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Abstract Titanium and its alloys have been extensively

used as implant materials owing to their high specific

strength, good biocompatibility and excellent corrosion

resistance. Oxide nanotubular array layer can be formed on

Ti alloy surface by electrochemical anodization treatment. In

this work, the morphology of nanotubes formed on Ti–Nb

alloys (Nb content of 5 wt%, 10 wt%, 20 wt%, 30 wt% and

40 wt%) was investigated using an electrolyte containing

ethylene glycol and NH4F. Oxide layers consisting of highly

ordered nanotubes with a range of diameters (approximately

40–55 nm for the inner diameter and 100–120 nm for the

outer diameter) and lengths (approximately 10–20 lm) can

be formed on alloys in the Ti–xNb system, independent on

the Nb content. The nanotubes formed on the Ti–Nb alloy

surface were transformed from the anatase to rutile structure

of titanium oxide. The oxide nanotubular surface is highly

hydrophilic compared with the intact TiNb foil. The surface

wettability varies with the nanotube diameter. As the nan-

otube diameter increases while the nanotube layer thickness

remains constant, the capillary wetting of the nanotube sur-

face decreases and the surface becomes less hydrophilic.

Annealing changes the nanotubular surface wettability fur-

ther and establishes less hydrophilic surface conditions due

to the removal of hydroxyl groups and residue fluoride-

containing species. It is believed that the surface wettability

is changed due to the decreasing content of hydroxyl groups

in ambient atmosphere. This work can provide guidelines for

improving structural and environmental conditions respon-

sible for changing surface wettability of TiNb surfaces for

biomedical applications.

Keywords Ti–Nb alloy; Anodization; Nanotubes;

Wettability; Implants

1 Introduction

Titanium and its alloys, such as Ti–6Al–4V and Ti–6Al–

7Nb, are widely utilized as implant materials owing to the

combination of excellent strength, corrosion resistance,

outstanding biocompatibility and hemocompatibility. Bio-

compatibility of titanium and its alloys is due to the for-

mation of a thin naturally formed oxide layer (2–3 nm) on

the metal surface, which retards the dissolution of ions and

other reactions with surrounding tissues [1]. However,

mismatch of elastic modulus between the implants and

bones could cause prostheses loosening [2]. Moreover, Al

has been considered potentially toxic and carcinogenic

after a long-term service span [3]. Sustainable efforts thus

have been undertaken to develop novel nontoxic elements

containing titanium alloys with lower elastic modulus.

Compared with cp-Ti and Ti–6Al–4V, b-type titanium

alloys with relatively low elastic modulus are desirable

because they can minimize the bone resorption effects from

stress shielding during service [4, 5]. Many efforts have

been made to fabricate b-type titanium alloys as novel

implant candidates [6, 7]. And it is well known that the

stability of b phase and b-transus temperature in titanium
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alloys are significantly influenced by the element ratio.

Niobium with excellent mechanical, chemical and bio-

compatible properties can enable applications of corrosion-

resistant structural materials and biomedical implants,

acting as a b-stabilizer. More recently, Ti–Nb alloys with

40 wt% Nb content have been reported as novel materials

for biomedical applications [8].

Metallic implants typically have a thin layer of fibrous

tissue at the bone–implant interface. The existence of this

layer becomes a major challenge to decelerate the process of

osseointegration and to extend the implant fixation time. Fast

fixation is crucial for the success rate of implantation and can

reduce the micromotion of implants and minimize the for-

mation of fibrous tissue, leading to early physiological

loading and preventing the bone from disuse atrophy. In

addition, fast fixation of implants reduces the hospitalization

time and cost and improves patient quality of life. As a result,

many attempts have been made to improve the interaction

between bone and implants.One of themost actively pursued

areas is the development of novel surfaces by surface mod-

ification to improve the implants’ surface properties and

facilitate faster osseointegration and healing processes.

