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a  b  s  t  r  a  c  t

Corrosion  resistance  of titanium  (Ti)  alloys  is closely  connected  with  their  microstructure  which  can
be  adjusted  and  controlled  via  different  annealing  schemes.  Herein,  we  systematically  investigate  the
specific  effects  of  annealing  on the corrosion  performance  of Ti-6Al-3Nb-2Zr-1Mo  (Ti80)  alloy  in 3.5
wt.%  NaCl  and  5  M HCl  solutions,  respectively,  based  on  open  circuit  potential  (OCP),  potentiodynamic
polarization,  electrochemical  impedance  spectroscopy  (EIS),  static  immersion  tests  and  surface  analysis.
Results indicate  that  increasing  annealing  temperature  endows  Ti80  alloy  with  a  higher  volume  fraction
of � phase  and  finer  � phase,  which  in  turn improves  its corrosion  resistance.  Surface  characterization
demonstrates  that � phase  is  more  resistant  to  corrosion  than  � phase  owing  to a  higher  content  of
Nb,  Mo,  and Zr  in  the  former;  additionally,  the  decreased  thickness  of  � phase  alleviates  segregation  of
elements  to  further  restrain  the  micro-galvanic  couple  effects  between  �  and  � phases.  Meanwhile,  the
influential  mechanisms  of environmental  conditions  on corrosion  of Ti80  alloy  are discussed  in  detail.  As
the formation  of a highly  compact  and  stable  oxide  film  on  surface,  annealed  Ti80  alloys  exhibit  a  low
corrosion  current  density  (10−6 A/cm2)  and  high  polarization  impedance  (106 �· cm2) in  3.5  wt.%  NaCl

solution.  However,  they  suffer  severe  corrosion  in  5 M HCl solution,  resulting  from  the  breakdown  of
native  oxide  films  (the  conversion  of  TiO2 to aqueous  Ti3+), active  dissolution  of substrate  Ti  to  aqueous
Ti3+ and  existence  of  micro-galvanic  couple  effects.  Those  findings  could  provide  new insights  to  designing
Ti  alloys  with  high-corrosion  resistance  through  microstructural  optimization.

© 2020  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
. Introduction

Given their excellent corrosion resistance, titanium (Ti) alloys
re increasingly used for applications in chemical industry, desali-

ation of seawater, offshore drilling, marine, and biomaterials
1–5]. Previous reports have showed that the corrosion perfor-

ance of Ti alloys is closely related to their microstructure which

∗ Corresponding authors.
E-mail addresses: llshun@163.com (L. Luo), suyq@hit.edu.cn (Y. Su).

ttps://doi.org/10.1016/j.jmst.2020.05.058
005-0302/© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of
can be tailored by their alloy chemical composition [6,7], and/or
external processes [3,8–12]. For instance, heat treatment pro-
vides an expedient and practical means to adjust and control the
microstructure to further meet the desired corrosion resistance and
even mechanical properties of Ti alloys [13,14].

In this regard, Geetha et al. [15] evaluated the effects of solu-
tion treatment on the corrosion performance of Ti-13Nb-13Zr alloy

in Ringer’s solution and reported that the water-quenched � + �
microstructure exhibits superior corrosion resistance owing to the
uniform distribution of alloying elements in different phases. In
a similar vein, Atapour et al. [16] evaluated the corrosion behav-
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or of Ti-6Al-4 V alloy fabricated by different heat treatments and
eported that volume fractions of primary � and transformed � can
lay a significant role in affecting the corrosion resistance. To fur-
her elucidate this effect, Yang et al. [13], in a study of influence of
nnealing temperature on the corrosion behavior of Ti-20Zr-6.5Al-

 V alloy, found that the thickness of � phase and volume fraction
f retained � phase which are closely related to annealing tem-
erature, are two primary determinant factors for the corrosion
esistance. This was verified by Longhitano et al. [17] in their inves-
igation of additively manufactured Ti-6Al-4 V ELI alloy, where
he nucleation and growth of � phase during heat treatment are
bserved to strongly affect the corrosion resistance. Accordingly, it

s essential to find an optimum heat treatment and establish a rela-
ionship between annealed microstructure and corrosion behavior
or the design and development of high-corrosion resistance Ti
lloys. In the current work, we would systematically study the influ-
nces of different annealing temperatures on the microstructure
nd corrosion resistance of Ti-6Al-3Nb-2Zr-1Mo (a new near-� Ti
lloy, abbreviated as Ti80), which has not been reported yet.

In addition to annealing-induced microstructural changes, the
ature of environment can also significantly affect the corrosion
ehavior of Ti alloys [15]. Various studies have reported that
i alloys exhibit excellent corrosion resistance in natural waters
nd brine solutions due to the existence of native oxide films
ainly composed of TiO2 [2,10,18]. Furthermore, they are gen-

rally resistant to corrosion in strongly oxidizing environments
uch as chromic acid, perchloric acid, and nitric acid that can pro-
ote the formation of a stable TiO2 oxide film [19]. However, Ti

lloys exhibit relatively poor corrosion resistance in reducing acids
uch as sulfuric acid and hydrochloric acid, where the protective
ative oxide films can be destroyed [19]. Therefore, it is essential
o adopt appropriate and effective strategies to improve the corro-
ion performance of Ti alloys in reducing acid environments. To this
nd, a typical strong reducing acid solution, i.e.,  5 M HCl solution
13,18,20], was selected to evaluate the specific effects of differ-
nt annealing temperatures on the corrosion performance of Ti80
lloys in reducing acid environments. Additionally, to simulate the
ole of seawater or other system containing Cl− ions, 3.5 wt.% NaCl
olution was used, similar to previous studies [2,9,10].

In this study, by systematically analyzing the results of elec-
rochemical and static immersion measurements of annealed Ti80
lloys in 3.5 wt.% NaCl and 5 M HCl solutions, we demonstrate

 strong effect of different annealing temperatures, and hence
pecific microstructure, on the corrosion behavior of Ti80 alloy.
dditionally, based in part on surface analysis, the salient mech-
nisms corrosion in this alloy are discussed.

. Materials and methods

.1. Materials

Ti80 alloy was prepared by melting a mixture of pure elements
f Ti, Al, Nb, Zr and Mo  (with purity above 99 wt.%) in a con-
umable electrode vacuum arc furnace. The resulting ingot was
emelted at least three times to ensure compositional homogeneity.
hase transformation temperatures of Ti80 alloy were determined
sing differential scanning calorimetry (DSC, STA449F3, Netzsch,
ermany). DSC tests were performed by heating about 100 mg  of
aterial to 1150 ◦C in a high-purity argon atmosphere with a heat-

ng rate of 20 ◦C/min. As shown in Fig. 1a, the nominal  ̨ →  ̨ + ˇ
nd  ̨ +  ̌ →  ̌ transformation temperatures for Ti80 alloy were

pproximately 831 and 1011 ◦C, respectively.

