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a  b s  t r a  c t

The motivation of this work is to compare methods for nanotube formation in �-Ti with

the  results obtained in �-TiNi by  electrochemical anodization at the same conditions. Both

substrates were characterized by XRD to assure their phase constitution at room temper-

ature. Samples were anodized in 0.2%m. NH4F  and 1%v. H2O  in ethylene glycol solvent at

5,  15, 25, 45, and 60 V. Each experimental condition had its current densities recorded as a

function of time and the resultant anodic films were characterized by FE-SEM. All conditions

lead  to  nanotube formation in Ti substrates. TiNi samples anodized at  5 V  produced evenly

spread nanotubes with similar diameters of those in Ti. As  the  potential increased, the nan-

otubular aspects of titania in TiNi were increasingly lost. At higher anodization potentials,

tubular structures can be seen in a  matrix of sponge-like oxide formed due  to the increase

of  oxygen evolution as  the potential increased. Examination of the metal/oxide interface

indicates that, even though spongy oxide was formed in TiNi substrates, the mechanism

of  growth initiation is similar to Ti samples. It is possible to conclude that for the same

anodization conditions �-TiNi is more reactive than �-Ti and requires milder conditions to

produce nanotubular surfaces.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.  Introduction

Titanium and titanium alloys are widely used in many fields
because of their intrinsic properties such as  low elastic modu-
lus, high biocompatibility, high corrosion resistance, and high

∗ Corresponding author.
E-mail: pedrodamas0803@ufmg.br (P.D. Resende).

strength to weight ratio [1,2].  In some devices, the metal sur-
faces can be tailored to  enhance their performance in the
proposed use by different means. Anodization is presented
as  a  relatively easy and cost-effective way to  obtain desired
nanostructured surfaces in metals and alloys by changing
process variables. Among diverse titania nanostructures, nan-
otube (NT) arrays obtained by electrochemical anodization
arise as a  sound method to functionalize surfaces because of
its unique properties and potential uses for biomedical [3–5],
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energy harvesting [6–8], photocatalysis [9]  and sensing [10]
applications.

Titania nanotubes (TNT’s) on commercially pure titanium
(cp-Ti) were firstly mentioned by Gong et al. [11] and were
obtained by electrochemical anodization in 0.2%wt. HF aque-
ous electrolytes at a  constant potential of 20 V for 20  min. The
work of Gong et  al. was  proposed after Zwilling et al. [12] found
hollow elongated structures growing normally to the substrate
on the anodization of Ti and Ti6Al4V in  a  mixed electrolyte of
CA (chromic acid) and HF. Since then, researchers have put a
lot of effort to gain comprehension of the  specific phenomena
involved in the growth of such nanostructures. The methods
for NT’s growth can be divided into three generations char-
acterized by  differences in electrolyte types [13,14]. The first
generation is based on the anodization of Ti in HF based aque-
ous solutions as proposed by Gong et al. [11].  Changes have
been made upon the second generation as researchers have
found that pH  plays an important role in  the smoothness of
TNT’s and its length. Saline based electrolytes and non-acidic
fluoride sources were proposed to increase the pH of anodiza-
tion processes and took NT’s thickness from nanometer to
micrometer scale. The third generation of TNT’s can achieve
hundreds of micrometers in thickness and is  characterized by
anodizing Ti in organic electrolytes, most common are ethy-
lene glycol and glycerol, with additions of 1–5%v. H2O and 0.1
-  0.5%wt. NH4F [13].

TNTs’ morphology is directly affected by different anodiza-
tion parameters and the  most relevant are the  applied
potential and time. But it is important to highlight that base
metal chemical and phase composition [15],  previous surface
condition [16], pressure [17,18],  temperature [19], light inci-
dence [18] can also  affect NTs morphology. The time is directly
associated with the thickness of the grown anodic film, longer
anodization times leading to thicker films [20]. This statement
is true up to a critical value when the growth rate and disso-
lution of the TiO2 rate by fluoride reach a steady-state and
thickness can no longer grow [21]. The potential has a strong
correlation with pore diameter, which increases as the poten-
tial is increased [22].