Electrochemical anodization is a versatile technique,

which has already been used to grow thick and uniform

oxide layers on metals for decades and has shown signifi-

cant advantages to enhance metallic implants’ biocompat-

ibility [9]. A protective oxide layer with controlled and

desired thickness is spontaneously formed by using metal

as the anode in an electrochemical cell. The structure of the

oxide layer can be tailored by tuning the type of electrolyte,

applied current density, electrolyte concentration and

temperature, and agitation speed along with the cathode-to-

anode and surface-to-area ratios [10–12]. Following the

very first paper published by Assefpour-Dezfuly et al. [13]

in 1984, the formation of anodic TiO2 nanotubular arrays

on Ti has surpassed porous alumina in a number of papers.

TiO2 nanotubes formed by anodizing are open at the top

and closed at the bottom, and their sizes can be changed by

controlling the concentration and type of electrolyte, time

and voltage. Because of the unique biocompatibility of

TiO2 nanotubular arrays, several excellent reviews have

been published to demonstrate the fabrication of TiO2

nanotubular arrays and their applications in implants [14].

Park et al. [15] demonstrated that by varying the anodic

potential and the concentration of fluoride species, the cell

viability can be tailored on TiO2 nanotubular arrays with

optimal geometry. Wilmowsky et al. [16] studied the

effects of TiO2 nanotube structured surface on bone for-

mation in vivo compared with an untreated standard tita-

nium surface in pigs. Sorkin et al. [17] investigated the use

of two different morphologies of titania nanotube arrays as

interfaces to advance the longevity and effectiveness of

neural prostheses.

Apart from pure Ti, there has been much interest in fab-

ricating nanotubes on the surface of binary titanium alloys,

such as Ti–Zr, Ti–Ta, Ti–Al, Ti–Mo and Ti–W [10, 18–20].

The diameter, shape and distribution of these metal oxide

nanotubes, formed on the surfaces of these alloys, were

related to the alloy element concentration. However, only

few studies focused on fabrication and bioactivity of oxide

nanotubes on Ti–Nb alloys. The influence of Nb content and

anodization parameters on the formation of oxide nan-

otubular arrays has not been fully investigated. Additionally,

wettability is an essential characteristic of surfaces for

biomedical applications. Thus, the correspondingwettability

characteristics along with the variation in wettability of

nanotubular arrays on TiNb alloy with respect to diverse

geometries were rarely reported or not comprehensively

understood. In the present study, nanotubular arrays on TiNb

alloys with different Nb contents were fabricated and tested

under various operating conditions to evaluate the effect of

Nb on the formation of nanotubular arrays. The wettability

and surface topography of the as-formed nanotubeswere also

investigated. Meanwhile, the transition of wettability during

the annealing treatment was studied using contact angle

measurement, Fourier transform infrared (FTIR) spec-

troscopy and X-ray photoelectron spectroscopy (XPS).

2 Experimental

Ti–Nb alloy (Nb content = 5 wt%–40 wt%) foils with

10 mm 9 15 mm 9 1 mm size were cut from Ti–Nb alloy

ingot. The specimens were polished mechanically up to

2000 grit using emery paper and then ultrasonically

cleaned with acetone, ethanol and deionized water,

respectively, and finally dried in air. Each foil was then

etched in a solution containing HF/HNO3/H2O (1:4:2 vol-

ume ratio) for 1 s [21]. Anodization of the alloys was

performed in a two-electrode configuration, where Ti–Nb

alloy plates were used as the working electrode and a

1.5 cm 9 1.5 cm platinum foil was used as the counter

electrode under constant potential at room temperature. A

direct current (DC) power supply (Maynuo M8813) was

used as the voltage source to drive the anodization. The

electrochemical experiments were performed in the elec-

trolyte consisted of ethylene glycol, 0.068 mol�L-1 NH4F

and 2 vol% H2O with a two-step anodization method. The

specimens were first anodized for 1 h and then washed

during sonication to remove the as-formed anodic layer,

followed by an identical anodization for 0.5 h. After the

electrochemical treatment, the samples were rinsed with

deionized water and then dried in a compressed air stream.