Based on the measured phase transition temperatures, multi-
le thermomechanical excursions were performed, as shown in
ig. 1b. The first two forgings at 1150 and 1020 ◦C were performed
& Technology 62 (2021) 234–248 235

within � phase region to break the coarse cast structure, whereas
the last three forgings were carried out at 950 ◦C within � + � phase
region. Specimens with a dimension of 100 × 15 × 15 mm3 were
fabricated using electrical discharge machining from the resulting
multiply forged material for subsequent annealing treatments. In
this study, four different annealing temperatures, T = 850, 900, 950,
and 1000 ◦C, were selected. Annealing treatments were conducted
in a tubular vacuum furnace under a protective argon atmosphere
to prevent oxidation. Specimens were held at the selected anneal-
ing temperature for 2 h, and then followed by air cooling (AC) to
room temperature.

2.2. Microstructure characterization

X-ray diffraction (XRD) was  performed, using a unit made
by Empyrean, PANAlytical, Netherlands, with Bragg-Brentano
geometry and Cu K� radiation, to analyze phase compositions.
Microstructure characterization was respectively carried out using
an Olympus-GX71 microscope (Olympus Corporation, Japan), a
JXA-8230 microscope (JEOL, Japan) and a Talos F200X microscope
(FEI, USA). Specimens for optical microscopy (OM) and scanning
electron microscopy (SEM) analysis, with a dimension of 10 × 10
× 5 mm3, were first ground with SiC papers to 2000 grit, then
polished with 1 �m diamond paste, and finally etched in Kroll’s
reagent, i.e.,  10 vol.% HF, 10 vol.% HNO3, 80 vol.% H2O. Prior to char-
acterization, all specimens were cleaned with acetone and alcohol.
Corresponding transmission electron microscopy (TEM) specimens
were prepared by electrolytic thinning in a solution containing 90
mL of methanol and 10 mL  of perchloric acid at approximately −35
◦C.

2.3. Electrochemical measurements

Electrochemical experiments were carried out for annealed Ti80
alloys at a temperature of 25 ± 1 ◦C maintained by a thermostatic
water bath. For electrochemical measurements, a typical three-
electrode electrochemical cell system was used, with a saturated
calomel electrode (SCE) as reference electrode, a platinum plate
as counter electrode and test specimen used as working electrode.
Specimens for such electrochemical testing, with a dimension of 10
× 10 × 5 mm3, were first ground using 400 grit SiC papers; then
an insulated copper wire was  connected to the back of specimens
using conducting resin to avoid undesirable ohmic effects; finally,
all specimens were embedded in epoxy resin, leaving an exposed
surface area of 1 cm2.

Before each electrochemical test, open circuit potential (OCP)
was recorded for 9000 s, which was  long enough for the OCP to
become stable. Potentiodynamic polarization curves were recorded
from −1000 mV to 2000 mV  vs. SCE after OCP tests. A very slow
potential sweep rate of 0.1667 mV/s was used to ensure a near
stead-state condition. Electrochemical impedance spectroscopy
(EIS) experiments were performed at OCP immediately after 2.5 h
immersion with a sinusoidal potential perturbation of 10 mV rms
(root mean square) in a scan frequency ranging from 10−2 Hz to
105 Hz. Dozen points per decade were recorded during EIS mea-
surements. The EIS data were fitted and analyzed using ZSimpWin
3.10 software. For each condition, at least three specimens were
tested to ensure reproducibility.

2.4. Static immersion test

Static immersion tests were carried out in accordance with

ASTM Standard G31−72 [21]. Based on previous studies [13,18],
considerable variations in weight loss and corroded morphologies
can be observed for Ti alloys tested in strongly reducing HCl solu-
tions due to their relatively poor corrosion resistance; this is in
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Fig. 1. (a) DSC curve and (b) a schematic diagram

ontrast to the mere slight differences observed in near neutral pH
aCl solutions at 25 ◦C. Therefore, to gain insight into the structural
etrics of annealing-dependent corrosion behavior of Ti80 alloy,
e selected a common 5 M HCl solution as the static immersion

ests solution. The temperature of this solution was  maintained at
5 ± 1 ◦C throughout the entire immersion period. Specimens for
tatic immersion tests, which were also 10 × 10 × 5 mm3 in size,
ere ground using 240 grit SiC papers, ultrasonically cleaned with

cetone, alcohol, and distilled water successively for 5 min, dried
ith cold air, and then carefully weighed using an analytical bal-

nce (ME204E, Mettler Toledo Corp., Switzerland) with an accuracy
f ± 0.1 mg.  The exposed area of each specimen was  calculated inde-
endently by the geometry dimension prior to being immersed in

 container with 100 mL  naturally aerated 5 M HCl solution. Spec-
mens were taken out every two days over a period of 10 days,
leaned with acetone, alcohol, and distilled water sequentially to
emove corrosion products, dried and weighed before being placed
n freshly prepared solution for next 2 days. The immersed speci-

ens were reused for each immersion interval. For each test, three
pecimens were tested to ensure reproducibility; average values
re reported.

SEM was used to observe surface morphologies of corroded
pecimens after static immersion tests. In addition, another group
f specimens were immersed in 5 M HCl solution for only 4 h and
hen observed using an atomic force microscopy (AFM, Dimension
astscan, Bruker, USA) to further examine the specifics of corrosion
rocess.

.5. X-ray photoelectron spectroscopy (XPS) analysis

XPS tests were performed on an ESCALAB 250Xi unit (Thermo
isher, USA) to analyze the chemical composition of surface
orrosion product films. X-ray photoelectron spectrometer was
quipped with Al-K� radiation at 1486.6 eV, with a working poten-
ial of 12.5 kV, a filament current of 16 mA,  and a X-ray spot size of
00 �m.  Survey spectra were recorded with a pass energy of 100
V at an energy step size of 1 eV, and high-resolution spectra were
aken with a pass energy of 20 eV at an energy step size of 0.05
V. In addition, the binding energy was calibrated using C 1s peak
284.6 eV) from carbon contamination. The XPS spectra of different
lements were analyzed using CasaXPS software.

. Results
.1. Microstructure characterization

Fig. 2a displays XRD patterns of annealed Ti80 alloys. Standard
eak positions of �-Ti (JCPDS 00−44-1294) and �-Ti (JCPDS 00−44-
ing the processing route utilized for Ti80 alloy.

1288) are also presented in Fig. 2a to identify the phase constitution.
All annealed Ti80 alloys are consisted of � phase with hexagonal
close-packed (hcp) structure and � phase with body-centered cubic
(bcc) structure. However, � phase (1 1 0) reflection peak (near 2�
= 38.5◦) changes with annealing temperature; specifically, � (110)
reflection peak gradually broadens and the intensity increases with
increasing annealing temperature. To further evaluate annealing-
induced changes of � phase, volume fraction of � phase is calculated
through XRD fitting. Variations in volume fraction of � phase vs.
annealing temperature are plotted in Fig. 2b. Volume fraction of
� phase increases from 4.7 % to 5.7 % with annealing tempera-
ture increasing from 850 to 1000 ◦C, i.e.,  the precipitations of �
phase in those Ti alloys can be promoted by increasing annealing
temperature.

