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Abstract The so-called gum metal with the composition

Ti–36Nb–2Ta–3Zr–0.3O is free from cytotoxic elements

and exhibits a low elastic modulus as well as high

mechanical strength. In the present study, it was shown that

this alloy exhibited a high capacity for apatite formation in

a simulated body fluid when subjected to 1 M NaOH

treatment, 100 mM CaCl2 treatment, heat treatment at

700�C, and then hot water treatment. The high apatite

formation was attributed to the CaTi2O5 which was pre-

cipitated on its surface, and found to be maintained even in

a humid environment over a long period. The treated sur-

face exhibited high scratch resistance, which is likely to be

useful in clinical applications. The surface treatment had

little effect on the unique mechanical properties described

above. These results show that gum metal subjected to the

present surface treatments exhibits a high potential for

bone-bonding, which will be useful in orthopedic and

dental implants.

1 Introduction

Various kinds of chemical and heat treatments have been

proposed to induce bone-bonding bioactive characteristics

in Ti metals [1–8]. Among them, treatment with NaOH and

heat is the simplest and most commonly used. This treat-

ment is already applied to artificial hip joints, and has been

clinically used in Japan since 2007 [9]. This treatment is

also effective in inducing bioactivity in conventional tita-

nium alloys such as Ti–6Al–4V and Ti–15Mo–5Zr–3Al

[10, 11]. However, it is not effective for certain new kinds

of Ti–Zr–Nb–Ta alloys [12], which are free of elements

suspected of cytotoxicity [13], such as vanadium. For

Ti–15Zr–4Nb–4Ta alloy [14], one of the Ti–Zr–Nb–Ta

alloys, it was shown that HCl and heat treatment [15], or

CaCl2, heat and water [16, 17] after the NaOH treatment,

are effective for inducing bioactivity. However, even these

treatments are not effective for the gum metal with the

composition Ti–36Nb–2Ta–3Zr–0.3O [18], which has

certain favorable mechanical properties such as a low

elastic modulus and high mechanical strength, as well as a

capacity for extensive elastic deformation and clayey

plasticity, which are attractive features for use in ortho-

pedic and dental implants.

In the present study, the gum metals were subjected to

various kinds of chemical and heat treatments. Apatite

formation in the treated gum metals was examined in a

simulated body fluid (SBF). Their apatite-forming capacity

was discussed in terms of their surface structural changes

due to the treatments. It has been revealed for Ti metal and
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various kinds of Ti alloys that metals able to form bone-

like apatite on their surfaces in SBF bond to living bone

through the apatite layer formed on their surface in the

living body [10, 11, 16, 19–23].

2 Materials and methods

2.1 Chemical and heat treatments

The Ti–36Nb–2Ta–3Zr–0.3O alloy sheet (Toyota Central

Research and Development Laboratories, Inc., Ti: Bal., Nb:

36.39, Ta: 2.00, Zr: 2.87, O: 0.31, Fe: 0.02 mass%) was cut

into rectangular plates which were 10 9 10 9 1 mm3 in

size, abraded with #400 diamond plates, and washed with

acetone, 2-propanol and ultrapure water in an ultrasonic

cleaner for 30 min each and dried at 40�C. These samples

were soaked in 5 ml of a 1, 2 or 5 M NaOH aqueous solution

at 60�C for 24 h. After removal from the solution, they were

gently rinsed with ultrapure water for 30 s and dried at 40�C.

(This treatment is designated ‘‘XM NaOH’’, where X is 1, 2,

or 5, depending on the NaOH concentrations.) The treated

samples were subsequently soaked in 10 ml of 100 mM

CaCl2 solution at 40�C for 24 h, and washed with ultrapure

water and dried. (This treatment is designated ‘‘CaCl2’’.)

They were heated up to 600, 700, 800, or 900�C at a rate of

5�C min-1, kept for 1 h at the respective temperature in an

ambient atmosphere, and then this was followed by natural

cooling in an electrical furnace. (This treatment is designated

‘‘heatY’’, where Y is 600, 700, 800, or 900, depending on their

heating temperatures.) After the heat treatment, they were

soaked in 10 ml of ultrapure water at 80�C for 24 h, then

washed and dried. (This treatment is designated ‘‘water’’;

thus, the sequence of the treatments is designated ‘‘XM

NaOH–CaCl2–heatY–water’’, where X is 1, 2, or 5, and Y is

600, 700, 800, or 900.)