Some of the specimens were annealed at 450 and 850 �C
for 1 h with the heating rate of 5 �C�min-1 to convert the

amorphous phase into the crystalline structure.
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For morphological characterization of the samples, field

emission scanning electron microscopy (SEM, ZEISS Aur-

iga) was used. In order to observe the tubular diameter and

the wall thickness, transmission electron microscopy (TEM,

JEM-2010) was utilized. X-ray diffractometer (XRD,

STOFDARMSTADT, STOE/2, Cu Ka radiation) was used

to examine the crystalline structure of the samples. The

scanning range was 2h = 10�–90�, and the scanning rate

was 4 (�)�min-1. Surface roughness of the pure Ti and oxide

nanotubular arrays on Ti20Nb anodized at 20 V (Ti20Nb-

20) and 60 V (Ti20Nb-60) wasmeasured by a laser scanning

confocal microscope (LSCM, OLYMPUS, LEXT). Contact

angle measurements of deionized water and glycerol were

taken in equilibrium conditions with the contact angle setup

from the Orbisphere Laboratories, Switzerland (water dro-

plet volume of 14 ll) with a goniometer (Shanghai Zhong-

chen Digital Technique Apparatus Co., Ltd., JC200C4).

Optical images were acquired by a charge-coupled device

(CCD) camera interfaced with a computer. Fourier trans-

form infrared spectra (FTIR, Bruker) were employed to

analyze the functional groups present on the sample sur-

faces, and an X-ray photoelectron spectroscopy (XPS, Kra-

tos AXIS Ultra DLD) was used to detect the elements on the

surfaces.

3 Results and discussion

3.1 Fabrication of anodic nanotubular arrays on

Ti–xNb alloys

The morphologies of the oxide nanotubular arrays and their

cross-sectional structures on Ti–Nb alloy with different Nb

contents anodized at 60 V for 0.5 h are shown in Fig. 1 for

Ti–xNb alloys. It is apparent that these nanotubes are open

at the top and closed at the bottom. The cross-sectional

view was taken from mechanically scratched samples,

where some pieces flake off. The geometrical data of the

inner and outer diameters of the nanotubular arrays formed

on the Ti–xNb alloys are portrayed in Fig. 2a. For instance,

the inner and outer diameters of the Ti5Nb are 42 and

118 lm, respectively. Under the present anodization con-

ditions for nanotubular array formation, highly ordered

self-organized oxide nanotubular arrays are formed with

the inner diameter ranging from 40 to 50 nm and the outer

diameter ranging from 120 to 140 nm on Ti–xNb alloys.

Although there is a fluctuation in the diameter values, it is

evident that the amount of Nb in the binary Ti–Nb alloys

has little influence on the as-formed nanotubular arrays.

Similar to the tendency shown in Fig. 2a, Fig. 2b illustrates

the variation in the wall thickness and nanotubular array

thickness on Ti–xNb alloys. It can be observed that the wall

thickness ranges from 40 to 45 nm, while the layer thick-

ness ranges from 10 to 20 lm for all alloys. Nanotube array

geometry is independent of the Nb content under present

condition.

The nanotubular array formation in fluoride-containing

electrolyte is a result of three simultaneous processes: (1)

electric field-assisted oxidation of titanium and niobium to

form metallic oxide; (2) electric field-assisted dissolution

of titanium ions in electrolyte; and (3) chemical dissolution

of metals and metallic oxide by fluoride ions etching. The

formation of the oxide nanotubular arrays is most likely

enhanced by the stimulated electric field, as observed in

Fig. 1 TEM images of morphology (a, c, e, g, i) and SEM images of

cross-sectional view (b, d, f, h, j) of nanotubular arrays formed on a,
b Ti5Nb, c, d Ti10Nb, e, f Ti20Nb, g, h Ti30Nb and i, j Ti40Nb oxide
nanotubes anodized at 60 V
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Al2O3 and TiO2 [22]. Inside these tubes, there are two

