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Abstract: The influence of heterogeneous microstructures on the anodization behavior and biocompatibility of Ti-based 
alloys was investigated. A heterogeneous Ti−15Zr alloy was fabricated by powder metallurgy, followed by hot rolling 
and heat treatments. Electrochemical anodization was then applied to obtaining a nanotube-arrayed surface. The results 
show that the surface of the anodized heterogeneous Ti−15Zr alloy consists of nano-sized tube structure as well as 
micron-scaled tubular clusters and microcracks. The formation of such a surface should be attributed to the 
(0001)-oriented striped grains and the heterogeneous Zr distribution. Compared with the anodized arc-melted Ti−15Zr 
control group, the anodized heterogeneous Ti−15Zr exhibits comparable super-hydrophilicity, better protein adsorption, 
and improved cell proliferation, mainly due to the hierarchical surface structures of the latter. 
Key words: Ti−Zr alloy; electrochemical anodization; compositional heterogeneity; preferred orientation; 
biocompatibility 
                                                                                                             

 
 
1 Introduction 
 

Nowadays, titanium (Ti) and its alloys are the 
most popular dental implant materials, due to their 
high specific strength, good corrosion resistance, 
and superior biocompatibility [1]. Commercially 
pure titanium (CP-Ti) and Ti−6Al−4V are still the 
most widely used biomedical titanium-based 
materials. However, the low strength, wear 
resistance, and corrosion resistance of the former, 
and the potentially toxic elements Al and V in the 
latter significantly limit their potential for long-term 
biomedical applications [2]. Zr is a non-toxic and 
non-allergenic element, so Ti−Zr alloys usually 
show excellent biocompatibility [3]. Besides, 

previous studies also have revealed that the  
addition of Zr into Ti can improve the mechanical 
properties [4] and corrosion resistance [5]. So, 
Ti−Zr alloys have attracted extensive attention for 
dental applications [6].  

Surface characteristics, including chemical 
composition and surface topography, can 
significantly influence the success of implant 
treatment [7]. Therefore, various surface 
technologies have been applied to Ti-based 
implants, and have progressed from bioinert 
Ti-based surfaces to bioactive ones. For instance, 
micro-/nano-scaled structures usually show better 
biocompatibility compared to polished surfaces [8]. 
The great specific surface area of the well- 
controlled hierarchical surface can not only improve 
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cell attachment, proliferation, and/or differentiation 
but also benefit integration with newly formed  
bone [9]. The micron- or sub-micron-scaled surface 
is more advantageous for cell adhesion [10,11], 
while nano-scaled microstructure often leads to 
osteoblast differentiation and tissue regeneration, 
especially the nanotubes prepared by electro- 
chemical anodization (EA) [12]. 

The fabrication of titania (TiO2) nanotube 
arrays is one of the most promising nano- 
engineering approaches for surface bioactivation 
and functionalization of Ti-based implants [13]. For 
example, the angiogenic behavior was significantly 
improved after introducing nanotubes with a 
diameter of 70 nm on Ti−6Al−4V [14]. Besides the 
commonly-used commercially pure Ti and Ti−6Al− 
4V, other Ti-based materials, such as Ti−Nb [15], 
Ti−Zr [16], and Ti−Nb−Ta−Zr alloys [17], were 
also used as the substrates for EA treatments. 
However, many studies show contradictory results 
about the influence of the microstructure of 
Ti-based substrates on the morphology and growth 
of nanotubes [18]. For instance, MACAK et al [19] 
claimed that grain boundaries should be responsible 
for the disturbed nanotube growth on CP-Ti. But in 
another work [20], no differences in nanotube 
geometry were observed on different Ti substrates 
varying in grain size. 

At present, Ti−15Zr alloy has been 
successfully used in clinical dental applications, and 
no side effects were reported up to now [21]. 
Ti−15Zr implants (Roxolid®) have equally good 
survival and success rates compared to 
conventional Ti Grade IV implants for mandibular 
removable overdentures [22]. In our recent work, a 
strong-yet-ductile Ti−15Zr, showing heterogeneous 
microstructure, was successfully fabricated [23]. 
The Zr-rich and Zr-lean “dual-phase” micro- 
structure provided a unique model to investigate the 
influence of the chemical and microstructural 
heterogeneity of the Ti−Zr matrix on nanotubes, 
and the anodization properties and biological 
response of the nanotube arrays on Ti−Zr alloys. In 
this work, a Ti−15Zr alloy with a “dual-phase” 
microstructure was prepared by powder metallurgy, 
followed by anodization to obtain a micro-/nano- 
scaled surface. The effects of microstructures on  
the formation of micro-/nano-scaled nanotube 
structures and the biocompatibility of the 
heterogeneous alloy were investigated. 

