J Mater Sci: Mater Med (2011) 22:1663-1670
DOI 10.1007/s10856-011-4338-z

Preparation and characterization of biomimetically
and electrochemically deposited hydroxyapatite coatings
on micro-arc oxidized Ti-13Nb-13Zr

Lais T. Duarte - Sonia R. Biaggio -
Romeu C. Rocha-Filho - Nerilso Bocchi

Received: 29 January 2011/ Accepted: 29 April 2011/ Published online: 12 May 2011

© Springer Science+Business Media, LLC 2011

Abstract Surface properties and corrosion resistance
analyses of Ti—13Nb-13Zr coated by an oxide film
(obtained by micro-arc oxidation at 300 V) or an oxide/
hydroxyapatite (HA) film are reported. HA films were
biomimetically or electrochemically deposited on the alloy/
oxide surface, and their properties compared. Both the
biomimetic and the electrochemical method yielded rough
and globular apatite surfaces (10-20 um globules for the
former and 1-2 pm for the latter). As inferred from XRD
data, the electrochemical method yielded more biologic-
like HA films, while the biomimetic method yielded films
containing a mixture of calcium phosphate phases. Coated
Ti—13Nb-13Zr samples were immersed in an aerated PBS
solution and continuously analyzed during 49 days. Con-
sidering that, after immersion, the biomimetically depos-
ited films presented smaller variations in thickness and
morphology and higher electric resistance (determined by
electrochemical impedance spectroscopy), they clearly
provide significantly better protection to the Ti—-13Nb-
13Zr alloy when in PBS solution.

1 Introduction

Titanium and some of its alloys are promising materials for
implants because of the following characteristics, among
others: high corrosion resistance, non-toxicity, and
mechanical properties compatible to bones [1]. Titanium,
niobium, and zirconium, which belong to a group of
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elements known as valve metals, usually have their sur-
faces covered by a thin oxide film spontaneously formed in
air or in electrolyte solutions at open circuit; this film
constitutes a barrier between the metal and the medium.
When formed in air at room temperature, the thickness of
these oxides is in the range 2-5 nm; however, this thick-
ness can be increased by anodic oxidation [2, 3], thus
leaving the metallic material in the so-called passive state.
A living organism, containing saline solutions, is consid-
ered to be a corrosive medium for several metals, so that
the durability of implants critically depends on the metal-
lic-material corrosion resistance, which in turn is deter-
mined by the physicochemical properties of the surface
oxide.

Studies done in our laboratory [4—7] on the stability of
oxides grown anodically on Ti—50Zr at.%, Zr-2.5Nb wt%,
and Ti—13Nb-13Zr wt%, in aerated Ringer physiological
solutions, indicate that the stability of these oxides is
increased by keeping them under constant-potential con-
ditions until a quasi-stationary current is reached, but
decreased by the presence of chloride ions in the electrolyte
during the anodizing process. We also reported that
Ti—50Zr presents better corrosion protection than Zr—2.5Nb
or pure Zr in some solutions simulating physiologic media
[Ringer and PBS (phosphate buffered saline) solutions] [4];
additionally, when the stability of oxide films grown on
Ti-50Zr in acid electrolytes (pH ~1) was compared in a
Ringer solution, the stablest films were clearly the ones
obtained in H,SO, [7]. Interestingly, no corrosion evidence
could be found for anodized Ti—13Nb-13Zr in chloride
solutions even at potentials as high as 8 V (vs. SCE), while
Ti—50Zr underwent localized corrosion (pitting corrosion)
at potentials lower than 2 V [6].

The surface microtexture and the chemical composition
of an implant biomaterial play an important role in
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promoting its osteointegration [8, 9]. Thus, surface modi-
fication of titanium and its alloys using laser or electro-
chemical oxidation techniques has been the focus of many
works, resulting in information on the biological response
[10-12] and the characterization of the modified layer
[9, 11]. Micro-arc electrochemical oxidation (MAQO) of
titanium, i.e., Ti oxidation under spark production at very
high voltages, causes the formation of a very porous oxi-
dized surface that favors direct contact between bone and
implant [12].

In order to increase biocompatibility, biocompatible
ceramics have been coated on oxidized Ti and Ti alloys,
which can then be used in either orthopedic or dental
implants. Among the bioactive materials are the bioglasses,
the glass and the calcium-phosphate-type ceramics; this
latter group has hydroxyapatite (HA) —Ca;¢(PO,4)c(OH),—
as its most widely employed material [13—16].