interfaces: oxide/metal and oxide/anodizing solution. The

electric field-enhanced oxidation occurs at the oxide/metal

interface near the nanotube bottom when the oxygen-con-

taining anions, such as O2- and OH-, are transported from

the solution to the oxide layer along the nanotube growth

direction. At the same time, metal ions migrate from the

metal to the solution/oxide interface and dissolve into the

solution. The electric field and concentration field can

enhance the migration and diffusion of metal ions. The

metal dissolution rate at the bottom is far greater than that

at the wall, resulting in perpendicular growth of the

channel with high aspect ratio. It is anticipated that some

similar processes are operative in the metallic nanotubular

arrays shown in Fig. 1. On the other hand, oxide dissolu-

tion reactions depend on the oxide film structure, such as

TiO2 and Nb2O5 for Ti–xNb alloys. Since the diffusion

coefficient of Ti is greater than that of Nb, the migration

rate of Ti is greater than that of Nb to form the oxide. It can

be deduced that the formation of nanotubular arrays on the

Ti–xNb alloys is independent on the content of Nb in the

present alloys. Energy-dispersive X-ray spectroscopy

(EDX) was applied to check the Ti/Nb ratio along the

tubes, finding that for Ti5Nb (raw Ti/Nb weight ratio is

19:1), a higher Ti/Nb weight ratio of 2.1:1.0 (not shown

here) in the tube is obtained, which indirectly supports the

above-mentioned hypothesis.

To study parameter dependence of the nanotubular arrays

on Ti–xNb, Ti20Nb was chosen as an example to carry out

the following characterization. Figure 3 shows SEM images

of nanotubes on the Ti20Nb alloy. From the top view of these

images (Fig. 3a–c), nanotube arrays with uniform diameter

form in the three samples stimulated by different applied

voltages. This may due to the weaker acidity/dissolution

strength of the electrolytes used. A similar phenomenon was

also reported by others [23]. Comparison study of these three

samples demonstrates that the driving voltage has a strong

influence on the morphology of the Ti20Nb nanotubes. The

outer diameter of the nanotubes (calculated from 100 nan-

otubes) increases from 46 nm at 20 V to 130 nm at 60 V.

The thickness of the array layer can also be tuned by varying

the driving voltage, as shown in the inset of Fig. 3a–c. The

thickness of the nanotube arrays is approximately 3 lm at

20 V and monotonically increases to 14 lm at 60 V. This is

likely due to the enhancement of anodic current for the

nanotube formation, provided that the applied potential

would lead to an increase in the nanotubular diameter and the

layer thickness simultaneously [14, 24].

Different pore sizes of the nanotube array would result

in different surface roughness. Mean roughness (Ra) and

root-mean-square (RMS) roughness (Rq) were utilized to

evaluate the 3D surface morphology. These parameters

represent an overall description of the surface texture,

allowing differentiating peaks, valleys and the spacing of

surface texture [25]. LSCM images of the samples are

shown in Fig. 4. In the present study, the roughness

amplitude parameters Ra and Rq decrease with the applied

potential increasing from 20 to 60 V (Table 1). For

instance, the Ra value for Ti20Nb-20 is 0.31 lm, while the

Ra value for Ti20Nb-60 is 0.24 lm. Both surfaces are

rougher than that of the neat alloy.

XRD patterns of Ti20Nb nanotubes before and after

annealing at 450 and 850 �C are shown in Fig. 5. For the

initially formed nanotubes on Ti20Nb alloy, there are no

TiO2 or Nb2O5 reflections, indicating their amorphous

structure. For the as-formed nanotubes, only some peaks are

observed, indicating Ti metal phases. After annealing at

450 �C, diffraction peak intensity at approximately 25�

Fig. 2 Inner and outer diameters of nanotubular arrays a and wall thickness and nanotube length b formed on Ti–Nb alloys anodized at 60 V

with respect to Nb content
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begins to appear which is the strongest diffraction reflection

of anatase. After annealing at 850 �C, rutile peaks appear,

but anatase remains the major TiO2 phase. However, in the

two samples with different annealing temperatures, no nio-

bium diffraction peaks are observed. The absence of Nb

reflections in the as-formed and annealed nanotubes is

attributed to the undetectable amount of Nb in the nanotubes

after anodization and even after annealing because of the

very low diffusion coefficient of Nb compared to that of Ti.

This result is consistent with the morphology of nanotubular

arrays, where no significant difference is observed on all Ti–

xNb alloys with different Nb contents.