 
2 Experimental 
 
2.1 Material preparation 

A Ti−15Zr (wt.%) alloy was prepared by 
blending elemental powders of Ti (purity >99.9%, 
particle size <45 µm) and Zr (purity >99.9%, 
particle size <75 µm), followed by cold isostatic 
pressing (CIP) at a pressure of 180 MPa. Afterward, 
the compacts were sintered at 1400 °C in a vacuum 
(10−3 Pa), followed by hot rolling at 750 °C. Then, 
the samples were reheated at 600 °C and water 
quenched. Besides, reference Ti−15Zr samples were 
fabricated by vacuum arc-melting. The ingots  
were melted at least eight times to ensure       
the homogeneity. The above-mentioned Ti−15Zr 
samples prepared via the powder-metallurgy 
process and arc-melting are referred to as PM and 
AM, respectively. 

Both PM and AM samples were used as 
substrates for electrochemical anodization. The 
samples were ultrasonically cleaned, and then 
anodized for 50 min in a two-electrode electro- 
chemical cell at a constant voltage of 30 V.     
The electrolyte containing 0.5 wt.% NH4F was 
continuously agitated by a magnetic stirrer during 
anodization. After anodization, the samples were 
cleaned ultrasonically in ethylene glycol for 10 min, 
washed with deionized water, and dried. The 
electrochemical anodized PM and AM samples are 
termed PM-EA and AM-EA, respectively. 
 
2.2 Surface characterization 

X-ray diffraction (XRD) analyses were 
performed on a Rigaku D/max 2550VB+. X-ray 
diffractometer with Cu Kα radiation (40 kV, 300 mA, 
step size 0.02°). The XRD patterns were recorded  
in a 2θ range of 10°−80°. The grain size and 
microstructures of AM sample were characterized 
by using optical microscopy (OM, Leica MeF3A). 
Scanning electron microscope (SEM, FEI Quanta 
FEG 250) equipped with an energy dispersive 
spectroscopy (EDS) unit was used for surface 
characterization. The grain size of PM samples was 
evaluated by double-beam electron microscope 
(FEI Helios Nanolab G3) equipped with an electron 
back scattered diffraction (EBSD) probe. In the 
tapping mode of the atomic force microscope (AFM, 
MFP−3D Stand Alone), the roughness of the 
surfaces of AM-EA and PM-EA was characterized 
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by a probe. The regions with the size of 
5 µm × 5 µm were randomly selected for both 
configurations. The acquired images were analyzed 
using Asylum Research software. The surface 
roughness parameters, i.e., Ra (arithmetical mean 
deviation of the profile), Rq (root mean square 
deviation of the profile), and Rz (maximum height 
of the profile), were measured according to the 
standard JIS B 0601: 2001 (ISO 4287—1997). An 
FEI Tecnai 20 transmission electron microscope 
(TEM) was applied for further characterization of 
the nanotubes on AM-EA and PM-EA. The fast 
Fourier transformation (FFT) patterns were 
obtained by high-angle resolution TEM images.  
The chemical composition analyses of nanotubes 
were performed by the TEM unit equipped with 
EDS. An X-ray photoelectron spectrometer (XPS, 
ESCALAB250Xi) was also employed for the 
composition analyses. The wettability of Milli-Q 
water on samples was evaluated by the contact 
angle analyzer (SDC−200S, Sindin, China), and at 
least three tests were repeated on each sample. 
 
2.3 Protein adsorption assay 

Bovine serum albumin (BSA), fraction V 
(Sigma, 99.8% in purity) was used as the model 
protein. BSA was diluted in phosphate-buffered 
saline (PBS, K2HPO4/KH2PO4, 100 mmol/L, pH 7.4) 
to a protein solution at a concentration of 1 mg/mL. 
The four sets of samples, i.e., PM, AM, PM-EA, 
and AM-EA, were put into a 24-well plate and 
incubated in the protein solution at 37 °C for 2 h. 
Next, the samples were washed 3 times with PBS, 
and then, transferred into a new 24-well plate. The 
proteins on the samples were eluted with 2% 
sodium dodecyl sulfate (SDS) for 1 h at 37 °C and 
then assayed by a protein assay kit (Pierce, BCA 
protein assay kit). Samples were analyzed using   
a microplate reader at 450 nm. The protein 
concentration was calibrated with bovine serum 
albumin by a standard curve. Four sets of samples 
were incubated in the same way in BSA protein and 
then stained with FITC for 12 h. Then, the samples 
were washed 3 times with methanol and once with 
PBS. Finally, the samples were observed with a 
laser confocal microscope (Olympus FV1200). 
 