2.2 Surface analyses

The sample surfaces which were subjected to the chemical

and heat treatments were analyzed by means of a field

emission scanning electron microscope (FE-SEM: S-4300,

Hitachi Co., Tokyo, Japan) equipped with an energy dis-

persive X-ray spectrometer (EDX: EMAX-7000, Horiba

Ltd., Kyoto, Japan), an Auger electron spectrometer (AES:

PHI-670, Ulvac-PHI Ink., Kanagawa, Japan), a thin-film

X-ray diffractometer (TF-XRD: RINT-2500, Rigaku Co.,

Tokyo, Japan) and a Fourier transform confocal laser

Raman spectrometer (FT-Raman: LabRAM HR800, Hori-

ba Jovin Yvon, France). In the FE-SEM, the surface was

coated with a Pt–Pd thin film, and a voltage of 15 kV was

used, whereas in the EDX, an uncoated surface was ana-

lyzed at 5 kV–K for Ca and O, 5 kV–L for Ti, Zr and Nb,

and 5 kV–M for Ta on five areas, and their averaged value

was used in our analysis. In AES measurement, the surface

area of 40 9 40 lm2 was analyzed at a take-off angle of

308 using electron beam of 5 kV and beam current of

50 nA with Ar? sputtering at a rate of 12 nm min-1 (SiO2

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

source was used at 50 kV and 200 mA, with 0.018 step

widths, 1 s/step scans, and 18 glancing angles against the

incident beam. In the FT-Raman measurements, an Ar laser

with a wavelength of 514.5 nm and exciting laser power of

16 mW was used as the laser source.

Cross-sections of the samples were also observed under

FE-SEM by the same methods described in a previous

paper [24].

The scratch resistance of the surface layer formed on the

alloys by the chemical and heat treatments was evaluated by

measuring the critical load by which the layer was detached

from the substrate using a thin-film scratch tester (CSR-2000,

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

diameter and with a spring constant of 200 g mm-1. Based on

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

loading rates were determined to be 100, 10 lm s-1 and

100 mN min-1, respectively. Five areas were scratched for

each sample, and their average value was used in our analysis.

2.3 Soaking in SBF

The samples subjected to the chemical and heat treatments

were soaked in 24 ml of SBF with ion concentrations (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 tris(hydroxymethyl)aminomethane

(CH2OH)3CNH2 and 1 M HCl (Nacalai Tesque Inc.,

Kyoto, Japan) at 36.5�C [25]. After soaking in the SBF for

3 days, the samples were removed, gently rinsed with

ultrapure water for a period of 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

incubated with a relative humidity of 95% at 80�C for

1 week. After removal from the incubator, their apatite-

forming ability was examined by soaking in SBF for

3 days.

2.4 Measurement of mechanical properties

Rod samples which were 3 mm in diameter and 22 mm in

length, as shown in Fig. 1, were prepared from the alloy

(Toyota Central Research and Development Laboratories,
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Inc.) for mechanical testing. Three rod samples as prepared

and two rod samples which were subjected to the chemical

and heat treatments were pulled at a speed of 1 mm min-1

using a tensile-testing machine (Servopulser EHF-L,

Shimadu, Kyoto, Japan). Tensile strength, which is defined

as the maximum load in the test, and 0.2% proof strength of

the alloy samples were calculated from their stress–strain

diagrams. Elongation of the alloy was estimated by mea-

suring a change of guide length before and after the test.

The reproducible results were obtained in the samples both

before and after the chemical and heat treatments. A rod

sample 5 mm in diameter and 60 mm in length with or

without the chemical and heat treatments was prepared,

and the elastic modulus of each sample was measured by

the free vibration method (modified JE-RT, Nihon Techno-

Plus Co. Ltd., Osaka, Japan).

2.5 Observation of microstructure

The rod samples used for the mechanical test were cut in

the thread part perpendicular to a long axis, and their cross-

sections were mirror finished using 0.05 lm of alumina

powder followed by ultrasonic cleaning in acetone and

ultrapure water for 10 min each. They were subjected to

chemical etching using the diluted hydrofluoric acid with

the composition of HF:HNO3:H2O = 1:20:200 to clarify

their grain boundaries, washed by ultrapure water, and

subjected to optical microscopic observation using trinoc-

ular metallurgical microscope (TMR-1, Yashima Optical

Co. Ltd., Tokyo, Japan).