Several methods have been employed in order to prepare
HA coatings. Among them, electrochemical deposition is a
good choice to quickly obtain uniform HA coatings on
substrates of complex shapes at room temperature; fur-
thermore, this method allows the control of the film
thickness and composition [17]. Recently, we reported that
the corrosion resistance of Ti—13Nb—13Zr is increased by
HA electrodeposition on the fresh polished surface of this
alloy [18]. Apatite coatings may also be obtained by the
biomimetic method, in which HA precipitation conditions
are adjusted to mimic the ones in the human body; hence
the HA coating on different surfaces is expected to be more
similar to the biological one [13]. Reiner and Gotman [19]
coated titanium substrates with biomimetic calcium phos-
phate (Ca—P) and found different Ca—P phases as a function
of substrate geometry and deposition time. On the other
hand, Li et al. [14] reported a considerable improvement in
the osteointegration capability of Ti implants by modifying
their surface by MAO and concomitantly incorporating Ca
and P ions into the anodic oxide layer.

Nevertheless, HA deposition on the promising
Ti—13Nb-13Zr alloy has not been extensively explored,
especially when an anodic oxide whose porosity may
enhance osteointegration already protects the alloy.
Besides that, there is very little information in the literature
concerning the changes of electrochemical properties when
a metallic biomaterial is coated with HA. Therefore, the
aim of this work is to investigate the effect of electro-
chemically or biomimetically deposited HA coatings on the
electrochemical properties of the Ti—13Nb—13Zr alloy pre-
passivated by a porous anodic oxide obtained by MAO. For
such, the stability and the corrosion behavior of alloy/oxide
and alloy/oxide/HA samples, kept in PBS solution, were
monitored in situ during 49 days by electrochemical
impedance spectroscopy (EIS) measurements. The mor-
phology and structure of the HA coatings were analyzed
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before and after the immersion period by scanning electron
microscopy (SEM) and X-ray diffraction (XRD).

2 Experimental
2.1 Alloy preparation

The samples of the polycrystalline Ti—13Nb—13Zr wt% alloy
used in this work were produced at the Lorena School of
Engineering of the University of Sao Paulo (EEL-USP),
Brazil. Their preparation and characterization are partly
described elsewhere [20, 21]. Alloy ingots, obtained by elec-
tric arc melting under an argon atmosphere in a water-cooled
Cu crucible, were sequentially annealed at 1000°C for 1 h and
water quenched. After, they were cold worked by swaging to
obtain a 9 mm rod, which was again annealed at 1000°C for
1 h, followed by cooling in air. Working electrodes were made
from disk-shape pieces of this Ti—13Nb-13Zr rod, exposing a
geometrical area of about 1 cm? to the electrolyte. Previous to
any use, the surface of the Ti—13Nb-13Zr electrodes was
polished with sandpaper (silicon carbide grit 600) and rinsed
with deionized (Milli-Q®) water. A conventional three-elec-
trode cell was used in all electrochemical experiments; all
solutions were always kept at room temperature (ca. 25°C). A
saturated calomel electrode (SCE) was used as reference and a
2 cm? Pt foil was used as counter electrode.

2.2 Preparation of the coatings

First, anodic oxides were grown on the surface of the
Ti—13Nb-13Zr electrodes by the MAO technique [22]:
application of a cell voltage of 300 V for 60 s, in a phos-
phate solution (35.81 g1' Na,HPO, + 13.80 g 17!
NaH,PO,) of pH 5. Hereinafter, these electrodes will be
referred to as alloy/oxide samples.

Second, HA films were deposited on alloy/oxide samples by
either an electrochemical or a biomimetic procedure. In the
former, HA films were deposited by applying —13 mA cm™>
during 60 min, at 40°C, using an aqueous 137.8 mmol I~
NaCl + 1.67 mmol I K,HPO,4 + 2.5 mmol I~' CaCl,
solution [18, 23]; hereinafter, these electrodes will be
referred to as alloy/oxide/HAjecrr Samples.