2.4 Cell culture 

The four configurations, i.e., PM, AM, PM-EA, 
and AM-EA, were sterilized in a high-temperature 

sterilization pot at 120 °C for 100 min, and then 
dried in a vacuum drying oven for 30 min. After 
that, the up and down surfaces were irradiated 
under ultraviolet light for 10 min each. 

Human osteosarcoma (MG63) cells supplied 
by China Infrastructure of Cell Line Sources were 
cultured in McCoy’s 5A medium (Gibco, USA),  
15% fetal bovine serum (FBS, Gibco, USA), and  
1% penicillin/streptomycin (Gibco, USA), with an 
atmosphere of 5% CO2 at 37 °C. The sterilized 
sample was washed twice with PBS, and then, put 
into the culture medium. MG63 cells were added to 
the culture medium and seeded at a density of 
20000 cells per well. After culturing for 24 h, the 
cells were washed with PBS three times, fixed with 
3.5% paraformaldehyde (PFA) for 0.5 h at 4 °C, and 
dehydrated by 20%, 40%, 60%, 80%, 95%, 100% 
ethanol for 10 min each. 
 
2.5 Cell proliferation 

MG63 cells were cultured for 5 d on samples. 
Cell counting kit-8 (CCK-8, Dojindo, Japan) 
solution at a content of 10% of the total was added 
to each well. The solutions were taken out on Day 3 
and Day 5 and incubated at 37 °C for 1 h, and 
finally detected by a microplate reader (Perkin- 
Elmer, USA) at 450 nm. 
 
2.6 Statistical analysis 

All experiments were repeated at least three 
times. The data were shown as mean ± standard 
deviation. In order to compare the differences in 
protein concentration and cell proliferation among 
four groups, the one-way analysis of variance was 
performed using SPSS Statistics 20 software (IBM, 
USA). The homogeneity of variances was assessed 
with Levene’s Test. 
 
3 Results and discussion 
 
3.1 Phase, microstructure, and chemical 

composition  
Figure 1 presents the XRD patterns of AM, 

PM, AM-EA, and PM-EA. Since Zr is usually 
accepted as a neutral element in Ti alloy [24], it can 
be expected to present only the α-Ti phase in AM 
and PM. The absence of crystallized TiO2 phase  
(e.g., anatase-type and rutile-type) in AM-EA and 
PM-EA samples indicates that the nanotubes in  
the two configurations are probably amorphous,  
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Fig. 1 XRD patterns of AM, PM, AM-EA and PM-EA 
 
which is very common for the as-anodized Ti-based 
materials [13]. 

Figure 2(a) shows the OM image of AM. AM 
presents coarse equiaxed crystal grains with the 
grain size of about 1000 μm, which is typical for 
arc-melted Ti alloys. Figure 2(b) presents the SEM 
image of the surface parallel to the rolling plane of 
PM. The absence of visible pores in PM indicates 
that the samples are almost completely dense   
after hot rolling. Stretched structures lie along the 
rolling direction, and white stripes are shown 
among grey areas. The binarized image of Fig. 2(b) 
and the corresponding distance map are shown in 

Figs. 2(c, d). The dark regions (with a grey value of 
0) and bright regions (with a grey value of 255) in 
Fig. 2(c) correspond to the grey areas and white 
stripes, respectively. As shown in Fig. 2(d), the 
average width of the white stripes is 675 nm. 

EDS mapping images were performed in 
Fig. 3 to better understand the element distribution 
in the AM and PM samples. AM shows a fully 
homogeneous distribution of Ti and Zr, but the 
distribution of the two elements in PM exhibits a 
strong dependence on the areas. For example, the 
white stripes are Zr-enriched laths, while the grey 
areas are Ti-enriched. Table 1 gives the EDS results 
of Point A and Point B in Fig. 2(b), representing  
the Zr-enriched laths and the Ti-enriched regions, 
respectively. The Zr content in the Zr-enriched laths 
is almost three times higher than that in the 
Ti-enriched regions. The presence of such a strong 
heterogeneous composition distribution should be 
probably attributed to the spinodal decomposition 
of the α phase in the Ti−Zr system, especially in a 
deformed Widmanstätten-like structure [23,25]. 