Fig. 3a-h exhibits microstructure of annealed Ti80 alloys. As
depicted in Fig. 3a, e, the specimen annealed at 850 ◦C is mainly
composed of primary equiaxed � phase and retained � phase.
The presence of a large number of primary equiaxed � phases
should be attributed to the incomplete phase transition from pri-
mary � phase to � phase during annealing, resulting from a low
annealing temperature and short holding time. As annealing tem-
perature increases to 900 ◦C, volume fraction of primary � phase
decreases, but share of secondary lamellar � phase correspond-
ingly increases, leading to a reduction in the mean thickness of
� phase, as mapped in Fig. 3b, f. When the specimen anneals at
950 ◦C, the microstructure presents a typical Widmanstätten struc-
ture (Fig. 3c). Prior � grain boundaries can be clearly observed, and
the substructure exhibits a basket-weave arrangement of slender �
laths. After annealing at 1000 ◦C, the specimen shows a fully lamel-
lar microstructure as this annealing temperature is very close to
the �-transus temperature of 1011 ◦C. Moreover, some extremely
fine � phases distributes among lamellar � phases (Fig. 3h), to be
the well-known �/�/� sandwich microstructure, consistent with
the results reported in ref. [3]. In addition, the average thickness of
� phase, d, is evaluated to determine how it varies with annealing
temperature; the measured data can be found in Fig. 3i. Notably,
the mean thickness of � phase d significantly decreases from 9.18
�m to 0.59 �m as annealing temperature increases from 850 to
1000 ◦C.

Fig. 3j depicts a typical high-angle angular dark field (HAADF)
image and scanning transmission electron microscopy (STEM) ele-
mental maps of Ti80 alloy after annealing at 1000 ◦C. The � and �
phases can be clearly identified from the HAADF image. In addition,
STEM elemental maps reveal that Al is abundant in � phase, while
Mo and Nb are enriched in � phase. Although Zr is generally consid-
ered to be a neutral element, it is more inclined to be distributed in

� phase in this study. Relative concentrations of alloying elements
in � and � phases of annealed Ti80 alloys are listed in Table 1.
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Fig. 2. XRD results of Ti80 alloy annealed at temperatures between 850 and 1000 ◦C: (a) XRD patterns, (b) volume fraction of � phase, vs. annealing temperature.

Fig. 3. Microstructure in Ti80 alloy annealed at different temperatures, as shown by OM (a to d) and SEM (e to h) images. Microstructure after annealing at (a) and (e) 850
◦C, (b) and (f) 900 ◦C, (c) and (g) 950 ◦C, and (d) and (h) 1000 ◦C. (i) The mean thickness d of � phase, i.e., the average value of intersecting diagonals (ASTM E112-12), varies
with  annealing temperature. (j) Typical HAADF image and STEM elemental maps of Ti80 alloy annealed at 1000 ◦C.

Table 1
Concentration of alloying elements in � and � phases of annealed Ti80 alloys.

Specimen
Relative concentration (wt.%)

Phase Ti Al Nb Zr Mo

850 ◦C
�(hcp) Balance 6.78 ± 0.19 2.75 ± 0.20 2.32 ± 0.11 0.84 ± 0.22
�(bcc)  Balance 4.31 ± 0.08 7.35 ± 0.21 2.85 ± 0.36 4.76 ± 0.36

900 ◦C
�(hcp) Balance 6.68 ± 0.16 3.04 ± 0.07 2.08 ± 0.04 1.05 ± 0.12
�(bcc)  Balance 5.00 ± 0.12 6.34 ± 0.22 2.42 ± 0.09 3.48 ± 0.32

950 ◦C
�(hcp) Balance 6.46 ± 0.09 2.78 ± 0.03 1.90 ± 0.07 1.31 ± 0.12
�(bcc)  Balance 5.55 ± 0.08 3.96 ± 0.28 2.17 ± 0.03 2.23 ± 0.26

1000 ◦C
�(hcp) Balance 6.24 ± 0.02 2.97 ± 0.05 1.96 ± 0.05 1.27 ± 0.06
�(bcc)  Balance 5.85 ± 0.06 3.57 ± 0.13 2.11 ± 0.02 1.48 ± 0.06
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.2. Corrosion behavior

.2.1. OCP measurements
Fig. 4 displays the OCP response of annealed Ti80 alloys

mmersed in different solutions for 9000 s. In 3.5 wt.% NaCl solu-
ion (Fig. 4a), the OCP of each specimen gradually shifts to a nobler
otential and finally reaches a relatively higher potential, corre-
ponding to the growth of protective oxide film on electrode surface
22]. In addition, some fluctuations of OCP curves are observed,

ainly resulting from the simultaneous competition between film
ormation and dissolution [2]. However, different scenarios can
e noticed in 5 M HCl solution (Fig. 4b); the OCP first slowly
ecreases with time and then dramatically reduces to a relatively

ower potential, attributed to the chemical dissolution of native
xide films [19]. Fig. 4b also reveals that the activation time of
nnealed Ti80 alloys can be prolonged with increasing annealing
emperature, indicating a much more stable native oxide film [23].
n addition, Fig. 4a, b respectively illustrates that increased anneal-
ng temperature can promote the terminal value of OCP in 3.5 wt.%
aCl and 5 M HCl solutions. It means higher annealing temperature

an enhance the thermodynamic ability of Ti80 alloy to resist cor-
osion [24], which is derived from the variations in the thickness
f � phase and volume fraction of � phase induced by different
nnealing temperatures.

.2.2. Potentiodynamic polarization test
Potentiodynamic polarization curves of annealed Ti80 alloys can

e obtained after OCP tests; results are presented in Fig. 5a, b.
n 3.5 wt.% NaCl solution (Fig. 5a), there is no obvious difference
etween those cathodic polarization curves, indicating the occur-
ence of a similar cathodic reaction [25]. For anodic branches, each
nnealed alloy directly enters a large and steady passivation region,
here the current density remains unchanged despite the increase

n potential. The passive film formed in this region on electrode
urface prevents annealed Ti80 alloys from dissolution. In Fig. 5b,
ll annealed Ti80 alloys also exhibit a similar cathodic reaction in

 M HCl solution, mainly corresponding to the hydrogen evolution
eaction (HER). In anodic branches, there are three typical types of
ehavior.

(I) Active dissolution region.  In this region, substrate Ti is oxidized
o form soluble Ti3+ ions through the following reactions [26]:

i + H2O ↔ Ti(H2O)ad (1)

i(H2O)ad↔ Ti(OH−)ad+H+ (2)

i(OH−)ad↔ (TiOH)ad+e− (3)

TiOH)ad↔ (TiOH)ad
++e− (4)

TiOH)ad
+→ (TiOH)2++e− (5)

Then, (TiOH)2+ is dissolved to soluble Ti3+ species in 5 M HCl
olution, as described by the following reaction:

TiOH)2++H+↔ Ti3++H2O (6)

(II) Active-passive transition region.  The maximum anodic current
s indicative of the beginning of active-passive transition region.
n this region, although reactions (1) - (6) are still popular, other
dditional dominant reactions can also occur which limit current
ow through interface [26]:

TiOH)ad
+↔ (TiOH)ad

2++e− (7)

2O + (TiOH)ad↔ [Ti(OH)2]ad
2++H++e− (8)
2O + (TiOH)ad→ [Ti(OH)2]2++H++e− (9)

Ti(OH)2]ad
2+→ [Ti(OH)2]2+ (10)

Ti(OH)2]ad
2+↔ TiO2+2H+ (11)
& Technology 62 (2021) 234–248

The declining current in active-passive transition region should
be attributed to the formation of anodically-grown passivating
oxide films, as in reaction (11).