3 Results

3.1 Surface structures

Figure 2 shows the FE-SEM photographs of the surfaces

and cross-sections of the Ti–36Nb-2Ta–3Zr–0.3O alloy

which was untreated or treated with NaOH solution at

different concentrations. It can be seen from Fig. 2 that a

nano-sized network structure was formed uniformly on the

surface of the alloy as a result of the 1 M NaOH treatment,

whereas some cracks were formed by the treatments with

the NaOH solutions at a higher concentration than 2 M,

and both their numbers and size in width increased with

increasing concentrations of the NaOH solution. It can be

seen from the cross-sectional views that the thickness of

the surface layer formed by the 1 M NaOH treatment was

approximately 300 nm, and increased with increasing

concentrations of the NaOH solution. With increasing

thickness of the surface layer, cracks were formed in the

surface layer because larger volume of the surface layer

shrunk during drying process. Based on these results, 1 MFig. 1 Ti–36Nb–2Ta–3Zr–0.3O alloy rod for tensile test

Fig. 2 FE-SEM photographs of the surfaces and cross sections of Ti–36Nb–2Ta–3Zr–0.3O alloy untreated and treated with 1, 2 or 5 M NaOH

aqueous solutions
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was selected as the concentration for the NaOH treatment

in the following experiments.

Figure 3 shows the FE-SEM photographs of the surfaces

of the alloys subjected to various heat treatment tempera-

tures after the 1 M NaOH treatment, those subjected to heat

treatments after the 1 M NaOH and the subsequent CaCl2
treatment, and those finally subjected to the hot water

treatment. It can be seen from the Fig. 3 that the nano-sized

network structure formed by the NaOH treatment changed

into granular structure when the alloy was heat-treated

above 700�C without the subsequent CaCl2 treatment,

whereas the network morphology was maintained, even if

it was heat-treated at 800�C, if the sample was soaked in

CaCl2 solution after the 1 M NaOH treatment. The water

treatment after the heat treatment did not result in an

apparent change in the surface morphologies.

Table 1 shows the results of the EDX analysis of the

surfaces of the alloys subjected to the various solutions and

heat treatments. Approximately 4.8 at.% of the sodium ions

were incorporated into the surface of the alloy by the

NaOH treatment. The amount of the sodium ions was not

changed by the heat treatments up to 700�C, but was sig-

nificantly decreased by the heat treatments above 800�C,

where the niobium content increased. When the alloy

sample was subjected to the CaCl2 treatment after the 1 M

NaOH treatment, the incorporated sodium ions were

completely replaced with calcium ions. The amount of

calcium ions was not changed by the heat treatments up to

700�C, but was decreased by the heat treatments above

800�C. The subsequent water treatment slightly decreased

the amount of calcium ions, regardless of the heat treat-

ment temperature.

Figure 4 shows an AES depth profile of the surface of

the alloy subjected to the 1 M NaOH–CaCl2–heat700–

water treatments. It can be seen from Fig. 4 that calcium

and oxygen penetrated into the surface layer at depths of

300 and 500 nm, respectively. Both of these showed a

gradual decrease with increasing depth, accompanied by a

local maximum and minimum of approximately 150 nm in

depth. In contrast, titanium and niobium showed a gradual

increase with increasing depth. They also had a local

minimum and maximum of approximately 150 nm in

depth, respectively. These local maxima of calcium and

niobium imply that some of the calcium niobates devel-

oped in a deep region of the surface layer.

Figure 5 shows the TF-XRD and FT-Raman profiles of

the alloy surfaces left untreated and subjected to heat

treatment at various temperatures after 1 M NaOH treat-

ment. The broad FT-Raman peaks around 280, 450, 700,

820 and 910 cm-1 in terms of the wave number appeared

after the NaOH treatment, and they were matched with

those of sodium hydrogen titanate (NaxH2-xTi3O7)

Fig. 3 FE-SEM photographs of the surfaces of Ti–36Nb–2Ta–3Zr–0.3O alloy subjected to heat treatment at various temperatures after 1 M

NaOH treatment, or 1 M NaOH and CaCl2 treatment, and those finally subjected to water treatment
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reported in the literatures [26, 27]. The sodium hydrogen

titanate was transformed into sodium titanate, Na2Ti6O13

[26, 27], and rutile by the subsequent heat treatment up to

800�C, meanwhile sodium niobate (NaNbO3), niobium

oxide (Nb2O5) and rutile were precipitated by the heat

treatment at 900�C. a-Ti with a peak position of around 40�
in 2h was detected besides b-Ti after the heat treatment at

600–800�C, indicating that phase transformation from b to

a started in the alloy.