Figure 4 shows the results of the EBSD 
analyses of the surface parallel to the rolling plane 
of PM. Figure 4(a) presents the inverse pole figure 
(IPF) and image quality (IQ) map along the rolling 
direction. The color in Fig. 4(a) offers a measure of 
the grain orientation normal to the EBSD plane, and  

 

 
Fig. 2 Microstructures of AM and PM samples: (a) OM image of surface of AM; (b) SEM image of surface of PM 
parallel to rolling plane (Points A and B are in the white strip and grey area, respectively); (c) Binarized SEM image of 
Fig. 2(b); (d) Corresponding distance map of Fig. 2(c) (dstrip is the width of white strips) 
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Fig. 3 Composition distributions of AM and PM samples: (a) SEM image of AM; (b) EDS mapping image of AM;    
(c) SEM image of PM; (d) EDS mapping image of PM 
 
Table 1 EDS results of points in Fig. 2(b) (wt.%) 

Point Ti Zr 
A 79.7 20.3 
B 92.5 7.5 

 
each solid color corresponds to an individual grain. 
As one can see from the color palette in the upper 
right corner of Fig. 4(a), most grains in striped laths 
are red, while, and the grains in other regions are 
mainly green and blue. The significant difference in 
color between the laths and other areas suggests 
that Zr-enriched laths and Ti-enriched regions 
exhibit different preferred orientations of the grains 
(so-called texture). The grains in striped laths are 
mainly (0001) grains, i.e., the c-axis of the grains 
tends to be perpendicular to the plane of EBSD 
mapping. However, most grains in Ti-enriched 
regions present (10 10)  and (2 1 10)  preferred 
orientations. Besides, Fig. 4(a) also indicates the 
significantly different sizes of the grains in 
Zr-enriched laths and Ti-enriched regions. The area 
fraction data as shown in Fig. 4(b) clearly confirm 
the bimodal distribution of grain size of PM. The 
sizes of most grains are below 10 μm, while, only 
around 13% of grains are in the range from 15 to 
20 μm. 

 

 
Fig. 4 IPF and IQ map of surface parallel to rolling plane 
of PM, showing color-coding of IPF map at upper right 
corner, and schematic oriented hexagonal unit cell placed 
beside corresponding grain with specific orientation (a); 
Grain size distribution of PM evaluated by EBSD (b) 
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Compared with the millimeter-scaled as-cast 
grains in AM as shown in Fig. 2(a), the grain   
sizes of PM are all much finer (all below 20 μm). 
Such a difference should be mainly attributed to  
the grain elongation, fragmentation, and dynamic 
recrystallization during hot rolling. Most (10 10)-
oriented blue grains and (2 1 10)- oriented green 
ones as shown in Fig. 4(a) exhibit equiaxial 
morphology, indicating that the dynamic 
recrystallization is probably complete in Ti- 
enriched regions. However, the (0001)-oriented red 
grains usually show elongated structure, implying 
the incomplete recrystallization in Zr-enriched 
strips after hot rolling and the following heat 
treatment. 

Figures 5(a, b) show the nanotube arrays on 
AM-EA. At low magnification (see Fig. 5(a)), the 
nanotubes disperse uniformly on the surface except 
for some minor voids, which is quite typical for 

anodized Ti alloys [8]. The high magnification SEM 
image as shown in Fig. 5(b) presents a relatively 
smooth nanotubular surface with a nanotubular 
diameter of (82.7±3.2) nm. KIM and CHOE [26] 
prepared arc-melted Ti−Zr alloys, showing similar 
flat nanotube surfaces as on AM-EA. KONATU   
et al [27] also anodized the arc-melted Ti−15Zr 
alloy, and obtained a very flat nanotube surface. 
After heat treatment at different temperatures, the 
nanotube surface remains flat. In contrast, the 
nanotube distribution on PM-EA seems to be quite 
heterogeneous as presented in Figs. 5(c, d). The 
nanotubes are distributed as clusters, leaving 
oriented microcracks between the adjacent clusters 
as marked by yellow arrows in Fig. 5(c). At high 
magnification (see Fig. 5(d)), the nanotubular 
diameters are measured as (81.2±8.6) nm, which is 
almost the same as those of nanotubes on AM-EA. 
It is important to note that many nanotubes at the 