The majority of the studies aiming to  produce titania NTs
are based on the  anodization of �-Ti substrate, usually of
commercial-grade Ti.  Few research deals with the anodiza-
tion of �/� Ti-based alloys, commonly used for biomedical
applications [12,15,23,24].  Zwilling and co-workers [12] found
that nanotubular anodic films produced on top of the � phase
of Ti6Al4V have different pore size distribution compared to
what is obtained over � phase and are deeper than its sur-
roundings, suggesting a  more  rapid chemical attack of the  �

phase during anodization. Lee et  al. [15] studied the anodiza-
tion of Ti, Ti-Ta, and Ti6Al4V alloys and their results pointed
to the fact that multi-constituted alloy microstructure origi-
nates TNT’s with different degrees of organization. They also
have found that the  � phase of Ti6Al4V produces a sponge-like
oxide morphology whilst the � phase grows well-organized
TNT’s. Matykina et al. [23] found that the � phase is completely
dissolved during the anodization process and anodic oxida-
tion proceeds over the underlying � phase of Ti6Al4V, evidence
supported by Moravec et  al. [24].

Approximately equiatomic TiNi alloys are constituted by
the � phase structure and present superelasticity or shape

memory  effect, key factors to their usage. These properties
are related to a  reversible martensitic transformation [25] from
the �  phase. Even though the anodic processing of cp-Ti and
its � alloys to  achieve nanotubular titania structured surfaces
is broadly explored in the literature, that is not the case of
fully �  titanium-based alloys, especially for the Ti-Ni system.
Anodization of TiNi alloys aiming to  obtain TNT’s is a  relatively
scarce and not well-established field of research reported on
the available literature [26–29]. The lack of directives and
knowledge on how the existent Ti anodization information
can be applied to TiNi alloy and to what extent the results
would be different due to the substrate change is the moti-
vation of the present work. Therefore, the objective of the
present study is to compare differences in the results of nanos-
tructured films obtained by anodization of cp-Ti and TiNi
under the same conditions.

2.  Experimental  procedures

Strips of commercially pure titanium and TiNi of nominal
composition 50,8%at. Ni were used to perform electrochemical
anodization and further characterization. The samples were
cleaned in a  two-step degreasing process, initially in ethanol
and then in acetone, under sonication for 30 min.

2.1.  Substrate  characterization

Both substrates were characterized by X-Ray diffraction (XRD;
Panalytical PW1710, Almelo, The Netherlands) operating with  Cu
k� (� =0.15418 nm)  using a scan rate of 0.02◦/s  at room tem-
perature (RT). The phases were identified by comparison with
patterns available at Inorganic Crystal Structure Database (ICSD,
Code#43416 for Ti and Code#166366 for TiNi).

Due to the reversibility nature of martensitic transforma-
tions in the  TiNi alloy as a function of temperature, differential
scanning calorimetry (DSC; DSC60, Shimadzu, Tokyo, Japan) was
used to characterize phase transition temperatures for TiNi
samples and to assure that at anodization conditions only
the �  phase was present. Samples were heated up to 100 ◦C
starting at -100 ◦C and then cooled again to  -100 ◦C at heat-
ing/cooling rates of 10 ◦C/min. Transition temperatures were
determined by intersecting baseline and a tangent at the onset
of transformation peaks.

2.2.  Electrochemical  anodization

Anodization was carried out on a two-electrode electrochem-
ical cell with a  constant voltage supply (Keithley 2260B,
Cleveland, USA). The electrolyte composition was 0.2 %wt.
NH4F,  1%v. H2O  in ethylene glycol, and was chosen based on a
literature survey for TNT’s growth on TiNi substrates [26,28,30].
The Ti cathode with an area of 4 cm2 was placed 2 cm apart
from the  anode and had approximately twice the surface area
of the anode. Samples of Ti and TiNi were anodized under
voltages of 5, 15, 25, 45, and 60 V in  approximately 50 mL  of
electrolyte without stirring. The total anodization time was 3 h
for all the experimental conditions. Some anodization condi-
tions were replicated with different total time if  it was found
necessary to assess morphological features of anodic film at
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Fig. 1 – X-Ray diffraction patterns of (A) cp-Ti and (B) TiNi.

these conditions. Total anodization current was  measured
with a digital ammeter (Tektronix DMM4020, Beaverton, USA)
and plotted as a function of time. After anodization, all sam-
ples were immediately washed with distilled water, rinsed in
ethanol for 30  min  and then dried in N2 dry gas stream.