Figure 6 shows the TF-XRD and FT-Raman profiles of

the alloy surfaces which were untreated and subjected to

heat treatment at various temperatures after 1 M NaOH and

CaCl2 treatments and finally subjected to water treatment.

When the alloy sample was soaked in CaCl2 solution after

the NaOH treatment, the FT-Raman peaks for sodium

hydrogen titanate were almost unchanged, indicating that

the sodium hydrogen titanate was isomorphously trans-

formed into calcium hydrogen titanate, CaxH2-2xTi3O7, by

substituting the sodium ions with calcium ions. The cal-

cium hydrogen titanate was transformed into calcium

titanate, for which the phases were assumed to be CaTi4O9

including CaTi2O4 and CaTi2O5 [16, 28–30], anatase, and

rutile, when it was heat-treated at 600�C. In contrast, the

strong peak at around 31� of CaTi2O5, and weak peaks of

51� and 52� of Ca2Nb2O7 in 2h appeared in addition to the

above peaks by the heat treatment at 700�C. These peaks

gradually decreased when the heating temperature

increased above 800�C, whereas the peaks attributed to

Nb2O5 and CaNb2O6 were developed further with the

increasing temperature of the heat treatment. These phases

were not changed by the subsequent water treatment.

Table 2 shows the scratch resistance of the alloy sub-

jected to the NaOH, CaCl2, heat and water treatments.

The scratch resistance of the surface layer formed by the

initial NaOH treatment was as low as 7 mN. It increased

markedly to approximately 61 mN by the heat treatment

at 600�C, and increased with the increasing temperature

of the heat treatment up to 800�C, but then was decreased

slightly by the heat treatment at 900�C. The decrease of

the scratch resistance by the heat treatment at 900�C

might be due to the peeling of the thickened oxide layer.

When the NaOH-treated alloy was subjected to the CaCl2
treatment, its low scratch resistance was not changed.

However, it was increased markedly to above 65 mN, by

the subsequent heat treatment, similarly to the heat

treatment after the NaOH treatment. The high scratch

resistance was maintained even after the final water

treatment.

Table 1 Results of EDX

analysis of surface of Ti–36Nb–

2Ta–3Zr–0.3O alloy untreated

and subjected to 1 M NaOH,

CaCl2, heat at various

temperature, and water

treatments

Elements (at.%)

Treatment O Ti Na Ca Nb Ta Zr

Untreated 11.9 67.9 0 0 18.4 0.5 1.4

1 M NaOH 57.6 32.9 4.8 0 5.2 0.1 0.3

1 M NaOH–heat600 50.3 40.7 4.3 0 4.3 0.1 0.4

1 M NaOH–heat700 57.2 34.1 4.6 0 3.8 0.1 0.3

1 M NaOH–heat800 59.5 30.5 2.5 0 7.3 0.1 0.2

1 M NaOH–heat900 59.1 29.5 0.4 0 10.9 0.1 0.1

1 M NaOH–CaCl2 52.9 37.4 0 5.2 4.0 0.1 0.3

1 M NaOH–CaCl2–heat600 54.1 36.2 0 5.5 3.9 0.1 0.3

1 M NaOH–CaCl2–heat600–water 57.0 33.9 0 4.6 4.0 0.1 0.4

1 M NaOH–CaCl2–heat700 54.0 36.3 0 5.5 3.8 0.1 0.3

1 M NaOH–CaCl2–heat700–water 54.9 36.5 0 4.6 3.7 0.1 0.3

1 M NaOH–CaCl2–heat800 56.0 35.5 0 4.4 3.8 0.1 0.4

1 M NaOH–CaCl2–heat800–water 57.0 34.8 0 3.9 3.8 0.1 0.4

1 M NaOH–CaCl2–heat900 57.2 37.1 0 1.5 4.0 0.0 0.2

1 M NaOH–CaCl2–heat900–water 56.9 37.4 0 1.4 4.0 0.0 0.3

Fig. 4 Auger depth profile of Ti–36Nb–2Ta–3Zr–0.3O alloy sub-

jected to 1 M NaOH, CaCl2 heat700, and water treatments
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3.2 Apatite formation

Figure 7 shows the FE-SEM photographs of the alloy

surfaces soaked in SBF for 3 days after the NaOH, CaCl2,

heat and water treatments. It can be seen from Fig. 7 that

the alloy formed spherical precipitates on their surfaces,

which were identified as crystalline apatite by TF-XRD

given in Fig. 8, only when subjected to the NaOH, CaCl2,

heat and water treatments. The amount of apatite formed

on the alloy was strongly dependent on the temperature of

the heat treatment, with the heat treatment at 700�C

yielding the largest amount.