(III) Passive region. Following the active-passive transition,
anodic branches enter the passive region, approximately from
−250 mV  to 1.25 V. In this region, the surface of annealed Ti80 alloys
covers with anodically-grown passivating oxide films. Some cur-
rent fluctuations are also observed, resulting from the simultaneous
competition between the formation and dissolution of anodically-
grown passivating oxide films, as in reversible reaction (11). In
addition, a common transition current can be observed at −1.5 V vs.
SCE in both Fig. 5a, b, which should be attributed to the oxidation
behavior of solution [27,28].

Corrosion current density (icorr) is generally used to evaluate
the corrosion resistance. For the spontaneous passive behavior
of annealed Ti80 alloys in 3.5 wt.% NaCl (Fig. 5a), icorr can be
approximately regarded as equal to ipass [22,30], which is obtained
at 500 mV. However, for an active system, e.g., 5 M HCl solu-
tion (Fig. 5b), icorr is determined by extrapolating cathodic Tafel
lines to the corrosion potential (Ecorr); this is adopted because
no well-defined experimental anodic Tafel regions are present in
polarization curves [29,30]. The obtained values of icorr and Ecorr

are listed in Table 2. For more intuitive observation, variations in
icorr and Ecorr with annealing temperature are plotted in Fig. 6a, 6b,
respectively. As seen in Fig. 6a, it is evident that icorr decreases with
the increase in annealing temperature in both NaCl and HCl solu-
tions. In Fig. 6b, as annealing temperature raises, Ecorr increases, i.e.,
polarization curves shift towards a more positive potential. Indeed,
the decreased icorr and increased Ecorr provide a definite indicator of
an enhanced corrosion resistance with increasing annealing tem-
perature, in terms of both corrosion kinetics and thermodynamics.
The corrosion rate I can be calculated using the following equation
[31]:

I(mm  · year−1)=3.28×icorr×(M/n�)  (12)

where M is the atomic weight of Ti (47.87 g), n is the number of
electrons transferred in the corrosion reaction (n = 3, correspond-
ing to the conversion of Ti to Ti3+), and � is the density of Ti (4.51
g· cm−3). The calculated values of I in 5 M HCl solution are listed in
Table 2. As annealing temperature increases from 850 to 1000 ◦C,
corrosion rate decreases from 1.89 mm· year−1 to 1.37 mm· year−1

in 5 M HCl solution, reinforcing our conclusion that raising anneal-
ing temperature can provide a beneficial enhancement in corrosion
resistance of those titanium alloys.

3.2.3. Electrochemical impedance spectroscopy (EIS)
measurements

To further elucidate the special effects of different anneal-
ing temperatures on the corrosion performance of Ti80 alloy,
impedance spectra were measured in 3.5 wt.% NaCl and 5 M HCl
solutions, respectively. The corresponding Nyquist plots and Bode
plots are presented in Fig. 7.

Fig. 7a displays the Nyquist plots of annealed Ti80 alloys after
2.5 h immersion in 3.5 wt.% NaCl solution. All Nyquist plots exhibit
a single capacitive loop, generally corresponding to one capacitive
time constant. This is caused by the formation of a highly stable
and compact oxide film on surface [22,32]. Here, the diameter of
capacitive loop represents the resistance; in general, a larger diam-
eter indicates a higher resistance [33]. The inference from Fig. 7a is
again that an increase in annealing temperature can enhance the
corrosion resistance of annealed Ti80 alloys in 3.5 wt.% NaCl solu-
tion. However, in 5 M HCl solution (Fig. 7c), all Nyquist plots show

two obvious capacitive loops, i.e.,  two  well-separated semi-circles,
which indicates the existence of two capacitive time constants
[34,35]. The high frequency capacitive loop could be attributed to
the electric double layer at the interface between electrolyte solu-



B. Su et al. / Journal of Materials Science & Technology 62 (2021) 234–248 239

Fig. 4. Variations of open circuit potential (OCP) with time for annealed Ti80 alloys in (a) 3.5 wt.% NaCl solution and (b) 5 M HCl solution.

Fig. 5. Potentiodynamic polarization curves of annealed Ti80 alloys in (a) 3.5 wt.% NaCl solution and (b) 5 M HCl solution.

Table 2
Parameters deduced from potentiodynamic polarization curves.

Annealing
temperature
(◦C)

In 3.5 wt.% NaCl solution In 5 M HCl solution

Ecorr

(V vs. SCE)
icorr

(�A cm−2)
Ecorr

(V vs. SCE)
icorr

(�A cm−2)
�c

(mV·decade−1)
Corrosion rate (mm·year−1)

Obtained from icorr Obtained from weight loss

850 − 0.345 ± 0.011 0.937 ± 0.028 − 0.605 ± 0.013 162.51 ± 2.86 −131 ± 7 1.89 ± 0.04 1.91 ± 0.21
46.13
31.07
18.32

t
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900  − 0.303 ± 0.009 0.728 ± 0.022 − 0.574 ± 0.005 1
950  − 0.265 ± 0.015 0.591 ± 0.014 − 0.545 ± 0.008 1
1000  − 0.223 ± 0.018 0.461 ± 0.031 − 0.484 ± 0.016 1

ion and Ti80 alloy substrate, whereas the low frequency capacitive
oop could be assigned to the corrosion product film on alloy. More-
ver, the diameters of both high-frequency and low-frequency
apacitive loops are enhanced, indicating that both charge transfer
esistance and corrosion product film resistance can be improved
y increasing annealing temperature.

Regarding Bode plots in 3.5 wt.% NaCl (Fig. 7b), only one peak
s observed in all Bode-phase plots, i.e.,  Bode-phase plots also sug-
ests one time constant [36]. Bode-phase curves show that phase
ngles of all annealed Ti80 alloys are close to 90◦ over a wide fre-
uency range, indicating the existence of a highly stable film on
urface of all annealed Ti80 alloys in 3.5 wt.% NaCl solution [37,38].
urthermore, the Impedance values obtained at the terminate fre-
uency (10−2 Hz) can reach 106 � cm2, which should be ascribed
o the formation of a highly stable film. Fig. 7d displays Bode plots

easured in 5 M HCl solution. Bode-phase plots contain two  peaks,
nd two steps are observed on Bode-magnitude plots, all suggest-
ng the appearance of two time constants [35,39]. Moreover, the

mpedance at low frequency increases with annealing tempera-
ure, demonstrating that the corrosion resistance can be improved
y increasing annealing temperature.
 ± 2.05 −153 ± 5 1.70 ± 0.02 1.64 ± 0.05
 ± 1.13 −152 ± 4 1.52 ± 0.02 1.54 ± 0.01