2.3.  Anodic  film  characterization

Anodic film top surfaces were observed under field emission
scanning electronic microscopy (FE-SEM, FEI Quanta 3D) using
an acceleration potential of 5 kV and secondary electron imag-
ing. Qualitative composition data was  obtained using energy
dispersive spectroscopy (EDS). Nanotube diameters were mea-
sured using free software ImageJ 1.52q (National Institute of
Health, USA) [31]. At least 50 measurements per  sample were
performed and the results were statistically analyzed with R
version 3.5.2 [32] at a  level of significance of 0.05. Results were
compared using a two-way analysis of variance to  determine
the influence of substrate type and anodization potential on
the film characteristics. Tukey’s honestly significant difference
(Tukey’s HSD) post hoc test was used to compare pairwise
differences amongst groups. For further analysis of the self-
organization of anodic film, samples anodized at 25 V were
glued to carbon conductive tape and the film was detached to
observe its bottom part under FE-SEM.

3.  Results  and  discussion

The X-Ray diffraction patterns of both substrates are shown
in Fig. 1. Results for cp-Ti (Fig. 1A), indexed according to pat-
tern code #43416, show that the material is monophasic with
all reflections matching the �-Ti phase. The same behavior is
observed in Fig. 1(B) for the TiNi sample after comparison with
pattern code #166366, except for the fact that some peaks in
the analyzed range are absent for �-TiNi. This, together with
a prominent peak broadening, is an indication that the mate-
rial has small grain size and/or lattice defects accumulation
due to cold work  followed by low-temperature annealing [25].
DSC results show that the austenite finish temperature of the
TiNi alloy is Af = 18.5 ◦C. The Af temperature depends on the

chemical composition of the alloy and its thermomechanical
processing history and is the temperature above which the
alloy is  fully �  constituted [25].  Thus, the DSC results confirm
that at the anodization conditions the TiNi alloy is  fully �.

The total anodization current was measured as  a  function
of time and the results are  presented in Fig. 2.  The current den-
sity curves of both materials show that a  higher anodization
potential leads to  higher current densities during anodization.
When the same anodization potential is compared for both
materials, it can be noticed that TiNi related current densi-
ties tend to be higher along the electrochemical process. All
anodization conditions of Ti produced nanotubular structures,
as shown in Fig.  3.

According to field-assisted dissolution equilibrium theory
(FADET), i x t  curves of anodization aiming to produce titania
nanotubes on Ti and its alloys can be divided into three stages
closely related to morphological changes of the  anodic film as
anodization time increases. The first stage is associated with
barrier oxide thickening and the current density drops expo-
nentially until the second stage is reached. The second part
of the curve starts at the moment that current density rises
due to the  pore growth initiation and its intrinsic specific area
increase. After pore initiation, a  steady state is reached and the
pores grow at a  constant current until the end of the process is
achieved [33]. However, recent studies have shown strong evi-
dence against FADET because of its lack of consistency in  the
explanation of pore initiation and the auto-organization phe-
nomena itself [13]. Electronic current theory states that the
mechanism of pore initiation and growth relies on the pres-
ence of sufficiently high electronic current to induce gaseous
oxygen evolution at the interface of anion contaminated layer
and the barrier oxide layer. As  oxygen bubbles are formed
and grow, its internal pressure rises acting as a  mold where
oxide grows around [34].  Oxide formation is related to the ionic
component of total anodizing current and its growth around
the oxygen bubble mold is enhanced by electrostriction forces
[34–37].