Figure 9 shows the FE-SEM photographs of the alloy

surfaces soaked in SBF for 3 days after incubation under

95% humidity at 80�C for 1 week, following the 1 M

NaOH–CaCl2–heat700–water treatments. The apatite-

forming ability of the treated alloy was maintained even

after the incubation, indicating the long-term stability of

the apatite-forming ability in a humid environment at high

temperature.

3.3 Mechanical properties

Figure 10 shows the typical stress–strain curves of the rod

samples of the present alloy which was untreated and

subjected to the 1 M NaOH–CaCl2–heat700–water treat-

ments. It can be seen from Fig. 10 that the untreated rod

samples display approximately 880 MPa of 0.2% proof

Fig. 5 TF-XRD and FT-Raman

profiles of the surfaces of Ti–

36Nb–2Ta–3Zr–0.3O alloy

subjected to heat treatment at

various temperatures after 1 M

NaOH treatment. TA a-titanium,

TB b-titanium, SHT sodium

hydrogen titanate (NaxH2-

xTi3O7), filled inverted triangle
sodium titanate (Na2Ti6O13),

R rutile, filled square niobium

oxide (Nb2O5), SN sodium

niobate (NaNbO3)

Fig. 6 TF-XRD and FT-Raman profiles of the surfaces of Ti–36Nb–

2Ta–3Zr–0.3O alloy treated with 100 mM CaCl2 aqueous solution

after the NaOH treatment, and then subsequently subjected to heat

treatment at various temperature and water treatment. TA a-titanium,

TB b-titanium, CHT calcium hydrogen titanate (CaxH2-2xTi3O7),

open inverted triangle calcium titanate (CaTi4O9), filled inverted
triangle calcium titanate (CaTi2O5), filled circle calcium niobate

(CaNb2O7), open circle calcium niobate (CaNb2O6), filled square
niobium oxide (Nb2O5), R rutile, A anatase
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strength, 1,030 MPa of tensile strength and 11% elonga-

tion. Elastic modulus measured by free vibration method

was 65.4 GPa. These mechanical properties were only a

little changed by the present treatment for inducing apatite

formation, that is 798 MPa of 0.2% proof strength,

871 MPa of tensile strength, 10% elongation and 79.8 GPa

of elastic modulus.

3.4 Microstructure

Figure 11 shows the metallurgical micrographs of the alloy

samples untreated and subjected to the 1 M NaOH, CaCl2,

Table 2 Scratch resistance of Ti–36Nb–2Ta–3Zr–0.3O alloy sub-

jected to 1 M NaOH, CaCl2, heat at various temperature, and water

treatments

Scratch resistance (mN)

Treatment Average Standard deviation

1 M NaOH 7.4 3.9

1 M NaOH–heat600 61.3 9.4

1 M NaOH–heat700 91.4 17.4

1 M NaOH–heat800 176.4 10.8

1 M NaOH–heat900 111.8 7.9

1 M NaOH–CaCl2 9.3 3.1

1 M NaOH–CaCl2–heat600 65.8 14.4

1 M NaOH–CaCl2–heat600–water 68.7 18.0

1 M NaOH–CaCl2–heat700 104.5 20.5

1 M NaOH–CaCl2–heat700–water 97.1 13.7

1 M NaOH–CaCl2–heat800 194.4 1.6

1 M NaOH–CaCl2–heat800–water 187.6 9.5

1 M NaOH–CaCl2–heat900 123.3 9.6

1M NaOH–CaCl2–heat900–water 134.4 6.5

Fig. 7 FE-SEM photographs of the surfaces of Ti–36Nb–2Ta–3Zr–0.3O alloy soaked in SBF for 3 days after the NaOH, CaCl2, heat at various

temperatures and water treatments. Inset Photographs show high magnification

Fig. 8 TF-XRD profile of the surfaces of Ti–36Nb–2Ta–3Zr–0.3O

alloy soaked in SBF for 3 days after the 1 M NaOH, CaCl2, heat700

and water treatments
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heat700 and water treatments. It can be seen from Fig. 11

that the sample took a homogeneous marble-like structure

consisting of fine grains about 6 lm in width and several

tens of lm in length before the treatments, while it was

composed of circular large grains 10–50 lm in size

accompanied by small grains after the treatments.