 ± 0.85 −154 ± 2 1.37 ± 0.01 1.42 ± 0.02

To further interpret the corrosion behavior of annealed Ti80
alloys, two  typical equivalent circuits [9,10,40,41], presented in
Fig. 8a, b, are proposed to fit the EIS data. In these two  equivalent
circuits, Rs is the solution resistance, CPEdl and Rct are respec-
tively the constant phase element related to the electrical double
layer capacitance and charge transfer resistance, and CPEf and
Rf are respectively the constant phase element associated with
the oxide/corrosion product film capacitance and oxide/corrosion
product film resistance. The CPE substitution of pure capacitance is
used here through considering the time constant dispersion which
originates from surface heterogeneities [35]. The impedance of CPE
can be defined as follows [42,43]:

ZCPE= [Q (jω)n]−1 (13)

where Q is the magnitude of CPE, j is an imaginary number (j =√−1), ω is angular frequency (ω = 2�f, f is the frequency), n is the
CPE exponent ranging from −1 to 1.
The EIS spectra measured in 3.5 wt.% NaCl solution can be
well fitted using an equivalent circuit with one time constant
(Fig. 8a), while the EIS spectra obtained in 5 M HCl solution
can be fitted to an equivalent circuit with two time constants
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Fig. 6. The electrochemical parameters of annealed Ti80 alloys vary with annealing temperature: (a) corrosion current density and (b) corrosion potential.
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(
i
n
c
d

ig. 7. Nyquist plots of annealed Ti80 alloys after 2.5 h immersion in (a) 3.5 wt.% Na
n  (b) 3.5 wt%  NaCl solution, and (d) 5 M HCl solution. The solid curves are simulate

Fig. 8b). Nyquist plots (Fig. 7a, c) demonstrate that the exper-
mental data are consistent with those obtained using complex

on-linear least squares (CNLS) simulations for most frequen-
ies, indicating the selected equivalent circuits are suitable. The
etailed EIS fitting data for 3.5 wt.% NaCl and 5 M HCl solu-
tion, and (c) 5 M HCl solution. The corresponding Bode plots after 2.5 h immersion
lts obtained by ZSimpWin.

tions are shown in Tables 3 and 4, respectively. The chi-square
(�2) value is in the order of 10−3 to 10−4, and the magnitude of

sums of squares (�2) obtained for each annealed Ti80 alloy is rea-
sonably close to zero, also revealing an excellent fitting quality
[44]. The fitting error of each element is also listed in Table 3.
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Fig. 8. The equivalent circuits used to fit the measured impedance data. (a) Equivalent circuit with one time constant, (b) equivalent circuit with two time constants. Variations
of  polarization resistance as a function of annealing temperature, in (c) 3.5 wt.% NaCl solution, and (d) 5 M HCl solution.

Table 3
Equivalent circuit parameters for annealed Ti80 alloys after 2.5 h immersion in 3.5 wt.% NaCl solution: Rs solution resistance, CPEf constant phase element, nf the exponent
of  CPEf , Rf oxide film resistance. The Chi-square parameter (�2) and sums of squares (�2) obtained for each annealed Ti80 alloy. Besides, the calculated oxide film capacitance
Cf and oxide film thickness d are listed.

Annealing
Temperature (◦C)

Rs

(� cm2)
CPEf (�S·sn

cm−2)
nf Rf

(106 � cm2)
�2(10
−3)

�2 Cf (�F cm−
2)

d
(nm)

850 10.12 33.38 0.9294 1.691 1.316 0.036 45.34 1.27 ± 0.09
Error% 0.7577 0.6147 0.1447 9.144
900  7.7 29.31 0.9458 1.716 1.389 0.037 36.69 1.57 ± 0.11
Error% 0.7987 0.6285 0.1399 8.044
950  9.187 24.86 0.9512 1.973 0.715 0.027 30.36 1.90 ± 0.07
Error%  0.5676 0.4505 0.1002 5.553
1000

Error%
11.79
0.5774

22.87
0.4562

0.9502
0.1041

2.181
6.011

0.725 0.027 28.07 2.05 ± 0.05

Table 4
Equivalent circuit parameters for annealed Ti80 alloys after 2.5 h immersion in 5 M HCl solution: Rs solution resistance, CPEdl and CPEf constant phase elements, ndl and nf

are the exponent of CPEdl and CPEf , respectively, Rct charge transfer resistance, Rf resistance of the corrosion product. The Chi-square parameter (�2) and sums of squares
(�2) obtained for each annealed Ti80 alloy. Moreover, the calculated electrical double layer capacitance Cdl and corrosion product film capacitance Cf are listed.

Annealing
Temperature (◦C)

Rs

(� cm2)
CPEdl

(10−5 S·sn

cm−2)

ndl Rct

(� cm2)
CPEf (10−3

S·sn cm-2)
nf Rf

(� cm2)
�2

(10−3)
�2 Cdl

(10−5 F cm−2)
Cf

(10−3F cm−2)

850 6.978 35.21 0.933 291.8 76.99 1 158.1 0.277 0.017 22.83 76.99
Error% 0.2951 1.017 0.2219 0.5178 8.462 3.485 7.152
900  7.138 50.06 0.9422 305 66.18 1 170 0.204 0.014 35.38 66.18
Error% 0.2436 0.8191 0.1924 0.498 7.124 2.907 5.659
950  6.203 47.71 0.9414 320.5 62.9 0.9989 188.3 0.285 0.017 33.16 63.07

6 

7 

5 

A
[

t
[
s
t

Error% 0.2917 0.9404 0.216 0.579 8.19
1000 10.43 25.86 0.9355 429.8 79.7
Error% 0.1781 0.6062 0.1347 0.3081 6.86

ll fitting errors are below 10 %, thereby representing a good fit
45].

Generally, polarization resistance (Rp) can be used to evaluate

he corrosion resistance, a higher Rp indicating improved resistance
46]. In this study, Rp can be calculated using the following relation-
hips [46,47]: Rp = Rf for the circuit in Fig. 8a, but Rp= Rf + Rct for
he circuit in Fig. 8b. According to Table 3, in 3.5 wt.% NaCl solu-
3.351 6.738
1 220.7 0.103 0.01 17.17 79.77
2.755 7.078

tion, Rp increases from 1.691 × 106 �·  cm2 to 2.181 × 106 �· cm2

when the annealing temperature increases from 850 to 1000 ◦C.
This can be attributed to the thickened oxide film. The thickness

of an oxide film, d, can be obtained using the following formula
[48]:

d=εε0/C (14)
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where ε is the relative dielectric constant of oxide film, ε0 is the
ermittivity of free space (8.8542 × 10−14 F· cm−1), and C is the
apacitance of oxide film. Based on previous studies [49], the oxide
lm formed on titanium has a characteristic like rutile; therefore,

 value of 65 is assumed for ε in this study, corresponding to the
ielectric constant of rutile TiO2 [49,50]. The capacitance C can be
alculated using Eq. (4) [48,51,52]:

= (QR1−n)1/n (15)

where Q is the magnitude of CPE, n is the CPE exponent, and R
s a resistor in parallel with the corresponding CPE. The calculated
xide film capacitance C and thickness d of annealed Ti80 alloys in
.5 wt.% NaCl solution are also listed in Table 3. Clearly, the oxide
lm thickness d monotonically increases with annealing tempera-

ure, corresponding to the enhanced polarization resistance Rp. For
 M HCl solution, Table 4 illustrates that both charge transfer resis-
ance Rct and corrosion product film resistance Rf increase with the
ncrease in annealing temperature, revealing an enhancement of
orrosion resistance. The electrical double layer capacitance (Cdl)
an be derived from CPE using Brug’s formula [48,53]:

dl= CPE1/n(Rs
−1+Rct

−1)(n−1)/n (16)

The calculated values of Cdl and Cf are also presented in Table 4.
he value of Cdl is at the level of 10−5 F· cm−2, which is a typical
lectrical double layer capacitance value [54,55]. A high value of Cf,
n the order of 10−3 F· cm−2, can be attributed to the appearance
f corrosion product film [23,56,57]. Variations in Rp vs.  annealing
emperature in 3.5 wt.% NaCl and 5 M HCl solutions are plotted in
ig. 8c, d, respectively. Clearly, Rp increases with the increase in
nnealing temperature in both tested solutions. This phenomenon
gain confirms that the corrosion resistance enhances with the
ncrease in annealing temperature.

