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Abstract Ti–15Zr–4Nb–4Ta alloy free from cytotoxic

elements shows high mechanical strength and high corro-

sion resistance. However, simple NaOH and heat treat-

ments cannot induce its ability to form apatite in the body

environment. In the present study, this alloy was found to

exhibit high apatite-forming ability when it was treated

with NaOH and CaCl2 solutions, and then subjected to heat

and hot water treatments to form calcium titanate, rutile,

and anatase on its surface. Its high apatite-forming ability

was maintained even in 95% relative humidity at 80�C

after 1 week. The surface layer of the treated alloy had

scratch resistance high enough for handling hard surgical

devices. Thus, the treated alloy is believed to be useful for

orthopedic and dental implants.

1 Introduction

Titanium (Ti) alloys such as Ti–6Al–4V and Ti–6Al–7Nb

have been widely used as orthopedic implants because of

their high mechanical strengths and good biocompatibili-

ties. Recently, new kinds of titanium-based alloys exclud-

ing elements suspected of cytotoxicity, such as vanadium

(V) and aluminum (Al) [1–3], are being developed [4–9].

Ti–15Zr–4Nb–4Ta alloy is one such alloy, and it shows

high mechanical strength, relatively low elastic modulus,

and better corrosion resistance compared with the Ti–6Al–

4V alloy [5, 6]. However, this alloy does not bond to living

bone.

It has been reported that simple chemical NaOH and heat

treatments can provide bone-bonding ability in pure Ti

metal [10–12] and its alloys such as Ti–6Al–4V, Ti–15Mo–

5Zr–3Al, and Ti–6Al–2Nb–1Ta [13–15]. Because of their

convenience and effectiveness, these kinds of chemical and

heat treatments were applied to a porous Ti surface layer of

an artificial total hip joint made of a Ti–6Al–2Nb–1Ta

alloy. This bioactive artificial hip joint has been clinically

used in Japan since 2007. However, these treatments are not

effective for inducing bioactivity in Ti–15Zr–4Nb–4Ta

alloys.

In the present study, chemical and heat treatments

effective for inducing bioactivity in Ti–15Zr–4Nb–4Ta

alloys were investigated. Bioactivity was evaluated by the

apatite-forming ability in a simulated body fluid (SBF)

with ion concentrations nearly equal to those of human

blood plasma [16, 17].

2 Materials and methods

2.1 Surface treatments

The Ti–15Zr–4Nb–4Ta alloy (Kobe Steel, Ltd., Ti: Bal.,

Zr: 14.51, Nb: 3.83, Ta: 3.94, Pd: 0.16, O: 0.25 mass%)

was cut into rectangular plates 10 9 10 9 1 mm3 in size,

abraded with #400 diamond plates, and washed with ace-

tone, 2-propanol, and ultrapure water in an ultrasonic

cleaner for 30 min each, and dried at 40�C. The alloy

samples were soaked in 5 ml of a 5 M NaOH aqueous

solution at 60�C for 24 h. After removal from the solution,
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they were gently rinsed with ultrapure water for 30 s and

dried at 40�C. The treated alloy samples were subsequently

soaked in 10 ml of 100 mM CaCl2 solution at 40�C for

24 h, and washed and dried in a similar manner. Then, they

were heated to 600�C at a rate of 5�C/min and kept for 1 h,

followed by natural cooling in an electrical furnace. After

the heat treatment, they were soaked in 10 ml of ultrapure

water at 80�C for 24 h, and then washed and dried.

2.2 Surface analyses

The surfaces of the alloy samples subjected to the chemical

and heat treatments were analyzed by field emission

scanning electron microscopy (FE-SEM: S-4300, Hitachi

Co., Tokyo, Japan) equipped with energy dispersive X-ray

(EDX: EMAX-7000, HORIBA Ltd., Kyoto, Japan) spec-

troscopy, Auger electron spectroscopy (AES: PHI-670,

ULVAC-PHI Inc., Kanagawa, Japan), thin-film X-ray dif-

fractometry (TF-XRD: RINT-2500, Rigaku Co., Tokyo,

Japan), and Fourier transform confocal laser Raman spec-

troscopy (FT-Raman: LabRAM HR800, HORIBA Jobin–

Yvon, France). In the FE-SEM and EDX analyses,

accelerating voltages of 15 and 5 kV, respectively, were

selected. In the TF-XRD measurement, a Cu Ka X-ray

source was used at 50 kV and 200 mA, with 0.01� step widths,

1 s/step scans, and 1� glancing angles against the incident

beam. In the FT-Raman measurements, an argon (Ar) laser

with a wavelength of 514.5 nm was used as a laser source.

