The mechanical properties of ST and CA360, fabricated on the basis of the 

ASTM standard, are in good accordance with those reported earlier [3,6,7], ensuring the data 

reliability of the present measurements. Table 1 summarizes the data of mechanical properties for the 

investigated materials. 

Figure 2. XRD line profiles of the investigated Ti-13Nb-13Zr alloys. The arrows indicate the “shoulder”
peak corresponding to (110)β phase.

Figure 3 shows a tensile deformation behavior of the investigated Ti-13Nb-13Zr alloys. Obviously,
the flow curves of CA alloys are distinguished from that of the ST alloy in the aspects of an increase in
yield strength (YS), ultimate tensile strength (UTS), and Young’s modulus (E) as well as a decrease
in elongation to failure (EL). Even the short-time (10 min) CA treatment considerably increased the
mechanical strength in exchange for the EL reduction. Such trends (i.e., increasing strengths and
decreasing EL) were intensified with an increase in CA duration. Meanwhile, ST alloy exhibited
a remarkable hardening (i.e., UTS—YS) of 247 MPa, which was suppressed after applying the CA
process, as shown in Figure 3b. The hardening decreased with increasing CA duration: 82 MPa for
CA10, 76 MPa for CA60, 66 MPa for CA180, and 54 MPa for CA360.
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Figure 3. (a) Engineering stress-strain curves and (b) variation in mechanical strengths of the
investigated Ti-13Nb-13Zr alloys as a function of capability aging (CA) duration. The data at the zero
duration in Figure 3b indicate YS and UTS of ST alloy.

Figure 4 demonstrates increasing elastic moduli with increasing duration of the CA process,
which is similar to the tendency for YS and UTS shown in Figure 3b. The trends were consistent in
both measurements (i.e., tensile test and ultrasonic method). The data obtained from the slope of flow
curve in the elastic regime were consistently higher than those measured via the ultrasonic method.
Such a difference is acceptable in light of the intrinsic nature of the ultrasonic method, consistent with
previous studies [11,17]. The mechanical properties of ST and CA360, fabricated on the basis of
the ASTM standard, are in good accordance with those reported earlier [3,6,7], ensuring the data
reliability of the present measurements. Table 1 summarizes the data of mechanical properties for the
investigated materials.
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Table 1. Mechanical properties of the investigated ST and CA alloys.

Sample YS (MPa) UTS (MPa) E (GPa) * E (GPa) † EL (%)

ST 454 701 63.4 64.8 17.8
CA10 758 840 76.1 69.5 5.3
CA60 777 853 76.8 70.7 5.8

CA180 785 851 77.8 71.3 4.1
CA360 816 870 82.6 76.3 3.7

* Measured from the slope of flow curves in the elastic regime; † measured via the ultrasonic method.

4. Discussion

The Ti-13Nb-13Zr alloy can have five types of phases depending on a thermomechanical
processing route: hexagonal close-packed (hcp) α, body-centered cubic β, hcp ω, hcp α′ martensite,
and orthorhombic α” martensite. The α and β phases are stable phases, while the others are
metastable. Ti-13Nb-13Zr alloy has a significantly lower Tβ as compared with Ti-6Al-4V alloy [10].
Davidson et al. [18] suggested a martensite starting and finishing temperatures of 823 K and 758 K,
respectively. Accordingly, the water quenching from the temperature above Tβ induced the formation
of full α′-martensitic structure in ST alloy. Kobayashi et al. [19] conducted a TEM study related to
phase transformation in Ti-13Nb-13r alloy during a heat treatment at 873 K. A rapid cooling from
the β domain causes a phase transformation into the full α′-martensitic phase, as consistent with the
literature above. The subsequent heat treatment at 873 K leads to the formation of α”,ω, and β phase
in order with increasing duration from 5 min to 24 h. The size and volume fraction of α precipitates are
proportional to the heat-treatment temperature [20,21], of which the present condition (773 K) was
lower than that adopted by the previous work (873 K) [19]. This resulted in significantly small phases
in the present CA alloys. In other words, α” and ω phases, as well as β in the short-time aged samples,
were too small to be observed through SEM and EBSD methods. Meanwhile, α phase precipitated at
the phase interfaces and twin boundaries of the initial α′ martensite, resulting in the decomposition
into stable α and β phases [22]. Their conclusions are consistent with the present results of (i) the full
α′-martensitic structure of ST alloy, (ii) the presence of β peaks for CA180 and CA360 samples, and (iii)
the decomposition of α′ martensite into α and β phases during the CA process.

Young’s modulus is an intrinsic material property determined by the atomic bonding forces.
Such forces are dependent not only on a crystal structure but also on the distance between atoms,
and thus affected by alloying elements, heat treatment, and plastic deformation [23,24]. In the present
study, the primary factor for Young’s modulus is the presence of various phases. The lowest Young’s
modulus of ST alloy arose from the full α′-martensitic structure [9]. The subsequent CA process induced
the formation of hard α precipitates possessing higher strength and Young’s modulus [25]. Increasing
fraction of this phase with increasing CA duration gave rise to an increment in strength and Young’s



Crystals 2020, 10, 693 6 of 8

modulus of the investigated Ti-13Nb-13Zr alloys, as presented in Figures 3 and 4. The reduction
of hardening with increasing CA duration is also understood in terms of increasing the fraction of
α precipitates.

Recalling Figure 4, Young’s modulus rapidly increased in the early stage of CA process, followed by
the retarded increment in the late stage. An additional sample was fabricated by applying a 3-min
CA process to confirm this tendency. It exhibited Young’s modulus of 68 GPa based on the ultrasonic
method, which was close to that of CA10 rather than ST alloy. These results imply that the α′

decomposition into (α+β) structure occurred as soon as the alloy was subjected to the CA process.
The results obtained in this work have proven the proportional relationship between mechanical

strength and Young’s modulus. Such a relation is unfavorable for a biomedical application that
requires high strength and a low Young’s modulus. This is further supported in terms of mechanical
compatibility defined as the ratio of YS to Young’s modulus. Figure 5 presents the mechanical
compatibilities of the investigated Ti-13Nb-13Zr alloys as well as reported values [6,7,9,12,18,26,27].
Neither the ST nor CA process gave rise to a meaningful improvement in mechanical compatibility,
suggestive of an intrinsic limit of static heat treatment. It is thus required to find an alternative
thermomechanical process inhibiting the precipitation of hard α phase, such as the combination of
martensitic transformation and grain refinement suggested recently [6].
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The green lines indicate the corresponding value of mechanical compatibility (i.e., YS/E).

5. Conclusions

This study has clarified the kinetics of heat treatment (i.e., CA treatment suggested by the ASTM
standard) in Ti-13Nb-13Zr alloy in terms of microstructural evolution and changes in mechanical
compatibility. The initial ST alloy was composed of the full α′-martensitic structure, which was
decomposed into stable α and β phases during the subsequent CA process. The precipitation of the
hard α phase with increasing CA duration resulted in the simultaneous increase in mechanical strength
and Young’s modulus. Such a tendency was unfavorable for biomedical application that demands
high strength and low Young’s modulus. Indeed, the CA process rarely enhanced the mechanical
compatibility of Ti-13Nb-13Zr alloys regardless of the treatment duration. It is thus required to employ
an alternative processing route, rather than ST or CA treatments, that enables mechanical strengthening
without the precipitation of hard α phase.
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