In the biomimetic procedure, alloy/oxide samples were
first immersed in an aqueous 5 mol 17" NaOH solution, at
60°C, for 24 h, to increase the number of —OH terminations
on the oxide surface [24]. Subsequently the HA film was
deposited by immersion in simulated body fluid (SBF)
solutions for 28 days, at 37°C. In the first day, this
immersion was in a SBF solution: 8.053 g 17! NaCl +
0.353 g17' NaHCO; + 0224 g17' KCI +0.174 g 17!
KH,PO, 4 0.072 g 17! Na,SO, + 0.278 g 1”! CaCl, +
0.305 g 17! MgCl,-6H,0 + 6.057 g 1~' CNH,(CH,OH)5).
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From the second day on, a 50% more concentrated SBF
solution (1.5 SBF) was used; this solution was changed for
a fresh one every 48 h. The pH of both SBF solutions was
adjusted to 7.2 using HCI and tris(thydroxymetyl)amino-
methane solutions [25]. Hereinafter, these electrodes will
be referred to as alloy/oxide/HAp;on, samples.

2.3 Electrochemical behavior

Several alloy/oxide, alloy/oxide/HAp;om, and alloy/oxide/
HA jccir Samples were immersed in an aerated PBS solution
during 49 days at room temperature. From time to time,
samples had their electrochemical properties analyzed by
EIS measurements carried out in the same solution and
keeping the samples at their open circuit potential. For
these measurements, a 10 mV (rms) sinusoidal signal was
applied in the 10 mHz to 10 kHz frequency range, using an
Autolab PGSTAT30 potentiostat/galvanostat from Eco
Chemie controlled by the FRA software.

2.4 Structural and morphological characterization
of the coatings

The morphology and structure of the alloy/oxide, alloy/
oxide/HAp;om, and alloy/oxide/HAjec Surfaces, before and
after immersion in the aerated PBS solution, were analyzed
by means of SEM micrographs and X-ray diffractograms
obtained with a Philips XL30 FEG scanning electron
microscope and a Rigaku Rotaflex RU-200B diffractometer,
respectively.

3 Results and discussion

3.1 Structural and morphological characterization
of the coatings

SEM and XRD were used to analyze many of samples;
typical results are presented in Figs. 1 and 2.

From the micrograph for an alloy/oxide sample (Fig. 1a)
it is clear that a very porous oxide film is formed using the
MAO technique at 300 V, with pores (diameter in the
1-3 pm range) uniformly distributed on the oxide surface.
On the alloy/oxide/HAy;,m sample (Fig. 1b), the biomi-
metic apatite film presents a layered globular and very
rough morphology; this film is uniform and thick enough to
completely cover the underneath oxide. Similarly, on the
alloy/oxide/HA e sample (Fig. 1c), the electrodeposited
apatite film is also uniform, but presents smaller globules
and roughness. The HAy;,, globules are in the 10-20 um
range, while the HAj.. Ones are in the 1-2 pum range.
From these images, it is apparent that many HAy;,,, layers

Fig. 1 SEM micrographs of the coatings on Ti—13Nb—13Zr: a alloy/
oxide; b alloy/oxide/HAyp;om; ¢ alloy/oxide/HA jectr

(each about 10 pm thick) are deposited on the alloy. On the
other hand, it could be inferred that only one layer of
HA e 1S deposited, since it seems that the underneath
oxide topography is preserved; this would imply a thinner
film, at least 1 pm thick. Roughness and porosity presented
by HA films on implant materials are positive features
because they favor both osteointegration [15, 26] and drug
delivery [26]. These features can also allow a strong
interlacement between bone tissue and implant, increasing
the in vivo mechanical resistance of the biomaterial [27].
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Fig. 2 X-ray diffractograms of the coatings on Ti—13Nb-13Zr:
(a) alloy/oxide; (b) alloy/oxide/HAp;om; (¢) alloy/oxide/HA jecr

Therefore, from the micrographs shown in Fig. 1 we con-
clude that both types of HA film deposited on the alloy/
oxide surface present this roughness feature that is an
important requirement for implant biomaterials.