3.2 Wettability of anodic nanotubular arrays

Hydrophobicity and hydrophilicity reflect wetting proper-

ties of a surface. Accepted definitions generally consider

water contact angle as follows: (1) superhydrophobic with

static water contact angle [150�, (2) hydrophobic with

water contact angle between 90� and 150�, (3) hydrophilic
with water contact angle between 10� and 90� and (4)

superhydrophilic with water contact angle \10�.

Fig. 3 Surface morphology and cross-sectional view (inset) of Ti20Nb anodized at different voltages: a 20 V, b 40 V and c 60 V with oxidation

time of 1.0 and 0.5 h; d relationship of nanotubular diameter and thickness with respect to anodic voltage

Fig. 4 LSCM images of a pure alloy and Ti20Nb alloy oxide nanotubes anodized at b 20 V and c 60 V

Table 1 Roughness of pure alloy, Ti20Nb alloy oxide nanotube

anodized at 20 and 60 V

Samples Ra/lm Rq/lm

Pure alloy 0.12 0.159

Ti20Nb-20 0.31 0.390

Ti20Nb-60 0.24 0.313
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Parameters such as type of the material, surface roughness,

heterogeneity of the surface, chemical composition and

presence of contamination, along with the parameters

related to ambient conditions, can influence surface wet-

tability. For biological applications, the nature of

hydrophobic and hydration forces plays an important role

in protein adsorption and cellular adhesion. In present

study, contact angle measurements were taken on intact

TiNb foils and nanotubular arrays fabricated at various

anodized voltages, as portrayed in Figs. 6 and 7. In order to

study the effect of opening diameter of the nanotube on

wettability, the nanotubular thickness of specimens fabri-

cated by different applied voltages is maintained at about

3 lm. It is clearly shown that the nanotubular layers in all

conditions are hydrophilic. The contact angles on as-

formed nanotubes decrease by 70 %–80 % compared to

that on the intact Ti20Nb foil. Additionally, the contact

angles of the nanotube layers fabricated at 0, 20 and 60 V

are found to be 86.1� ± 2.1�, 12.1� ± 7.2� and

20.7� ± 8.4�, respectively. This indicates that the

hydrophilicity of the Ti20Nb nanotubes exhibits an

increasing trend, since the surface becomes less hydro-

philic with anodization voltage increasing from 20 to 60 V.

This is likely because water easily ingresses into the

smaller opening diameter tubes than the wider tubes. A

similar phenomenon was observed in previous work on

ZrNTs with different diameters [26]. In addition, high-

temperature annealing would remove hydrogen groups, and

thus, obtained annealed samples are less hydrophilic than

the parent samples.

According to the Owens–Wendt (OW) method [27], the

surface energy can be calculated using the following

equation:

1þ cos hð ÞcL ¼ 2

ffiffiffiffiffiffiffiffiffi

cdLc
d
S

q

þ
ffiffiffiffiffiffiffiffiffi

cpLc
p
S

q

� �

ð1Þ

where h is contact angle, cL denotes the liquid surface

tension, cdL and cpL are its dispersive and polar components,

respectively; cdS and cpS refer to the dispersive and polar

Fig. 5 XRD patterns of Ti20Nb nanotubes and Ti20Nb nanotubes

after annealing at 450 and 850 �C

Fig. 6 Representative images of comparing contact angle measurements on Ti20Nb alloy anodized at 20 and 60 V: a intact, 86.1� ± 2.1�; b as-

formed, 20 V, 12.2� ± 7.2�; c as-formed, 60 V, 20.8� ± 8.4�; d as-annealed, 20 V, 22.0� ± 3.5�; and e as-annealed, 60 V, 30.0� ± 5.3�

Fig. 7 Mean water contact angle of alloy, as-formed and as-annealed

nanotubes anodized at 20 and 60 V
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components of the solid surface tension (cS), which is the

sum of cdS and cpS. The surface tension (c), dispersive

component (cd) and polar component (cP) for water are

72.8, 21.8 and 51.0 mJ�m-2 and for glycerol are 63.4, 37.0

and 26.4 mJ�m-2, respectively [28]. Almost all of the as-

formed Ti20Nb nanotubular surfaces exhibit higher surface

energy. Surface energy of the as-formed Ti20Nb fabricated

at different anodized voltages and the corresponding

annealed Ti20Nb nanotubular surfaces, along with the

alloy foil surfaces, was measured and is listed in Table 2.