 

 
Fig. 5 SEM images of surface of AM-EA (a, b); SEM images of surface of PM-EA (the yellow arrows show the 
microcracks) (c, d); Binarized SEM image (e) of Fig. 5(c); Corresponding distance map of Fig. 5(e) (dcrack is the width 
of microcracks) (f) 
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outer layer of clusters tend to bend to the cluster 
center, and the heights of the nanotube clusters 
differ from each other. The binarized SEM image of 
nanotube arrays on PM-EA is shown in Fig. 5(e). 
The bright areas (with a grey scale of 255) and dark 
regions (with a grey scale of 0) correspond to the 
nanotube clusters and the oriented microcracks 
among them. It should be highlighted that although 
the average width of the microcracks as shown   
in Fig. 5(f) seems to be lower than that of the  
white strips as presented in Fig. 2(d), there is no 
statistically significant difference between dcrack and 
dstrip. 

AFM was applied to evaluating the topo- 
graphical features of AM-EA and PM-EA. The 3D 
images in the range of 5 μm × 5 μm provide a 
visual display of the surfaces of both samples as 
presented in Figs. 6(a, b). It seems that PM-EA 
exhibits higher and more irregular peak dimensions 
than AM-EA. Such diversity is further confirmed 
by the roughness values of Ra, Rq, and Rz, as given 
in Table 2. Compared with the profile of AM-EA, 
that of PM-EA presents much higher Ra, Rq, and Rz, 
indicating that the surface of the latter configuration 
shows enhanced surface profile deviation and 
greater surface area ratio (the ratio of the real 
surface area to its geometrical projection). 
Consequently, PM-EA shows a much rougher 
micron-scaled surface topography compared with 
AM-EA. 
 

 
Fig. 6 3D views of surface of nanotubes: (a) AM-EA;  
(b) PM-EA 

Table 2 Roughness values of AM-EA and PM-EA 
surfaces  

Sample Ra/nm Rq/nm Rz/nm 

AM-EA 80.8 103.3 954.3 

PM-EA 115.5 149.4 1704.7 

 
Figures 7(a, b) show the cross-sectional SEM 

images of anodic oxide nanotubes formed on 
AM-EA and PM-EA samples. The nanotubes on 
both configurations exhibit similar lengths. The 
tube length of AM-EA is about 1.8 μm, and that of 
PM-EA is about 2.2 μm. The nanotubes can be 
closely combined with their matrix, since a compact 
oxide layer is usually formed between the nano- 
tubes and the substrate [28]. 
 

 

Fig. 7 Cross-sectional SEM images of anodic oxide 
nanotubes: (a) AM-EA; (b) PM-EA 
 

Figures 8(a, b) show the cross-sectional TEM 
images of anodic oxide nanotubes formed on 
AM-EA and PM-EA samples. The nanotubes on 
both configurations exhibit similar lengths (i.e., 
~1.2 μm). Figures 8(c, d) reveal the amorphous 
state of the nanotubes on AM-EA and PM-EA 
samples. It has been reported that the nanotubular 
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Fig. 8 Bright field TEM image of nanotubes formed on AM-EA (a); Bright field TEM image of nanotubes formed on 
PM-EA (b); High-resolution TEM image and corresponding FFT pattern of nanotubes formed on AM-EA (c); High- 
resolution TEM image and corresponding FFT pattern of nanotubes formed on PM-EA (d) 
 
structures grown from Ti-based substrates in 
fluoride-containing electrolytes are amorphous, 
since fluoride ions may suppress the crystallization 
of the oxides [29]. 

Table 3 presents the compositions of the 
nanotubes removed from AM-EA and PM-EA 
samples obtained by the EDS equipped with TEM. 
The mass fraction ratios of Zr/(Ti+Zr) in the 
nanotubes on AM-EA and PM-EA are 13.5% and 
5.7%, respectively. Such a disparity between the 
anodized configurations is probably due to the 
different Zr distributions in the AM and PM 
substrates. The nanotubes on PM-EA should be 
mainly formed on Ti-enriched regions, rather than 
Zr-enriched strips. It is reported that the nano-  
tubes usually contain slightly more Zr than the 
Ti−Zr-based substrates [30]. However, in this work, 
after comparing the EDS results as presented in 
Table 1 and Table 3, it seems that the fractions of Zr 
in oxide tubes on AM-EA and PM-EA are slightly 
lower than those in their parent substrate materials 

(i.e., ~15 wt.% of Zr in AM and ~7.5 wt.% of Zr in 
PM). Such a contradictory result might result from 
the relatively low accuracy of EDS. 
 