The presence of an  alloying element in  TiNi alloy adds
another level of complexity to  the current density curve of
anodization. In natural conditions of surface passivation, TiO2
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Fig. 2 – Current density x  time curves of (A) cp-Ti and (B) NiTi at different anodization potentials. NiTi anodization curves at

45 and 60 V  are presented in the (B)  inset.

is preferentially produced instead of the other viable oxida-
tion phases due to thermodynamic aspects of the involved
chemical reactions [38]. However, when the oxidation of
TiNi surfaces occurs under anodization conditions, the high
electrical field induces ionic mobility of nickel atoms that
contribute to the measured current density in the anodiza-
tion process. Hang et al. [30] measured an atomic ratio of
Ni/Ti around 0.25 with XPS in  anodic films processed in sim-
ilar conditions and attributed the  lower content of Ni to its
higher complexation rate with free F- ions  in the electrolyte.
Thus, the ionic component of the current density of TiNi sam-
ples involves the transport of Ni, Ti,  and O ions, whilst for
cp-Ti, only Ti and O species are involved. The EDS analysis
shows that after anodization O is present at the surface of the
samples together with residual F and C. According to  the elec-

tronic current and bubble mold theory, the  electronic current
makes the  total current density higher due to gaseous oxy-
gen evolution at the anion contaminated and barrier oxide
layers interface [35–37].  On the other hand, the ionic current
drops exponentially since the beginning of the process and
tends to stabilize as  the transport rate of metal and oxygen
ions in opposite directions reaches equilibrium. These cur-
rent components together form the typical shape of an i  x

t curve. In our results, similar behavior was found only for
Ti anodization at 60 V in Fig. 2(A). This experimental group
has  abnormally higher top tube diameter when compared
to  the other conditions as shown in Fig. 3,  suggesting that
even though nanotubular structures were produced for lower
potentials, the  electronic current component was too low for
the precision of used ammeter and, therefore, the magnitude

Fig. 3 – Titanium anodized surfaces at (A) 5 V, (B) 15 V, (C) 25 V,  (D) 45 V,  and (E) 60 V.  The inset in each figure present a lower

magnification micrograph and its scale bar represent 300 nm.
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Fig. 4 – TiNi anodized surfaces at (A) 5 V, (B) 15  V, (C)25 V, (D)  45 V,  and (E) 60 V.  The inset in  each figure present a lower

magnification micrograph and its  scale bar represent 300 nm.

of the electronic current is related to the nanotube diameter.
The same behavior was found for TiNi samples, where tubular-
shaped structures were found at the  potentials of 5, 15, and
25 V, but the typical rise of total anodization current was not
observed, even though nanotubular structures were produced,
as shown in Fig. 4.

TiNi alloy i x t  curves in Fig. 2(B) have similar behavior for
anodization potentials of 5, 15, and 25 V,  but a sharp current
rise was found for both 15 and 25 V samples after approxi-
mately 3000 s. Anodization at 45 and 60  V reached much higher
current densities after 30 s,  with a similar pattern to the results
of Yang et al. [39] for anodization under breakdown conditions
of titanium. The rise of total current can be associated with
the intense oxygen gas  evolution during the anodization pro-
cess, except for the 5 V sample where it was  not detected. The
sponge-like oxide nanostructures shown in Fig. 4(B, C, D, and
E) are associated with the intense gas  evolution as previously
reported [39,40]. The higher current densities observed are in
accordance with previous results that showed higher reaction
rates for anodic processes in TiNi  alloys [30]. The fact that the �

phase showed higher dissolution rates in dual-phase �/� Ti-Al-
V alloys [12,15,23,24] during anodization to obtain nanotubular
surfaces was always attributed to the fact that � stabilizer V
alloying elements increase its reactiveness. A recent study also
found supporting evidence that anodic TNT’s growth in a fully
� Ti-50Nb proceeds at higher reaction rates compared to �  con-
taining alloys [41].  The same result obtained with fully � alloy
suggests that the crystal structure of the substrate may be a
contributing reason for differentiated reaction rates since the
alloying elements are different.