.2.4. Static immersion testing
Static immersion tests were carried out in 5 M HCl solution

o discern further details of the corrosion processes in annealed
i80 alloys. Fig. 9a displays variations in cumulative weight loss
ith immersion time. As annealing temperature increases from

50 to 1000 ◦C, the weight loss decreases from 19.08 mg/cm2 to
3.06 mg/cm2 after 10 days of immersion, demonstrating that the
orrosion resistance of Ti80 alloy can be improved by adjusting
nnealing temperature. In addition, variations in weight loss over
ime present a linear increase, revealing that the corrosion rate is
onstant. In this study, the corrosion rate I can also be calculated
sing Eq. (17) [58]:

=KW/AT� (17)

where K is a constant (8.76 × 104), W is the weight loss in g,
 is the exposed area of specimen in cm2, T is the exposure time

n hours, and � is the density in g/cm3. Variations in the corrosion
ate I with annealing temperature is plotted in Fig. 9b. The alloy
nnealed at 1000 ◦C exhibits the lowest corrosion rate, which can
e attributed to highest volume fraction of � phase and thinnest

 phase. The corrosion rates calculated from weight loss are also
hown in Table 2 for comparison. In 5 M HCl solution, the corrosion
ates (mm· year−1) obtained from corrosion current density and
eight loss are in a good agreement.

Fig. 9c-f depicts the corrosion surface morphologies of annealed
i80 alloys. All alloys display evidence of homogeneous corrosion.
o corrosion pitting is observed on surface, indicative of the excel-

ent pitting resistance of all annealed alloys in 5 M HCl solution.

oreover, SEM observation reveals that the regions of preferen-

ial dissolution are concentrated on prior-� grain boundaries and
 phases. The severe intergranular corrosion presented in Fig. 9d-f
ould be attributed to the segregation of impurities to these grain
& Technology 62 (2021) 234–248

boundaries [13]. As annealing temperature increases (Fig. 9d-f), the
severity of intergranular corrosion is alleviated, most probably due
to the reduced degree of segregation. Fig. 9g-j shows the represen-
tative back-scattered electron (BSE) images of annealed Ti80 alloys
in cross-section after 10 days of immersion in 5 M HCl solution.
The average values of maximum local corrosion depth marked in
Fig. 9g-j are obtained from at least ten cross-section images to elimi-
nate statistical error. The maximum local corrosion depth decreases
from 20.1 ± 1.2 �m to 10.8 ± 1.3 �m with increasing annealing tem-
perature from 850 to 1000 ◦C, revealing that the corrosion degree
can be alleviated by increasing annealing temperature.

3.2.5. X-ray photoelectron spectroscopy (XPS) analysis
XPS spectra were obtained to analyze the composition of corro-

sion product films of annealed Ti80 alloys. Fig. 10a displays a typical
XPS wide-survey spectra, indicating the presence of Ti 2p, Al 2p, Nb
3d, Zr 3d, Mo  3d, O 1s, C 1s, and N 1s. The existence of C 1s and N 1s
can be ascribed to the surface contamination of specimens during
the tests [11]. Fig. 10b exhibits the high-resolution spectra of Ti 2p;
the peak at ∼464.2 eV can be fitted as a doublet, corresponding to
TiO2 at ∼464.5 eV and Ti2O3 at ∼462.8 eV. The peak at ∼458.6 eV
can also be fitted as a doublet, typical of TiO2 at ∼ 458.5 eV and Ti2O3
at ∼457.4 eV. In addition, metallic Ti, which appears at ∼453.9 eV
(Ti 2p3/2), is also detected for all annealed alloys. This is probably a
result from the substrate, indicating that a thin corrosion product
film forms on surface [22,30]. The shapes of O 1s peaks of annealed
alloys are similar, as seen in Fig. 10c. The O 1s spectra can be fitted
to three distinctive components: O2− (∼530 eV), OH1- (∼531 eV),
and O2- (H2O) (∼532 eV) [59,60]; this indicates that the corrosion
product films comprise a mixture of oxides and hydroxides.

The Nb 3d spectra presented in Fig. 10d exhibit two  main peaks
at ∼210.0 eV and ∼207.4 eV. These two peaks can be assigned to the
presence of Nb2O5 in the corrosion product films [61]. Moreover,
a small peak is observed at ∼202.3 eV, corresponding to metallic
Nb (3d5/2), which also emanates from the substrate. For the Zr 3d
spectra (Fig. 10e), two main peaks are clearly observed at ∼182.0
eV and ∼184.1 eV, typical of ZrO2 peaks [62]. In Fig. 10f, the Mo  3d
spectra show one main peak at ∼229.4 eV, which can be attributed
to the presence of MoO2 [30]. As mapped in Fig. 10g, the peak in Al
2p spectra at ∼74.6 eV can be ascribed to the presence of Al2O3 [8],
but the peak is weak, indicating that the corrosion product films
only contain a small amount of Al2O3.

4. Discussion

4.1. Corrosion mechanisms

According to previous reports [27,63–66], native oxide films for
annealed Ti80 alloys are primarily composed of TiO2, Al2O3, Nb2O5
and ZrO2, which are considered to be thermodynamically stable in
presence of oxygen, and of MoO2:

Ti + O2 → TiO2 (18)

2Al +
3
2

O2 → Al2O3 (19)

2Nb + 5
2

O2 → Nb2O5 (20)

Zr + O2 → ZrO2 (21)

Mo  + O2 → MoO2 (22)

The presence of MoO2 instead of MoO3 in native oxide films is

based on the study reported by Park et al. [66]. Specifically, the
major molybdenum species in native oxide films of Ti-Mo alloys
containing a small amount of molybdenum is generally Mo4+. In
this study, as studied alloys contain only 1 wt.% molybdenum, it
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ig. 9. Results of static immersion tests. (a) Variations in loss of mass with time 

nnealing temperature. (c-f) SEM images of the morphologies of corroded surface
ays  immersion, at (c) and (g) 850 ◦C, (d) and (h) 900 ◦C, (e) and (i) 950 ◦C, (f) and (

an be concluded that molybdenum oxide is present in native oxide
lms in the form of MoO2.