Table 3 EDS results of points in Figs. 8(a, b) (wt.%) 

Point Ti Zr O 

C 56.3 8.82 34.88 

D 38.44 2.33 59.23 

 
To further evaluate the composition of the 

nanotubes, AM-EA and PM-EA were investigated 
by using XPS. Figure 9 shows the spectra of O 1s, 
Ti 2p, and Zr 3d regions of AM-EA and PM-EA. 
The solid, dotted, and dot-dash lines show the 
reported peak positions of binding energy for TiO2, 
Zr/Ti oxide (mainly ZrTiO4, named ZT), and ZrO2, 
respectively [16]. Besides TiO2 and ZrO2, the O 1s 
spectra of both configurations also show good 
agreement with the ZT peak at 530.2 eV. The 
increase of the binding energy of Ti 2p3/2 in both 
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Fig. 9 XPS spectra of AM-EA and PM-EA: (a) O 1s;   
(b) Ti 2p; (c) Zr 3d 
 
AM-EA and PM-EA (458.8 eV) compared with the 
binding energy of 458.4 eV in pure TiO2 [30] 
obviously reveals that the chemical state of Ti in the 
nanotubes is very sensitive to the introduction of Zr 
(even as low as ~5.7 wt.% Zr in the oxide tubes on 
PM-EA). Besides, the shift of Zr 3d of AM-EA 
compared with that of PM-EA might be attributed 
to the different Zr contents in the oxide nanotubes. 
In a word, based on the TEM, EDS, and XPS 
results, the nanotubes on both AM-EA and PM-EA 
consist of the same amorphous phases including ZT 
with excess TiO2 and ZrO2, although the former 
tubes contain more Zr. 

The above-mentioned differences in micro- 
structure between the oxide nanotubes formed on 
AM-EA and PM-EA should be mainly attributed to 
the following two aspects: the grain orientation 
preference and the composition heterogeneity. 

The AM sample shows a uniform Zr 
distribution, and the microstructure is composed of 
coarse equiaxed grains. The Zr distribution of PM 
samples is not uniform with Zr-rich strips. 
Moreover, the PM sample contains finer grains and 
obviously preferred orientations. The AM-EA 
sample has a smooth nanotube surface with fewer 
cracks. The nanotube surface of PM-EA is not 
smooth and presents directional microcracks. It is 
not a coincidence to exhibit comparable widths of 
Zr-enriched strips on PM and microcracks on 
PM-EA as well as similar oriented structures of the 
strips and microcracks. Differences in preferred 
orientations of grains can significantly affect the 
anodization behavior and thus lead to the formation 
of different types of nanotube arrays on Ti-based 
substrates [31]. The (0001) plane of α-phase in 
Ti-based materials is the close-packed plane, and 
highly electronically conductive oxide films are 
usually formed on it. On the (hki0) plane, a thicker 
but less conductive film is grown [32]. The 
formation of the oriented microcracks on PM-EA is 
highly dependent on the textures on the parent  
PM substrate. As illustrated in Fig. 4(a), most 
(0001)-oriented grains lie in Zr-enriched strips, 
while the coarse ones in Ti-enriched areas are 
usually either (10 10)-oriented  or (2 1 10)-  
oriented. Since it is much more difficult to start the 
electrochemical anodic oxygen evolution on 
conductive (0001)-oriented grains than on passive 
(hki0)-oriented grains, the elongated pristine 
Zr-enriched strips become microcracks among the 
as-formed oxide nanotubes in Ti-enriched regions. 
Besides, since the growth rate of nanotubes 
gradually increases with decreasing the planar 
atomic density of the Ti-based parent material [32], 
the different heights of the nanotube clusters on 
PM-EA as presented in Figs. 5(c, d) should be 
probably due to the various orientations of the 
grains in Ti-enriched regions in PM as shown in 
Fig. 4(a). 