4 Discussion

It is apparent from Figs. 7 and 8 that high apatite formation

in the Ti–36Nb–2Ta–3Zr–0.3O alloy is induced by the

NaOH, CaCl2, heat and water treatments, but can be

induced by neither the simple NaOH plus heat treatments,

nor the NaOH, CaCl2 and heat treatments. The difference

in the apatite-forming abilities between these surface

treatments is here discussed in terms of the surface

structure.

A fine network layer that was approximately 300 nm in

thickness was formed on the surface of the alloy by the

NaOH treatment. This network consisted of nano-sized

sodium hydrogen titanate, NaxH2-xTi3O7. When the alloy

thus treated was subsequently simply heat-treated, the

sodium hydrogen titanate was transformed into sodium

titanate, Na2Ti6O13, and rutile at temperatures lower than

800�C. These surface structural changes of the present

alloy are similar to those reportedly observed in pure tita-

nium metal due to the NaOH and heat treatments [27]. In

the case of the pure Ti metal, the treated metal forms

apatite on its surface in SBF by the following mechanism.

The sodium ions in the sodium titanate release via

exchange with oxionium ions in SBF to form Ti–OH

groups on the surface of the Ti metal [31, 32]. As a result,

the pH of the surrounding SBF increases. The Ti–OH

groups are negatively charged in the alkali solution [33] so

as to combine with the positively charged calcium ions in

SBF. As the calcium ions accumulate, the surface of the Ti

metal is positively charged and combines with the nega-

tively charged phosphate ions, forming the apatite [31, 32].

The reason the present alloy with the sodium titanate on its

surface did not form the apatite in SBF might be attributed

to the suppression of sodium ion release from the sodium

titanate by the incorporated niobium ions, as in the case of

the Ti–15Zr–4Nb–4Ta alloy [15].

When the present alloy was subjected to the CaCl2
treatment after the NaOH treatment, the sodium hydrogen

titanate formed by the NaOH treatment substituted the

sodium ions with calcium ions to form a calcium hydrogen

titanate, CaxH2-2xTi3O7, which takes a layered structure

Fig. 9 FE-SEM photographs of the surfaces of Ti–36Nb–2Ta–3Zr–0.3O alloy soaked in SBF for 3 days a without and b with a storage under

95% humidity at 80�C for 1 week, following 1 M NaOH, CaCl2, heat700, and water treatments

Fig. 10 Typical stress–strain curve of Ti–36Nb–2Ta–3Zr–0.3O with

or without 1 M NaOH, CaCl2, heat700 and water treatments
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[34]. Thus, the formed calcium hydrogen titanate trans-

formed into various forms of calcium titanate, such as

CaTi4O9, CaTi2O4 and CaTi2O5, calcium niobate such as

Ca2Nb2O7 and CaNb2O6, rutile and anatase by the sub-

sequent heat treatment, as is schematically shown in

Fig. 12. None of the alloys treated in this manner formed

apatite on their surfaces in SBF. This might be attributed to

the extremely low diffusion constant of the calcium ions in

the formed calcium titanates and niobate, as in the case of

the calcium titanate of Ti–15Zr–4Nb–4Ta alloy [16].

The final water treatment exchanged a portion of the

calcium ions in the surface layer for oxonium ions without

an apparent change in the crystal phases, as shown in

Figs. 4 and 6. Thus, the resultant phases can be described

as CaxH2-2xTi4O9, CaxH2-2xTi2O4 and CaxH2-2xTi2O5 for

the calcium-deficient calcium titanate, and CaxH4-2xNb2O7

Fig. 11 Metallurgical micrographs of Ti–36Nb–2Ta–3Zr–0.3O alloy a untreated and b subjected to 1 M NaOH, CaCl2, heat700 and water

treatments

Fig. 12 Structural changes of the surfaces of Ti–36Nb–2Ta–3Zr–0.3O due to NaOH, CaCl2, heat and water treatments
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and CaxH2-2xNb2O6 for the calcium-deficient calcium

niobate. The alloy treated thus exhibited a high capacity for

apatite formation in SBF, as shown in Fig. 7. This might be

due to the increased mobility of the calcium ions in the

calcium titanates and niobates by incorporation of the some

amounts of oxonium ions [16]. When the calcium ions are

released from the calcium titanates and niobates in SBF,

they promote apatite formation not only by the same

mechanism as the sodium ions described above, but also by

increasing ionic activity product of the apatite by the

released calcium ions themselves.