In 3.5 wt.% NaCl solution, the terminal value of OCP (Fig. 4a) in
ach annealed Ti80 alloy corresponds to the thermodynamically
table range of TiO2, Al2O3, ZrO2, Nb2O5, and MoO2, as demon-
trated by the overlays of OCP with the standard 25 ◦C E-pH
iagrams of Ti, Al, Nb, Zr, and Mo,  respectively [67]. This indicates
hat native oxide films can be stably present in 3.5 wt.% NaCl solu-
ion from a thermodynamic perspective. The OCP curves (Fig. 4a)
lso show that no obvious dissolution of native oxide films occurs
n 3.5 wt.% NaCl solution, i.e.,  no sharp drop in potential is observed.
dditionally, EIS results (Figs. 7a, 7b, and 8 a) indicate the formation
f a highly compact and stable film on those annealed Ti80 alloys

n 3.5 wt.% NaCl solution. Accordingly, annealed Ti80 alloys present
 low current density (10−6 A/cm2) in Fig. 6a and high polarization
mpedance (106 �·  cm2) in Table 3.

However, in 5 M HCl solution, Ti3+, Al3+, Zr4+, NbO2 and Mo  are
ll thermodynamically stable for each annealed Ti80 alloy at their
espective OCP according to the standard 25 ◦C E-pH diagrams for
i, Al, Nb, Zr and Mo  [67]. This suggests that native oxide films will
e dissolved when annealed Ti80 alloys are immersed in 5 M HCl
olution. In fact, each OCP curve (Fig. 4b) exhibits a clear active
issolution behavior in 5 M HCl solution, corresponding to the dis-
olution of native oxide films. Fig. 4b reveals that the breakdown
f native oxide films can be achieved after one hour immersion.
s displayed in Fig. 11, we give two schematic diagrams to illus-

rate the salient corrosion mechanisms for annealed Ti80 alloys in

 M HCl solution, where the chemical corrosion process has two
teps, namely, the dissolution of native oxide films and dissolution
f substrate. Although native ZrO2, Nb2O5 and MoO2 oxides are
nealed Ti80 alloys in 5 M HCl solution for 10 days. (b) Corrosion rate varies with
g-j) cross section BSE images of annealed Ti80 alloys in 5 M HCl solution after 10
0 ◦C.

thermodynamically unstable according to the standard 25 ◦C E-pH
diagrams, they are kinetically resistant to the chemical dissolution
in 5 M HCl [19]. The Nb 3d (Fig. 10d), Zr 3d (Fig. 10e) and Mo  3d
spectra (Fig. 10f) reveal the presence of Nb2O5, ZrO2 and MoO2 in
oxide films in 5 M HCl solution, proving the rationality of kinetic
stability of those oxides. Hence, the breakdown of native oxide films
mainly corresponds to the chemical dissolution of Al2O3 and TiO2,
as presented in Fig. 11a. When specimens are immersed in 5 M
HCl solution, Al2O3 will firstly react with HCl, as described by the
following reaction:

Al2O3 + 6H+ → 2Al3++ 3H2O (23)

A weak Al2O3 peak presented in the Al 2p spectra (Fig. 10g)
indicates that only a small amount of Al2O3 existed in corrosion
product films in 5 M HCl solution. This can be attributed to the
dissolution of Al2O3 through reaction (23).

In addition, the chemical dissolution of native oxide films should
be mainly attributed to the conversion of TiO2 to aqueous Ti3+,
which generally requires two  steps (Fig. 11a). First, TiO2 is reduced
to TiOOH, or its hydrated form of TiOOH·H2O. The TiO2 reduction
reaction is balanced by oxidizing substrate. Hence, the overall pro-
cess can be presented using the following reaction [19,68,69]:

Ti +3TiO2 + 6H2O → 4TiOOH · H2O (24)
Second, TiOOH·H2O is rapidly dissolved to Ti3+ through the follow-
ing reaction [8]:

TiOOH · H2O + 3H+ → Ti3+ + 3H2O (25)
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Fig. 10. Results of XPS measurements for annealed Ti80 alloys. (a) Typical survey spectra from XPS; detailed spectra from (b) Ti 2p, (c) O 1s, (d) Nb 3d, (e) Zr 3d, (f) Mo 3d
and  (g) Al 2p, all measured from the surface of annealed Ti80 alloys after 10 days of immersion in 5 M HCl solution.

F ys in 5
s

s
a

ig. 11. Schematic diagrams of salient corrosion mechanisms in annealed Ti80 allo
ubstrate.
The high H+ concentration in 5 M HCl solution makes Ti3+ more
table than TiOOH·H2O by promoting the progress of reaction (25),

 main precursor for the breakdown of native oxide films.
 M HCl solution, showing (a) dissolution of native oxide film, and (b) dissolution of
The breakdown of native oxide films needs only about an hour
based on OCP curves (Fig. 4b). Although EIS measurements (Figs. 7b,
d, and 8b) reveal the presence of a corrosion product film on surface
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Fig. 12. The solutions of annealing Ti80 alloys after 10 days of immersion in 5 M HCl.
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ig. 13. The relationship between the corrosion current density and volume fracti
he  corrosion current density and thickness of � phase in (c) 3.5 wt.% NaCl and (d) 5

f annealed Ti80 alloys in 5 M HCl solution, this corrosion product
lm is generally a porous and nonprotective film, as demonstrated
y Cui et al. [23]. Hence, it is inevitable that the substrate Ti will be
xidized to form soluble Ti3+ ions (Fig. 11b) based on the chemical
eactions (1) - (6) [26,70], consistent with the active dissolution
ehavior of anodic polarization curves (Fig. 5b). The conversion of
i to Ti3+ is one of main causes for the corrosion of annealed Ti80
lloys.

As depicted in Fig. 12, the solutions remaining after 10 days of
mmersion exhibit a purple color, corresponding to the color of
iCl3, indirectly indicating the presence of Ti3+. After a period of
ime, the accumulated Ti3+ ions and correspondingly reduced pH of
olution may  promote the formation of Ti2O3 through the following
eaction [71]:

Ti3+ + 3H2O → Ti2O3 + 6H+ (26)

The Ti 2p spectra (Fig. 10b) indicate the presence of Ti2O3 in
orrosion product films formed in 5 M HCl solution, proving the

ationality of reaction (26). Apart from the chemical dissolution,
he formation of micro-galvanic couple effects between � and �
hases, i.e.,  electrochemical corrosion, is another cause for the cor-
osion of alloys, as illustrated in Fig. 11b. These effects stem from
 phase in (a) 3.5 wt.% NaCl and (b) 5 M HCl; corresponding relationship between
Cl.

the segregation of elements, as seen in Table 1; the � phase act as
an anode during micro-galvanic corrosion together with � phase,
which will promote the preferential dissolution of � phase.