The chemical composition of Ti-based 
substrates also plays an important role in 
determining the morphology of the anodized 
samples. Although the oxide nanotubes on AM-EA 
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and PM-EA show similar phase constitutions (see 
Fig. 8), their significantly different Zr contents (see 
Table 3) suggest different formation mechanisms. 
Zr is usually considered a neutral element, but its 
content can significantly influence the anodization 
behavior [18]. Thus, the Zr/(Ti+Zr) ratio in the 
Ti−Zr binary system is of great importance. The 
uniform distribution of Ti and Zr in the AM 
Ti−15Zr alloy (see Fig. 3(b)) inevitably leads to a 
relatively smooth surface of AM-EA, as shown in 
Figs. 5(a, b), because when the content of Zr is low 
(e.g., 17.6 wt.%), the surface of the nanotube arrays 
is smooth, similar to that of pure Ti [30]. In contrast, 
it is reported that when the Zr content is higher than 
20 wt.%, the nanotubes become more separate and 
tend to bend at the top [29]. Therefore, considering 
the sharp Zr compositional gradient from 
Zr-enriched strips (over 20 wt.%) to Ti-enriched 
regions (less than 10 wt.%) as presented in Fig. 3(d) 
and Table 1, the nanotubes formed on the 
boundaries between the adjacent Zr-enriched strip 
and Ti-enriched region might be bent and around 
the lateral of nanotube clusters, as shown in 
Figs. 5(c, d). According to the SEM results, the 
nanotubes in PM-EA have a trench structure. The 
formation of such a structure may result from the 
grain size, grain orientation, and Zr content. If 
possible, it can be called strip-like distributed 
nanotube area. 

From the topographical point of view, AM-EA 
and PM-EA are similar at the nano-scale, since the 
nanotubular diameters on both configurations are 
almost the same (see Fig. 5). As illustrated before, 
the diameter of nanotubes grown on Ti-based 
substrates is highly dependent on various factors, 
such as anodization voltage and electrolyte, and 
substrate composition [13,33]. In this study, the 
same voltage and electrolyte were used for the 
anodization of AM and PM samples. Moreover, the 
Zr contents in AM (~15 wt.%) and in Ti-enriched 
regions (~7.5 wt.%) are below the widely accepted 
threshold (~20 wt.% [29]) for geometry change. 
Therefore, it is reasonable to obtain similar 
nano-scaled geometry on AM-EA and PM-EA. 
However, the latter material shows more 
micron-scaled structures than the former, as 
presented in Figs. 5(c, d). The presence of nanotube 
clusters and oriented microcracks considerably 
increases the surface profile deviation and surface 
area ratio, which probably influences the 

mechanical properties of the substrates. Elastic 
modulus is one of the most important parameters 
when selecting proper implant materials [34]. After 
anodization, elastic modulus of the implant surface 
decreases when considering the extremely high area 
aspect ratio of the nanotubular structures [35]. So, it 
is reasonable to assume that the formation of 
microcracks might further decrease the surface 
stiffness, and even possibly reach the modulus of 
native bone tissue. As reported in our previous  
work [23], the PM Ti−15Zr shows significantly 
higher tensile strength (~915 MPa) and elongation 
(>20%) than the arc-melted Ti−Zr alloys with 
similar Zr contents (600−800 MPa and ~15%, 
respectively) [36−38], so it is reasonable to assume 
that PM-EA may show better tensile properties than 
AM-EA samples. It is important to note that the 
microcracks of nanotubes may lead to stress 
concentration [39], and thus be probably 
detrimental to the fatigue behavior. 
 
3.2 Wettability  

The initial contact angles of AM, PM, AM-EA, 
and PM-EA are shown in Fig. 10. The results show 
that the contact angles of AM and PM are 49.8°  
and 49.5°, respectively. But after anodization, the 
contact angles significantly decrease to 3.0° 
(AM-EA) and 2.1° (PM-EA), showing super- 
hydrophilicity. 

The implants with super-hydrophilicity are 
sometimes favored clinically because the 
interaction between the dental implants and the 
surrounding tissues usually begins from the water 
displacement [40]. Generally, surface free energy is 
related to the surface topography [41]. In this case,  
 

 
Fig. 10 Initial contact angles and optical images of drops 
on AM, PM, AM-EA, and PM-EA 
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the anodized groups show much better wettability 
compared with the polished ones, suggesting the 
important role the nanotubular structures play. 
 
3.3 Protein absorption 

Figure 11 shows the amount of protein 
adsorption on AM, AM-EA, PM, and PM-EA. After 
incubation for 2 h, anodized samples adsorb a 
significantly higher amount of protein than 
non-anodized samples. In addition, the protein 
adsorption on PM-EA is significantly higher than 
that on AM-EA. 