X-ray diffractograms obtained for the different samples
are shown in Fig. 2. Comparison of the 26 data obtained
for the alloy/oxide sample (Fig. 2a) with JCPDS standards
(insert in the figure) allowed to conclude that the alloy is
coated by TiO,; the peaks at 38° and 40° are due to the
major alloying element Ti in the substrate. For the alloy/
oxide/HAyp;om sample (Fig. 2b), the diffractogram presents
wide bands around 26°, 29°, and 32°; these are character-
istic of a large number of peaks due to many apatite phases
and indicate a poorly-crystalline structure, similarly to
biological apatite [25, 28]; the diffractogram also presents
peaks related to tetracalcium phosphate—TTCP. Though
more than one phase is commonly found in calcium
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phosphate coatings, this was not the case for the electro-
chemically deposited apatite. The diffractogram obtained
for the alloy/oxide/HA.jecr sample (Fig. 2¢) reveals well-
defined peaks at 26°, 32°, and 34°, which can be attributed
to the crystalline HA phase, as previously observed for HA
electrodeposited on a freshly polished Ti—13Nb—13Zr sur-
face [18]. The corresponding Ti peaks are more intense
than the ones in the diffractogram for the alloy/oxide/
HAypiom sample (Fig. 2b), indicating that HA ., is thinner
than HAy;om. Therefore, though thicker coatings can be
obtained by the biomimetic method, the electrodeposition
technique yields more HA-like coatings. However, TTCP,
present in HAy;om,, has also been considered an interesting
phase, because of its role in bone formation and the fact
that it is a precursor of the HA phase [29].

3.2 Electrochemical behavior

EIS measurements were carried out for different samples as
a function of their immersion time in the aerated PBS
solution. As examples of typical results, EIS spectra
obtained for the alloy/oxide and alloy/oxide/HA electrodes
after 35 days of immersion are shown in Fig. 3. The
electric equivalent circuit (EEC) method was employed to
analyze all the acquired spectra, using a non-linear least
squares program to find the best fit [30]. Figure 4 shows the
EECs whose response best fitted the impedance data at any
immersion time. Due to surface heterogeneities (high
roughness for either the oxide or the HA films, as shown in
Fig. 1), a constant-phase element Q was used to fit the data
instead of a pure capacitor C; these circuit elements are
directly related by Q = Cw"~!, where w is the angular
frequency and n a number varying between O and 1 (n = 1
for a pure-capacitor behavior) [31].

For the alloy/oxide/solution interface, the obtained
response is typical of a bi-layer oxide (a porous outer layer

6.0 -
5.5
5.0 %,

e W

4.0 *py il

3.5

. %
2.5

2.0
1.5

log [12/© cm?]

log [f/Hz]

Fig. 3 Electrochemical impedance spectra (Bode diagrams) of the coatings on Ti—13Nb—13Zr after 35 days at open circuit in an aerated PBS

solution: (a) alloy/oxide; (b) alloy/oxide/HAp;iom; (¢) alloy/oxide/HAjectr
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Fig. 4 Schematic representation of the a alloy/compact layer/porous
layer/solution and b alloy/compact layer/porous layer/HA/solution
interfaces, with the corresponding electric equivalent circuits whose
responses were used to fit the respective EIS spectra

on an inner compact layer)—see EEC in Fig. 4a, repre-
sented as R (Qp[Rp(R.0.)]), where R; is the resistance
associated to the electrolyte solution relaxing at high fre-
quencies, R. and Q. are the resistance and the constant-
phase element associated to the compact oxide layer, and
R, and Q, the resistance and the constant-phase element
associated to the porous oxide layer. Badawy et al. [32],
who investigated the electrochemical response of porous
potentiostatically anodized titanium, also reported that the
EIS spectra of the anodized Ti samples after immersion for
up to 94 h in a phosphate buffer of pH 7.4 at 25°C could be
fitted by the response of this EEC. Similarly, Souza et al.
[33] reported that EIS data for potentiodynamically anod-
ized Ti—13Nb-13Zr or Ti6Al4V in a Ringer solution were
fitted by the response of this same EEC.

On the other hand, for the alloy/oxide/HA/solution
interface (either HApjom Or HAgpecw), the impedance
response is typical of a tri-layer system—see EEC in
Fig. 4b, represented as Ry(Q,[R.(Op[Rp(R.O)D]). Similarly
to the previous circuit, the subscripts ‘c’ and ‘p’ for the R and
Q elements denote compact and porous oxide layers,
respectively, whereas the subscript ‘a’ refers to the apatite
layer. It is clear from Fig. 3 that the apatite coatings modify
considerably the impedance response of the system. By
comparing the shifts in the phase-angle () maxima, one can
infer that the processes in the oxide are relaxing at the lower
frequencies, while the processes in the apatite layer are
relaxing at the highest frequencies. Badawy et al. [32] also
reported EIS spectra that could be fitted by the response of
this EEC, for anodized porous Ti samples that were
immersed for 120 min (at 25°C) in a phosphate buffer of pH
7.4 containing different concentrations of Ca*t ions;
according to the authors, an additional layer was present on
the anodized porous Ti due to adsorbed Ca** ions.