Cross-sections of the alloy were also observed under

FE-SEM with the same conditions as described above.

The scratch resistance of the surface layer formed on the

alloy samples by the chemical and heat treatments was

measured using a thin-film scratch tester (CSR-2000,

Rhesca Co. Ltd., Tokyo, Japan), using a stylus 5 lm in

diameter with a spring constant of 200 g/mm. Based on the

standard JIS R-3255, the amplitude, scratch speed, and

loading rates were 100 lm, 10 lm/s, and 100 mN/min,

respectively.

2.3 Apatite formation in SBF

The alloy samples subjected to the chemical and heat

treatments were soaked in 24 ml of SBF with ion concen-

trations (Na? 142.0, K? 5.0, Ca2? 2.5, Mg2? 1.5, Cl- 147.8,

HCO3
- 4.2, HPO4

2- 1.0, and SO4
2- 0.5 mM) nearly equal

to those of human blood plasma at 36.5�C. The SBF was

prepared by dissolving reagent grade NaCl, NaHCO3, KCl,

K2HPO4�3H2O, MgCl�6H2O, CaCl2, and Na2SO4 (Nacalai

Tesque Inc., Kyoto, Japan) in ultrapure water, and buffered

at pH = 7.4 with tri-hydroxymethylaminomethane (CH2

OH)3CNH2 and 1 M HCl (Nacalai Tesque Inc., Kyoto,

Japan) at 36.5�C [16, 17]. After soaking in SBF for 3 d, the

samples were removed, gently rinsed with ultrapure water

for 30 s, and dried at 40�C. Apatite formation on their

surfaces was examined by TF-XRD, FE-SEM, and EDX.

To examine the stability of the apatite-forming ability, the

treated alloy samples were kept for one week in an incu-

bator with a relative humidity of 95% at 80�C. After

removal from the incubator, their apatite-forming abilities

were examined by soaking in SBF for 3 d.

3 Results

3.1 Surface structures

Table 1 shows the EDX results for the surfaces of the

untreated alloy samples and those subjected to the NaOH,

CaCl2, heat, and water treatments. The table shows that

about 3.8 at.% of sodium (Na) was incorporated into the

surface of the alloy. By the second CaCl2 treatment, the

incorporated Na was completely replaced with calcium

(Ca), and a little more Ca was incorporated into the surface.

The amount of the incorporated Ca was not changed by the

heat treatment, but was decreased a little by the final water

treatment.

Figure 1 shows an AES depth profile of the surface of the

Ti–15Zr–4Nb–4Ta alloy subjected to the NaOH, CaCl2,

heat, and water treatments. The figure shows that zirconium

Table 1 Chemical compositions of surface layers of Ti–15Zr–4Ta–

4Nb alloy untreated and subjected to NaOH, CaCl2, heat and water

treatments, which were analyzed by EDX

Elements (at.%)

O Ti Na Ca Zr Nb Ta Pd

Untreated 7.2 82.8 0 0 7.1 2.0 0.7 0.1

NaOH 58.1 36.2 3.8 0 1.0 0.6 0.2 0.0

NaOH–CaCl2 58.4 34.5 0 5.6 0.8 0.5 0.3 0.1

NaOH–CaCl2–heat 58.2 34.9 0 5.4 0.7 0.5 0.2 0.0

NaOH–CaCl2–heat–water 58.6 35.6 0 4.4 0.7 0.5 0.2 0.0
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Fig. 1 AES depth profiles of the surface of Ti–15Zr–4Nb–4Ta alloy

subjected to NaOH, CaCl2, heat and water treatments
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(Zr) and niobium (Nb) were completely removed from the

surface layer to a depth of 250 nm and that Ca and oxygen

(O2) penetrated into the surface layer to depths of 500 nm

and 1500 nm, respectively. Both of them showed a gradual

decrease with increasing depth. Note that the Ca content is

slightly decreased at the top surface.