In Fig. 4(A) it is possible to see that at 5 V  anodization
potential well-defined nanotubes are formed on top of TiNi
alloy, but these nanotubes showed a  lower degree of organi-

zation when compared to the same anodization conditions
of cp-Ti. As  the anodization potential increases, the level of
self-organization obtained at 5 V completely disappears and
a  disordered nanoporous anodic film is obtained. In Fig. 4(B)
it is possible to  resolve some tubular structures dispersed in
a  matrix of sponge-like oxide structure at anodization poten-
tial of 15 V. The disorder degree increases when the potential
increase to 25  V in Fig. 4(C), nevertheless some structures
with tube-like shapes can be noticed. At anodization poten-
tials of 45 and 60  V, all tubular structures are lost and only a
sponge-like anodic film is obtained. The increase in disorder
of the nanostructures and the transition from nanotubular
to sponge-like oxide as the  anodization potential increased
is related to  intense gas evolution at the anion contaminated
layer and barrier oxide interface [34,39].  TiNi samples anodized
at 45 and 60 V show overall aspects of pitting corrosion when
i  x  t current density curves in the inset of Fig. 2(B) are ana-
lyzed, together with the surface analysis presented in  Fig. 5.  In
fact, in  their study Oliveira et al. [42] discuss the difficulties to
grow titania nanotube arrays on top of a fully �  Ti-15Mo alloy
and, to achieve this objective, the anodization is performed
in a  water-free electrolyte with low NH4F  concentration and
high anodization potential. These conditions refer to milder
processes, once the electrolytes with higher water content
affect directly the level of self-organization and enhance the
chemical dissolution rate of oxides. However, a  minimum H2O
content is necessary to produce TNT’s, because water hydrol-
ysis is the main source of oxygen ions to proceed with oxide
growth and gaseous oxygen evolution [13].

When the  total anodization current curves are analyzed for
TiNi samples, one  can notice that, after approximately 3000 s,
there is  a  current raise for samples obtained at 15  and 25 V. This
behavior may  be related to the  degeneration of the nanotubu-
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Fig. 5 – Surface aspects of TiNi strips anodized at potentials of (A) 45 V and (B) 60 V.

lar structure and, in order to investigate this effect, another
anodization batch was  performed at 5, 15 and 25 V with a total
time of 2700s. The total anodization current plots and the  sur-
faces of these samples are presented in Fig. 6.  It can be noticed
that total anodization current, shown in Fig. 6(A), is similar
to what was  found at 2700s in  the first  anodization batch.
Well defined nanotubes, evenly spread through the  surface,
were obtained at anodization at 5 V.  The other two conditions

lead to nanotube formation at isolated particles dispersed in
a matrix of porous oxide, suggesting that the process reached
breakdown conditions even though no sharp current rise was
found at the total current plot. The nanotubular formations
are shown in Fig. 6 (B, C, and D) and the isolated particles at
the insets. Also, it is  possible to notice that the structure of the
tubes is increasingly deteriorated as the anodizing potential
increases. The water content for TNT’s growth on the cp-Ti

Fig. 6 – (A) Current density vs time plot of anodization at 5, 15, and 25 V. (B), (C), and (D) depicts the morphology of the

anodic films obtained at 5, 15,  and 25 V, respectively. Insets show the particles where the images were  acquired and the

scale bar of  (C) and (D) insets represent 3 �m  and 10 �m, respectively.
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Fig. 7 – (A) Sideview and (B) bottom view of titania TNT’s obtained at the cp-Ti substrate. (C) Sideview and (D) bottom view

of the anodic film obtained at the TiNi substrate. Both materials were  anodized at 25 V.

ranged between 1 and 5 %v. [13]; however, our results show
that due to the  higher reactiveness of the TiNi alloy, a  suitable
condition for nanotubes growth in titanium is too aggres-
sive for TiNi anodization. These results differ from the ones
obtained by Gao et  al. [26],  in  which the  optimal water contents
were in the range of 0.5 and 1%v. The fact that lower anodiza-
tion potential was capable to  produce titania nanotubes in TiNi
is also strong evidence of this behavior.