However, it should be noted that thus induced apatite-

forming ability was strongly dependent on the heat treat-

ment temperature after the CaCl2 treatment. The treated

alloy showed the highest apatite-forming ability when it

was heat-treated at 700�C. This could be attributed to the

dominant precipitation of CaTi2O5 at around 700�C, as

shown in Fig. 6. The calcium ions are more condensed in

this compound than other calcium titanates such as

CaTi4O9, and hence are easily released in SBF.

The mobility of the calcium ions in the calcium titanate

is, however, not so high that the calcium content is

appreciably decreased in a humid environment. As a result,

the high capacity for apatite formation conferred on the

alloy by these treatments was maintained even after the

incubation with 95% relative humidity at 80�C for at least

1 week. This is an important property in clinical applica-

tions, since medical devices are sometimes stored in humid

condition for a long period of time before implantation.

In clinical applications, the scratch resistance of the

chemically and thermally treated surface layer of the

devices is also important. The experimental results

described above also showed that the present alloy, after

being subjected to the chemical and heat treatments so as to

give high capacity for apatite formation, also exhibits high

scratch resistance. It was experimentally confirmed that the

high scratch resistance was maintained even after the

incubation in humid condition.

It has been shown that Ti and various kinds of Ti-based

alloys with the capacity to form apatite on their surfaces in

SBF bond to living bone through the apatite layer formed

on their surfaces in the living body [10, 11, 16, 17, 19–23].

In view of these findings, the present results indicate that

the present alloy subjected to 1 M NaOH–CaCl2–heat700–

water treatments is likely to tightly bond to living bone in

the body.

Generally, the mechanical properties of Ti-based alloys

are liable to be changed by chemical and heat treatments. It

can be confirmed from Fig. 10 that the favorable

mechanical properties of the present alloy, such as the low

elastic modulus, high mechanical strength and large elastic

deformation are only a little changed by the 1 M NaOH–

CaCl2–heat700–water treatments. The slight decrease in

the proof strength from 880 to 798 MPa and slight increase

in the elastic modulus from 65.4 to 79.8 GPa might be

attributed to partial phase transformation of b-Ti to a-Ti in

the alloy and their grain growth by the heat treatment after

the chemical treatment, as shown in Figs. 6 and 11.

Regardless of these small changes, the treated alloy still

possesses higher mechanical strength and lower elastic

modulus, which are favorable for orthopedic and dental

implants, than Ti metal and conventional Ti alloy such as

Ti–6Al–4V [35].

5 Conclusion

Ti–36Nb–2Ta–3Zr–0.3O alloy exhibits a high capacity for

apatite formation in SBF when it was soaked in 1 M NaOH

and 100 mM CaCl2 solutions, heat-treated at 700�C, and

soaked in water at 80�C. The first NaOH treatment forms

sodium hydrogen titanate on the surface of the alloy, which

serves as a precursor from which calcium hydrogen titanate

is derived in the second CaCl2 treatment. The third heat

treatment transforms the calcium hydrogen titanate into

calcium titanate predominately CaTi2O5 which exhibits

high apatite formation in SBF after the subsequent hot

water treatment which exchanges a portion of the calcium

ions with oxionium ions. Thus, this capacity for high

apatite formation was maintained even when the treated

alloy was stored in a humid environment for a long period.

The treated alloy also possesses a high level of scratch

resistance, which is useful for clinical application. The

sequential treatment in the present study consists of simple

solution and heat treatments, which does not need any

special and expensive apparatus, and is easily applied to

large devices with complicated shapes. These features will

be favorable for commercial manufacture.

The favorable mechanical properties of the present

alloy, such as low elastic modulus, high mechanical

strength and extensive elastic deformation are little chan-

ged by the surface treatment for inducing the apatite-

forming ability. The present alloy conferred with high

capacity for apatite formation is believed to be useful as

unique materials for orthopedic and dental implants, since

the treated alloy is expected to tightly bonds to bone in the

living body and exhibit favorable mechanical properties.
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