Figure 2 shows FE-SEM photographs of the surfaces of

the Ti–15Zr–4Nb–4Ta alloy subjected to the NaOH, CaCl2,

heat, and water treatments compared with the untreated

alloy. A fine network structure was formed on the nano-

meter scale by the first NaOH treatment; it was essentially

unchanged by the subsequent CaCl2 and heat treatments,

but slightly modified with small particles after the final

water treatment.

Cross-sectional FE-SEM photographs of these alloy

samples are shown in Fig. 3. It can be seen that the fine

network structure formed by the first NaOH treatment

consists of featherlike phases about 500 nm in length,

elongated perpendicular to the surface. The density of the

surface layer increased with increasing depth. Its structure

was essentially unchanged by the subsequent CaCl2, heat,

and water treatments.

Figure 4 shows TF-XRD and FT-Raman profiles of the

surface of the untreated alloy samples and those subjected to

the NaOH, CaCl2, heat, and water treatments. Broad, small

peaks attributed to sodium hydrogen titanate, NaxH2-x

Ti3O7 [18, 19], appeared after the first NaOH treatment.

They were almost unchanged even after the second CaCl2

treatment, indicating that the sodium hydrogen titanate on

the surface was isomorphously transformed into calcium

hydrogen titanate, CaxH2-2xTi3O7, by substituting Na in the

sodium hydrogen titanate with Ca. The calcium hydrogen

titanate was dehydrated to transform into calcium titanate

whose phases were assumed to be CaTi4O9 and CaTi2O4

[20, 21], and rutile by the subsequent heat treatment. Thus,

the formed calcium titanate remained even after the final

water treatment, accompanied by small amounts of newly

formed anatase. All of these phases are considered to occur

at nanometer sizes from their broad X-ray diffraction peaks.

The scratch resistance of the surface of the Ti–15Zr–

4Nb–4Ta alloy was as low as 10 mN after the first NaOH

and second CaCl2 treatments. This remarkably increased

up to about 170 mN after the heat treatment and did not

decrease even after the final water treatment.

3.2 Apatite formation

Figure 5 shows FE-SEM photographs of the surfaces of the

alloy samples that were soaked in SBF for 3 d after the

NaOH, CaCl2, heat, and water treatments. The figure shows

that some spherical precipitates were formed on the NaOH-

treated alloy. These spherical precipitates increased slightly

after the second CaCl2 treatment, but were lost with the heat

treatment. After the final water treatment, they remarkably

increased to cover the whole surface within 3 d in SBF.

These spherical precipitates were identified as crystalline

Fig. 2 FE-SEM photographs of the surfaces of Ti–15Zr–4Nb–4Ta alloy after NaOH, CaCl2, heat and water treatments in comparison with that

of untreated alloy

Fig. 3 FE-SEM photographs of the cross-sections of Ti–15Zr–4Nb–4Ta alloy after NaOH, CaCl2, heat and water treatments
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apatite by TF-XRD. The high apatite-forming ability was

maintained even after the stability test in a humid

environment.

4 Discussion

Structural changes of the surface of the Ti–15Zr–4Nb–4Ta

alloy because of the NaOH, CaCl2, heat, and water treat-

ments are schematically shown in Fig. 6, based on the

experimental results. A brush-like structure about 500 nm

in thickness, consisting of featherlike phases elongated

perpendicular to the surface, was formed on the surface of

the alloy by the NaOH treatment. The featherlike phases

consisted of nanosized sodium hydrogen titanate that takes

a layered structure [19] and, hence, easily substitutes Ca2?

ions for Na? ions to form a calcium hydrogen titanate, by

the CaCl2 treatment. Thus, the formed calcium hydrogen

titanate transformed into calcium titanates such as CaTi4O9

and CaTi2O4, and rutile by dehydration on the subsequent

heat treatment. The calcium titanates and rutile were

mostly unchanged by the water treatment, but a small

amount of them transformed into anatase by releasing Ca2?

ions. From the experimental results described above, it is

apparent that the apatite-forming ability of the Ti–15Zr–

4Nb–4Ta alloy is slightly induced in the body environment

by the NaOH and CaCl2 treatments. However, the treated

alloy has a poor scratch resistance and, hence, is unsuitable

for practical applications. It was given high scratch resis-

tance by the subsequent heat treatment but lost its apatite-

forming ability. It developed a high scratch resistance and

high apatite-forming ability as well as stability in a humid

environment after the final water treatment. These varia-

tions of the apatite-forming ability of the alloy with the

chemical and heat treatments are interpreted in terms of

surface structural changes as follows.