Table 1 presents the values obtained for the different
elements of the EECs whose response fitted the EIS spectra
for the alloy/oxide and alloy/oxide/HA electrodes, before
and after their immersion in the aerated PBS solution. For
both equivalent circuits, the chi-square (x*) distribution
values were in the 10~ to 10~ range, which indicates good
agreement between the simulated and experimental imped-
ance responses. The lower O, values for the alloy/oxide/
HA¢jecrr Sample (see Table 1) are consistent with a less
rough surface, a feature already noted for HAgjeor from the
SEM micrographs. The slight decrease of the Q, values for
both HA films after immersion in the PBS solution indicates
a slight surface flattening, probably due to film lixiviation.
On the other hand, the R values varied significantly from the
oxide layer only (=550 kQ cm?®) to the oxide/HA layers
(about 50 kQ cm?). This means that both apatite deposition
methods interfere with the TiO, lattice of the inner (com-
pact) layer in a way that changes its conductivity. For the

Table 1 Values for the different elements of the electric equivalent circuits (see text) whose response fitted the data obtained for the alloy/oxide,
alloy/oxide/HAyp;om, and alloy/oxide/HA ., Samples, before and after a 49-day immersion in the aerated PBS solution

EEC element Alloy/oxide Alloy/oxide/HApiom Alloy/oxide/HAgjeetr

Before After Before After Before After
RJ/KQ cm?® 580 550 50 45 46 59
QJF cm™2 ¢"! 32 x 1077 2.6 x 1077 12 x 107° 1.8 x 1073 0.6 x 107° 12 x 107°
e 0.94 0.92 0.81 0.83 0.84 0.87
R/kQ cm® 38 34 27 16 35 19
Qy/Fcm 25" 53 x 1073 63 x 1073 27 x 1073 32 x 1073 43 x 1073 3.1 %1073
1y 0.65 0.67 0.62 0.65 0.66 0.64
R/KQ cm? - - 10 40 17 14
QJ/F cm™2 ¢"7! - - 6.5 x 107* 45 x 107 3.1 x 1073 2.0 x 107
Hy - - 0.75 0.73 0.77 0.76
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biomimetic deposition, the preliminary soaking in the NaOH
solution might either affect the oxide structure or decrease
its thickness. For the electrochemical deposition, the
imposed cathodic current might introduce defects and
rearrangements in the oxide lattice that decrease its resis-
tivity. As expected, the resistance of the porous outer oxide
layer R, is much lower (about 35 kQ cm?) than that of the
compact oxide layer; additionally, R, does not show any
important variation when this porous layer is coated with the
apatites. Furthermore, Table 1 also shows that the O, values
are many orders of magnitude higher than the Q. values,
which is consistent with the fact that the outer porous oxide
layer provides a much larger area in contact with the elec-
trolyte solution than the compact inner oxide. Besides that,
the greater deviation from 1 for n, again denotes the
roughness of the outer porous oxide layer for all the analyzed
systems, according to the relationship between Q and
C mentioned above.

Finally, Fig. 5a shows a more detailed analysis of the
dependence of the apatite layer resistance (R,) with the
immersion time in the aerated PBS solution. The R, values
for the alloy/oxide/HAy,;,mn, sample are higher than the ones
for the alloy/oxide/HA.r Sample and increase with
immersion time. This higher resistance is due to the greater
thickness of the HAp;om film, slowly and biomimetically
grown on the oxide-covered alloy, compared to the smaller
thickness of the HA ey film, electrochemically grown on
an initially quite resistive oxide film (ca. 580 kQ cm?) that
hinders the thickening of the HA film. The slow continuous
increase of the resistance of the alloy/oxide/HAy;o, sample
is probably due to structural changes in the HA film, or
even its thickening in the PBS solution, which contains
calcium and phosphate ions that favor apatite formation.
Thus, considering the R, data, we conclude that the
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Fig. 5 Electric resistances of the apatite layers (R,) of the coatings on

Ti—13Nb-13Zr as a function of immersion time in an aerated PBS
solution: (a) alloy/oxide/HAp;iom; (b) alloy/oxide/HA jecqr
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biomimetic apatite film provides a better corrosion pro-
tection to the biomaterial.