4.2. Effect of ˇ-Phase volume fraction and ˛-Phase thickness on
corrosion behavior

As reported previously [[73,74],13,18,72], volume fraction of �
phase plays an important role in affecting the corrosion perfor-
mance of Ti alloys. Fig. 13a, b respectively shows the relationship
between corrosion current density and volume fraction of � phase
in 3.5 wt.% NaCl and 5 M HCl solutions. The corrosion current den-
sity decreases with the increase in volume fraction of � phase in
both tested solutions, i.e.,  the corrosion resistance enhances with
increasing volume fraction of � phase. This can be attributed to the
fact that � phase is more resistant to chemical corrosion than �
phase. AFM measurements were performed to prove this. Fig. 14a-
d displays the 3D AFM images of corroded surface of annealed Ti80

alloys after 4 h of immersion in 5 M HCl solution. Combined with
the analysis of SEM and HADDF images in Fig. 3e-h, j, the distri-
bution of � and � phases on corroded surface of annealed Ti80
alloys can be identified, also as presented in Fig. 14a-d. From the
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ig. 14. 3D and 2D AFM images of annealed Ti80 alloys after 4 h immersion in 5 M
C. Line-profile analysis of relative height of � phase, at (i) 850 ◦C, (j) 900 ◦C, (k) 95

atter figures, it is evident that � phase acts as a location for pref-
rential dissolution. With respect to their separation, the evolution
f height with distance between adjacent � and � phases can be
valuated using line-profile analysis, as shown in the pink lines in
ig. 14e-h. AFM data showing how the height varies across these
ink lines due to such selective phase dissolution are plotted in
ig. 14i-l. The height of � phase is lower than that of � phase for
ll annealed Ti80 alloys, indicating that � phase is the more sus-
eptible of phases to corrosion. Indeed, the preferential corrosion
f � phase can be attributed to element segregation. In Fig. 3j and
able 1, Al element is fertile in � phase, while Nb, Zr, and Mo  tend
o be distributed in � phase. Consequently, we could deduce that
he native oxide films of � phase are mainly composed of Nb2O5,

oO2 and ZrO2, as compared to more Al2O3 appeared on the sur-
ace of � phase. As mentioned in section 4.1, Al2O3 will be dissolved
rstly through reaction (23) since Nb2O5, MoO2 and ZrO2 have a
igher stability than Al2O3 [73,74]. Besides, we can also presume
hat more TiO2 exists in the native oxide films of � phase due to

ts higher Ti content, as shown in Table 1. The preferential disso-
ution of Al2O3 and conversion from TiO2 to aqueous Ti3+ through
eactions (24) - (25) should be responsible for the breakdown of
lution, at (a) and (e) 850 ◦C, (b) and (f) 900 ◦C, (c) and (g) 950 ◦C, (d) and (h) 1000
d (l) 1000 ◦C.

these native oxide films. Therefore, it is reasonable to infer that �
phase preferentially loses the protection of native oxide films to be
less resistant to corrosion. Subsequently, without the protection of
native oxide films, substrate � phase suffers severer active chemi-
cal corrosion (the dissolution from Ti to Ti3+) than � phase through
chemical reactions (1) - (6), which is also ascribed to its higher Ti
content.

In addition, the thickness of � phase can also significantly affect
the corrosion resistance of annealed Ti80 alloys. Ralston et al. [75]
established a relationship between corrosion rate and grain size
based on their own results and prior studies in the literature. They
proposed the relationship between corrosion current density and
grain size as:

icorr=A + Bd−0.5 (27)

where A is a function of environment, B is a material constant
related to composition or impurity level, and d is the grain size. Yang

et al. also reported a similar relationship between the thickness
of � phase d and corrosion current density icorr [13]. To evaluate
the effect of thickness of � phase on the corrosion performance
of annealed Ti80 alloys, variations of �-phase thickness d with the
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Fig. 15. Variations in the partition coefficient of alloying eleme

orrosion current density icorr are plotted in Fig. 13c, d, respectively
or 3.5 wt.% NaCl and 5 M HCl solutions. Relatively good linear rela-
ionships with negative slopes can been seen for both solutions.
hese results indicate that as the thickness of � phase d decreases,
he corrosion resistance of annealed Ti80 alloys increases, which
e believe is associated with two factors. Firstly, the aggregation of

lements in � or � phase can clearly be reduced by refining its thick-
ess. To evaluate the degree of segregation of alloying elements in

 and � phases, a single partition coefficient Ki for element i can be
efined as follows [76]:

i = Cˇ
i
/C˛i (28)

where Cˇ
i

and C˛
i

are, respectively, the concentration of element
 in adjacent � and � phases. As the value of Ki tends to unity,
he lighter the degree of segregation. Fig. 15 presents variations
n partition coefficient K with the thickness of � phase d. As the
-phase thickness reduces, the value of KAl (Fig. 15a) increases

o approach 1, while the values of KNb (Fig. 15b), KZr (Fig. 15c)
nd KMo (Fig. 15d) all decrease to approach 1, indicating that the
egree of segregation of elements Al, Nb, Zr and Mo  can all be
lleviated with a reduced thickness of � phase. As illustrated in
ig. 11b, the emergence of harmful micro-galvanic couple effects
etween � and � phases should be one of the main causes for
he corrosion of annealed Ti80 alloys; these galvanic cells origi-
ate from the different electrochemical activities of � and � phases,
hich corresponds to the uneven distribution of alloying elements

n these phases. (Table 1). The degree of this segregation can be
lleviated by increasing annealing temperature due to a reduced
hickness of � phase, as indicated by Fig. 15, which serves to
iminish micro-galvanic couple effects. Secondly, the small � phase
nd high fraction of phase boundaries can promote the formation
f oxide films [13,75]. Because the formation of oxide films is a
iffusion-controlled process, phase boundaries play a considerable

ole in providing short diffusion channels for ions. Such preferential
iffusion of Ti, Al, Nb, Zr, Mo  and O can occur at phase boundaries to
rovide more oxidation and active sites for the formation of oxide
lms.
th the thickness of � phase, in (a) Al, (b) Nb, (c) Zr, and (d) Mo.

In short, the enhanced corrosion resistance of annealed Ti-6Al-
3Nb-2Zr-1Mo (Ti80) alloys, which can be attained by increasing
annealing temperature from 850 to 1000 ◦C, can be principally
attributed to the combined effects of an increased volume fraction
of � phase with the reduced thickness of � phase.

5. Conclusions

The microstructure and corrosion behavior of annealed Ti80
alloys in NaCl and HCl solutions have been evaluated. The main
conclusions of this study are as follows:

(1) Microstructural characterization shows that Ti80 alloy
annealed at a higher temperature generates of a higher
fraction of � phase and more refined lamellar � phase.

(2) Based on results of potentiodynamic polarization curves,
all annealed Ti80 alloys are seen to exhibit spontaneous
passivation behavior in 3.5 wt.% NaCl solution and active
to passive behavior in 5 M HCl solution. Accompanying
electrochemical impedance spectroscopy results reveal that
one compact oxide film is formed in 3.5 wt.% NaCl solu-
tion, and a corrosion product film is present in 5 M HCl
solution.

(3) Both electrochemical and static immersion tests indicate that
the corrosion resistance of annealed Ti80 alloys increases with
increasing annealing temperature, which can be attributed to
increased volume fraction of � phase and decreased thickness
of � phase.

(4) Atomic force microscopy observations show that � phase is
more resistant to corrosion than � phase. This is related to the

higher Nb, Zr, and Mo  content of � phase.

(5) The corrosion of annealed Ti80 alloys can be attributed to
the micro-galvanic couple effects and chemical dissolution of
native oxide film and substrate.
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