All as-formed Ti20Nb nanotubular surfaces exhibit higher

surface energy than the intact Ti20Nb foil. By comparing

the mean water contact angles of the samples, it is found

that the nanotubular surfaces which are more hydrophilic

exhibit higher surface energy than the intact surfaces.

Wettability of nanotubular arrays not only depends on

the diameter of the tubes, but is also affected by the

chemical functional groups, especially hydrophilic groups

on the surface. FTIR spectroscopy was utilized to test the

difference between the samples before and after annealing.

As illustrated in Fig. 8, both of them portray the stretching

vibration band of the hydroxyl group around 3500 cm-1

(Fig. 8c, d), which means that the hydroxyl group can

survive even after annealing at elevated temperature. The

images of hydroxyl groups (absorbance area between 3100

and 3600 cm-1) in Fig. 8a, b show that the intensity of the

thermally treated sample decreases to almost half of the

nanotubes before thermal treatment, as the right column of

the images presents the absolute value of the hydroxyl

groups. Since hydroxyl groups have positive effects on

wettability, decreased amount of hydroxyl groups after

thermal treatment would decrease the hydrophilic proper-

ties of the sample.

In addition, the presence of fluoride ions in the samples,

originating from the electrolyte during electrochemical

anodization, would also have important effects on wetta-

bility. XPS was used to detect the fluoride concentration in

the nanotubular arrays before and after annealing, as

plotted in Fig. 9. There are considerable amounts of fluo-

rine species present in the as-formed sample (up to 11

at%). However, after annealing treatment at 450 �C, most

of the fluorine species are eliminated, as their

Table 2 Calculated surface energy of Ti20Nb nanotubular surfaces

fabricated under various conditions (mJ�m-2)

Samples cS
d cs

p c

Pure alloy 19.1 2.7 21.8

Ti20Nb-20 20.1 51.1 71.2

Ti20Nb-60 15.6 53.0 68.6

Ti20Nb-20 (as-annealed) 16.6 51.3 67.9

Ti20Nb-60 (as-annealed) 16.0 47.8 63.8

Fig. 8 FTIR spectra and corresponding typical FTIR absorption curves of Ti20Nb oxide nanotubes a, c before and b, d after thermal annealing

at 450 �C (upper figures being mapping results of hydroxyl groups intensity with absorbance between 3100 and 3600 cm-1 in definitive region,

color bars in a and b representing degree of absorbance)
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corresponding amount decreases to less than 0.9 at%. This

may be due to evaporation of HF or F2 gas species during

heat treatment, or the crystallization process trends to eject

impurities out. Decreased amount of fluoride would also

increase hydrophobic properties. Thus, the nanotubes after

thermal annealing show higher contact angle than the

samples before thermal treatment.

4 Conclusion

Anodization of Ti–xNb alloys (x = 5 wt%–40 wt%) results

in the formation of oxide nanotubular arrays with the inner

diameter ranging from 40 to 50 nm, the outer diameter of

approximately 120 nm and the layer thickness of approx-

imately 10–20 lm under the studied processing conditions.

Although there is a variation in geometrical factors, the Ti–

xNb alloy composition, particularly the Nb content, has

little influence on the structure of the nanotubular arrays.

The nanotubes initially form as an amorphous oxide layer

on the Ti20Nb alloys. After annealing at 450 �C, XRD
patterns show evidence of crystalline anatase peaks.

Annealing at 850 �C results in the appearance of the rutile

phase. Hydrophilic properties of the anodized nanotubular

surface of Ti20Nb decrease with the applied potential,

which is related to the changes in nanotube size. Water

contact angle on these surfaces increases when the rough-

ness parameters of the surface decrease. The surface energy

follows the same increasing trend of the hydrophilic

properties. The oxide nanotubular surfaces of Ti20Nb

exhibit higher surface energy than the intact alloy. The

oxide nanotubes on TiNb alloy with surface properties

including hydrophilicity and roughness are more promising

for biomedical applications than the intact surface of the

TiNb alloys.
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