3.3 Surface characterization after immersion
in the PBS solution

SEM micrographs of the samples obtained after the 49-day
immersion in the aerated PBS solution (Fig. 6) show dif-
ferent degrees of surface changes, depending on the coat-
ing. First, for the alloy/oxide sample, the less porous and
flattened surface of the oxide (Fig. 6a; compare with
Fig. 1a) indicates that a corrosion (or lixiviation) process
occurred on the porous oxide layer, though much of it is
still present on the alloy surface after 49 days in the PBS
solution (the electric resistance of this sample decreased
only about 5%). Second, for the alloy/oxide/HAp;on, sSample
(compare Fig. 6b with Fig. 1b), it is possible to conclude
that no significant changes occurred on the HAy;,,,, coating
after the long period in contact with the PBS solution.
Finally, by comparing Fig. 6¢c with Fig. 1c and also with
Fig. 6a, it becomes clear that the HA.je. coating is the one
that suffered the most important change, since just a few
isolated areas of the apatite globules seem to remain on the
oxide layer after the immersion in the PBS solution.

By comparing the diffractograms for alloy/oxide/HAp;om
before and after its immersion in the aerated PBS solution
[diffractograms (b) in Figs. 2 and 7], one can conclude that
the HAp;om coating did not suffer any important structural
changes as a consequence of its immersion in the PBS
solution. The position of the diffraction peaks did not
change; only a slight increase of the HA peak is present
along with a consequent decrease of the TTCP peak. This
indicates that some TTCP might have been converted to
HA, which could explain the increase of the apatite layer
resistance (R,) observed as a consequence of the immersion
in the PBS solution. On the other hand, from the comparison
of the diffractograms for alloy/oxide/HA.jc., before and
after its immersion in the PBS solution [diffractograms
(c) in Figs. 2 and 7] one can infer that two of the four
diffraction peaks for HA... disappeared after the immer-
sion in the PBS solution. This result, a consequence of
lixiviation of the HA .. coating when exposed to the PBS
solution, corroborates the previous SEM and EIS analyses.

From these results, we conclude that in the aerated PBS
solution the HAy;on, coating is significantly stabler than the
HAjecrr film, thus offering a better corrosion protection to
the Ti—13Nb-13Zr alloy when in this solution.

4 Conclusions

Films of hydroxyapatite were successfully deposited by
both the electrochemical (at constant cathodic current) and
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Fig. 6 SEM micrographs of the coatings on Ti—13Nb-13Zr after the
49-day immersion in an aerated PBS solution: a alloy/oxide; b alloy/
oxide/HAp;om; ¢ alloy/oxide/HA jectr

the biomimetic method on the Ti—13Nb-13Zr alloy pre-
passivated by an anodic oxide film grown by micro-arch
oxidation (MAO) at 300 V. This porous oxide provided a
convenient substrate that promoted the deposition of highly
adherent HA films, particularly attested by the HApiom
mechanical stability even after 49 days of immersion in the
aerated PBS solution.

The application of both deposition methods yielded
rough and globular apatite surfaces (globules in the

TiOg
HA
TTCP

* F > €

Intensity

20 30

4

Fig. 7 X-ray diffractograms of the coatings on Ti—13Nb—13Zr after
the 49-day immersion in an aerated PBS solution: (a) alloy/oxide;
(b) alloy/oxide/HApjom; (¢) alloy/oxide/HAjectr

10-20 pm range for HApjom, and in the 1-2 pm range for
HAgleerr), Which are important features when such a
material is used in implants, since surface heterogeneities
favor osteointegration.

From XRD data it was possible to infer that the elec-
trochemical method yielded more biologic-like apatite
films, while the biomimetic method yielded a film con-
taining a mixture of calcium phosphate phases. Neverthe-
less, considering that after immersion for 49 days in the
aerated PBS solution the biomimetically deposited film
presented smaller variations in thickness and morphology,
as well as a higher electric resistance, we conclude that the
HAypiom film offers significantly greater protection to the
Ti—13Nb-13Zr alloy when immersed in the PBS solution.
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