Protein adsorption plays a dominant role in 
regulating cell attachment. The adsorption of a 
protein layer is the initial process occurring at the 
implant−biological ambiance contact [42], so the 
protein adsorption behavior was evaluated before 
performing cell assessments in this work. Although 
the hydrophobic surfaces are widely considered as 
preferred ones for protein adsorption, the anodized 
samples with lower contact angles present a higher 
amount of adsorbed protein than the other two 
configurations. Such behavior should be attributed 
to the nano-scale features of AM-EA and PM-EA 
since the thin walls of the nanotubes might be 

 

 
Fig. 11 Protein adsorption level of BSA on four 
configurations (∗ p < 0.05) 
 
preferential adsorption sites for the protein. PM-EA 
shows a micro/nano-scaled structure, and the values 
of Ra, Rq and Rz are significantly higher than those 
of AM-EA. The larger specific surface area of the 
former can increase the surface free energy of the 
material and provide more abundant protein 
adsorption sites [8]. 
 
3.4 Cell adhesion 

Figure 12 shows the SEM images of adhered 
 

 

Fig. 12 MG63 cell morphologies on samples in four groups after 24 h of incubation: (a) AM; (b) AM-EA; (c) PM;    
(d) PM-EA 
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MG63 cells cultured for 24 h on the four 
configurations (AM, PM, AM-EA, and PM-EA). 
Most MG63 cells show a spindle and polygonal 
shape. Moreover, the polygonal cells exhibit 
numerous filopodia. Filopodia cause localized 
adhesion to the matrix, connecting cells to the 
material surface. This phenomenon indicates that 
both the anodized surface and original surface are 
conducive to the formation of polygonal cells and 
cell adhesion. 
 
3.5 Cell proliferation 

The proliferation of MG63 cells on the four 
configurations is shown in Fig. 13. It is obvious that 
the cell proliferation on PM-EA cultured for 3 d and 
5 d is significantly improved compared with the 
other three groups. In addition, the OD level of the 
AM group is significantly lower than that of the 
other three groups. Although all configurations 
present good cell adhesion behavior (see Fig. 12), 
the cell proliferation in PM-EA is significantly 
higher than that in other groups, as shown in Fig. 13. 
Such a result indicates that a surface with both 
nano-scaled and micron-scaled topography may be 
preferential for long-term implantation. In the cell 
adhesion experiments performed by KONATU   
et al [27], the number of cells on surface of Ti−15Zr 
nanotubes was higher than that of the polished 
samples. These results agree with other studies for 
surfaces containing TiO2 nanotubes [43,44], but no 
significant difference in initial adhesion was 
observed in our experiments. However, after  
several days of cell proliferation, all surfaces     
of the nanotubes show significantly better cell 
proliferation. 
 

 
Fig. 13 Proliferation of MG63 cells evaluated by CCK-8 
test (∗ p < 0.05) 

 
4 Conclusions 
 

 (1) The Ti−15Zr alloy obtained by powder 
metallurgy and subsequent hot rolling shows Zr 
segregation, bimodal grain size distribution, and 
preferred orientations. 

(2) The (0001)-oriented fine grains lead to the 
formation of the microcracks, while the sharp Zr 
gradient is also responsible for the formed 
nanotubular clusters. 

(3) The anodized Ti−15Zr alloy with both 
micron-scaled roughness and nano-sized structures 
shows better hydrophilicity and cell response, 
suggesting the great potential as a dental implant 
material. 
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摘  要：研究非均质显微组织对钛合金阳极氧化行为与生物相容性的影响。采用粉末冶金及后续热轧和热处理方

法制备非均质 Ti−15Zr 合金，并采用电化学阳极氧化法获得纳米管阵列表面。结果表明，阳极氧化非均质 Ti−15Zr

上形成由纳米管团簇和显微裂纹构成的微纳结构表面，这种结构的形成与条纹状的(0001)取向晶粒以及 Zr 的非均

质分布有关。与阳极氧化的电弧熔炼 Ti−15Zr 对照组相比，阳极氧化非均质 Ti−15Zr 具有与其相当的超亲水性，

且蛋白吸附与细胞增殖效果更好，这主要是由于后者具有多尺度结构表面。 

关键词：Ti−Zr 合金；电化学阳极氧化；成分非均匀性；择优取向；生物相容性 
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