Fig. 7 shows the  side and the  bottom views of the nanotubes
anodized at  25 V.  Vertically aligned nanotubes with smooth
walls were obtained for titanium anodization (Fig. 7(A)),
with hemispherical morphology in each tube bottom at the
metal/oxide interface (Fig. 7(B)).  Also, the nature of the  self-
organization of titania nanotubes growth is noticeable, since
it is possible to see clusters of hexagonally organized NT’s.
Oppositely, the  anodic film formed at the TiNi surface, Fig. 7(C),
does not possess vertically aligned tubes, even though some
tube formation is seen at the surface of the films. Besides that,
hemispherical formation at metal/oxide interfaces is present
in Fig. 7(D), but they do not show auto organization features
in their morphology. The specific formation of hemispheri-
cal nanotube bottom was investigated by Liao et al. [35] on
anodization in  oxalic acid and ammonium fluoride mixed
electrolytes. For a  given composition of NH4F on oxalic elec-
trolyte, a transient state was  associated with the  existence
of an electronic current component where compact oxide is
formed together with nanotube embryos [35].  The mecha-

nism of tube nucleation and growth from O2 generation at the
anion contaminated and barrier oxide layers interface leads
to the formation of the morphological features of the oxide
at this interface [34,35]. Therefore, the formation of disorga-
nized hemispherical shapes at the metal/oxide interface of
TiNi, Fig. 7(D), endorses the hypothesis that nanotube forma-

Fig. 8 – Bar plot of nanotubes diameter and their associated

standard deviation. Different superscript letters mean

significant differences at a confidence level of 0.95.
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tion takes place at some level during anodic processing, but
the products are degraded by intense oxygen evolution. The
anodic film thickness of anodized titanium has 3.23 ± 0.34 �m,
whilst the film in TiNi is only 0.153 ± 0.017 �m thick, disclosing
the higher reaction rates of TiNi substrates.

The adjusted analysis of variance model considering the
individual effect of anodization potential and substrate type,
and the mixed effects of both variables, lead to  a  conclu-
sion that all variables may contribute to the  differences
found amongst the groups with p < 0.05. Pairwise comparisons
were performed using Tukey’s honestly significant differences
and the conclusions are presented in Fig. 8.  All groups of
anodization potentials, except for 25  V,  showed no significant
differences between the diameter for both substrates. Also, a
peak diameter was  found for anodization at 25 V,  similar to
what as previously found by Gao et al. [26].

4.  Conclusions

In the present work, we  performed a  comparative study
between electrochemical anodization of commercially pure
titanium and TiNi strips aiming the production of titania
nanotubes structured surfaces. The resulting anodic film
morphological characteristics were assessed and compared
regarding tube morphology and the  electrochemical pro-
cess itself. Both cp-Ti and TiNi substrates were found to be
monophasic and were constituted by �-Ti and �  TiNi, respec-
tively.

The anodization of cp-Ti resulted in nanotubular structures
at all the evaluated conditions. The tubes presented diam-
eters in the range of 10–30 nm,  except for the anodization
at 60 V that resulted in nanotubes around 130 nm in diame-
ter. For TiNi substrate, well  defined, and less organized than
its Ti correspondent, nanotubular arrays were produced at
an anodization potential of 5 V.  As  the potential increased a
transition from TNT’s to  sponge-like oxide.The morphology
observed by FE-SEM could be  correlated with i  x  t curves, indi-
cating that the  involved anodic processes occurred at higher
rates for the TiNi substrate when compared to  cp-Ti for the
same potential. The TiNi samples that were anodized for
2700s showed that TNT’s were formed in isolated particles
dispersed in  a  matrix of sponge-like oxide due to oxygen evo-
lution.

The metal/oxide interface analysis showed that hemi-
spherical nanotube bottoms are formed for cp-Ti anodization
with a high level of self-organization. Also, it was possible to
see a clear vertical alignment of nanotubes with a thickness
of 3.23 �m.  For TiNi samples, the cross-section view shows an
oxide layer formation with a  thickness of 0.153 �m and no ver-
tical alignment. However, at the metal/oxide interface, it was
possible to differentiate hemispherical formation, pointing to
the same mechanism of oxide growth based on the  oxygen
bubble mold theory, but with a  significantly lower organization
degree. The presence of similar mechanisms of pore initiation,
together with lower thickness leads to a  conclusion that the
nanotubular formation was initiated but the severity of the
anodic process at higher potentials promoted the  degradation
of the nanostructured surface.
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