Induction of the apatite-forming ability of the alloy by

the first NaOH treatment is attributed to the formation

Fig. 5 FE-SEM photographs of the surfaces of Ti–15Zr–4Ta–4Nb alloy that were soaked in SBF for 3 days after NaOH, CaCl2, heat and water

treatments, and after subsequent stability test (ST) in humid environment
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Fig. 4 TF-XRD and FT-Raman

profiles of the surfaces of Ti–

15Zr–4Ta–4Nb alloy (a) before

and after (b) NaOH treatment,

(c) NaOH and CaCl2 treatments,

(d) NaOH, CaCl2 and heat

treatments and (e) NaOH,

CaCl2, heat and water

treatments. (j) a-Titanium;

(4) Sodium hydrogen titanate

(NaxH2-xTi3O7); (s) Calcium

hydrogen titanate

(CaxH2-2xTi3O7); (d) Calcium

titanate (CaTi4O9, CaTi4O9);

(9) Rutile; (m) Anatase
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of sodium hydrogen titanate on its surface. In SBF, the

sodium hydrogen titanate releases its Na? ions via

exchange with H3O? ions to form Ti–OH groups on its

surface. Thus, the formed Ti–OH groups induce apatite

formation as earlier described for the NaOH- and heat-

treated Ti metal [22–24]. The increased apatite-forming

ability of the alloy due to the CaCl2 treatment is attributed

to the formation of calcium hydrogen titanate on its sur-

face. The calcium hydrogen titanate more effectively

induces apatite formation because the released Ca2? ions

increase the ionic activity product of the apatite in the

surrounding SBF more effectively than the Na? ions do.

The loss of the apatite-forming ability of the alloy due to

the heat treatment is attributed to the reduced mobility of

the Ca2? ions in calcium titanate. The remarkable increase

of the apatite-forming ability of the alloy due to the sub-

sequent water treatment is a result of the increased mobility

of the Ca2? ions in the calcium titanate by incorporation of

H3O? ions during the water treatment. The incorporation

of H3O? ions at the surface of the alloy subjected to the

water treatment is proved by the decrease in Ca content at

its top surface, observed by AES in Fig. 1. The mobility of

the Ca2? ions in the calcium titanate is, however, not so

high that the Ca content is appreciably decreased in a

humid environment. As a result, the high apatite-forming

ability of the alloy can be maintained even in 95% relative

humidity at 80�C for at least 1 week.

Generally, the mechanical properties of Ti-based alloys

are liable to be changed by heat treatment. It is reported,

however, that the tensile strength, proof strength, and

ductility (reduction in area and elongation) of Ti–15Zr–

4Nb–4Ta alloys are hardly affected by heat treatment

below 775�C for 1 h [6]. Therefore, heat treatment at

600�C after the NaOH and CaCl2 treatments, which was

TiO2
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Fig. 6 Schematic illustration of structural changes on the surface of Ti–15Zr–4Nb–4Ta alloy (a) by NaOH (b), CaCl2 (c), heat (d) and water

(e) treatments
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used in the present study, does not have an adverse affect

on the mechanical strength of the present alloy.

Thus, the treated alloy is expected to form bone-like

apatite on its surface, even in the living body, and bond to

living bone.

5 Conclusion

Ti–15Zr–4Nb–4Ta alloy, which is free from cytotoxic

elements and shows high mechanical strength, can be given

a high apatite-forming ability, which is maintained even in

a humid environment, and scratch resistance by NaOH,

CaCl2, heat, and water treatments. It is believed that this

bioactive alloy will be useful in implants in the orthopedic

and dental fields in the next generation.
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