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Corrosion behavior of Ti-based bulk amorphous alloys in acidic solutions
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Abstract: The corrosion behavior of the Tizs3Zr31.5CusNissBexs 7 bulk amorphous alloy was investigated in different
concentrations of the HCl and H»SO4 solutions. Electrochemical testing and scanning electron microscopy analysis
indicate that CI™ ions can cause pitting damage in the HCI solution during the polarization process, and the pitting
potential decreases with increasing solution concentration. The degree of damage to the corroded surface is positively
correlated with the solution concentration. A passive film forms in the H>SOs solution, indicating good corrosion
resistance. X-ray photoelectron spectroscopy shows that the stability of the passivated film decreases with increasing
HCl solution concentration. The corrosion rates of the four materials were obtained by an immersion experiment in HCI
solution. The results reveal that Tiz43Zr315CusNissBeas 7 bulk amorphous alloy has the best corrosion resistance, with a
corrosion rate of 7.22x1073 mm/a, which is approximately 1/1294 that of 316L stainless steel.
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1 Introduction

Bulk amorphous alloys are novel materials
with excellent physical and chemical properties of
metals and glasses. They lack defects such as
stacking faults and grain boundaries and have a
structure with long-range disorder and short-range
order [1]. Bulk amorphous alloys have attracted
much attention owing their excellent properties,
such as high strength, hardness, elastic limit, and
good corrosion resistance [2—6]. Among them,
Ti-based bulk amorphous alloys are new structural
materials exhibiting excellent application potential
because of their strong amorphous forming ability
and large critical casting size [7,8]. The formation
ability, crystallization behavior, thermal stability,
mechanical behavior and deformation ability of
Ti-based amorphous alloys have been widely

studied [9—12]. As an important factor influencing
engineering applications, the corrosion behavior
must be thoroughly and systematically studied to
provide the necessary theoretical and technical
support for the engineering application of bulk
amorphous alloys.

So far, studies on the corrosion behavior of
bulk amorphous alloys have included Zr-[13],
Ti- [14], Cu- [15], Mg-based [16], and other alloys.
Among them, the corrosion behavior of Zr-based
bulk amorphous alloys in various solutions has
received special attention. studies
demonstrated that Zr-based bulk amorphous alloys
have excellent corrosion resistance, the difference
in corrosion behavior is related to the composition
of the passive film on the natural alloy surface, and
the main component of which is Zr oxide [17,18].
GOSTIN et al [19] studied the pitting resistance
of Zr—Cu—Al—-(Ni—Nb, Ni—Ti, Ag) in chloride-
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containing solutions, and found that a combination
of low Cu and high Ti or Nb contents is most
beneficial for the pitting resistance of Zr-based bulk
amorphous alloys. ZHUANG et al [20] investigated
the effect of Ti substitution on the corrosion
properties of Zr-based bulk amorphous alloys. They
found that appropriate Ti addition can considerably
improve the corrosion resistance of the materials in
the HCI solution.

Investigations on the corrosion behavior of
Ti-based bulk amorphous alloys have focused on
their utility in biological applications, specifically
in simulated body fluid and artificial saliva [21,22].
However, research on corrosion resistance in an
acidic solution environment is limited, especially
the corrosion behavior of the Tizs3Zr315CusNiss-
Bex;7 bulk amorphous alloy is rarely reported.
Therefore, by studying its corrosion resistance in
acidic solutions, an important theoretical reference
can be achieved for the subsequent industrial
applications.

In this study, we investigate the corrosion
behavior of the Tizss3Zr315CusNissBexss bulk
amorphous alloy in different acidic solutions of
varying concentrations and provide valuable
technical parameters for the amorphous alloy
application as engineering materials in special
corrosion environment. The Tis; sZr302CusFes3Bex.s
bulk amorphous alloy, Ti—6Al—4V alloy and 316L
stainless steel are selected as comparative materials
to reflect the corrosion resistance of the
Tiz4.3Z131 5CusNis sBeas 7 bulk amorphous alloy.

2 Experimental

The Tiz43Z1r315CusNissBeys 7 (at.%) master alloy
ingot was prepared via arc melting Zr, Ti, Cu, Ni,
and Be wires (purity higher than 99.99%) in a pure
argon atmosphere. The ingots were remelted at least
six times to achieve chemical uniformity. Cast rods
with 70 mm in length and 10 mm in diameter
were then prepared using the copper mold suction
casting method. The amorphous structure and
thermophysical parameters of the cast rods were
analyzed using X-ray diffraction (XRD, Rigaku
D/max-2500PC, Cu K, radiation) and differential
scanning calorimetry (DSC, Netzsch STA449C).

As corrosion specimens, the amorphous alloy
casting rods with 10 mm in diameter were cut to

3 mm in thickness by wire cutting. They were then
ground from coarse to fine with SiC sandpaper to a
particle size of 5000 and polished with a SiO;
polishing solution with a particle size of 0.04 pm
until the surface was free of scratches. Subsequently,
they were cleaned with acetone, ethanol, and
deionized water under ultrasound and air dried.

Electrochemical experiments were performed
in an electrolytic cell. The working electrode was a
bulk amorphous alloy specimen. The reference
electrode was a saturated calomel electrode (SCE).
The auxiliary electrode was a platinum sheet. In the
experiment, 0.1, 1, and 3 mol/L HCI and 0.05, 0.5,
and 1.5 mol/L H,SO4 solutions were used. These
were prepared by diluting concentrated reagent-
grade solutions with deionized water. The
specimens were placed in electrolyte for a period of
time, and the stable open-circuit potential was
measured. The  electrochemical impedance
spectrum (EIS) was tested at frequencies ranging
from 1072 to 10° Hz, with a sinusoidal amplitude of
5mV. After the EIS test, the potentiodynamic
polarization curves were measured to be —1 to 2V
at a scan rate of 1 mV/s. The experiment was
repeated several times to ensure the reliability
and reproducibility of the results. After the
electrochemical test, the corrosion morphologies of
the specimens were observed using a scanning
electron microscope (SEM, Hitachi S—3400).

The composition of the passive films of the
specimens was determined using X-ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCALAB
250 XI) under monochrome Al K, radiation (hv=
1486.6 e¢V) after immersion in 0.1, 1, and 3 mol/L
HCI solutions for 10 h, and then electrochemically
polarized. The effects of different HCl solution
concentrations on the composition of the passive
films were analyzed. The test results
calibrated to the standard Cls spectrum (binding
energy: 284.8 eV) to compensate for systematic
error in the measurement process and fitted with
Casa XPS software.

Furthermore, another Ti-based bulk amorphous
alloy TissZr302CuoFes3Bexns and two common
metals (316L stainless steel and Ti—6Al—4V alloy)
with excellent performance were then compared to
the Tiz43Z1315CusNissBess s bulk amorphous alloy.
Electrochemical tests were performed in a 5% HCI
solution using the abovementioned test method.
The immersion experiments were conducted in a
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5 mol/L HCI solution for 16 d. The solutions were
changed every day. The corrosion rate (R) was
calculated by drying and weighing specimens every
four days and applying the following formula:

R— 87.6m
DAt

(1)

where m is the lost mass, mg; D is the specimen
density, g/cm?; A4 is the specimen surface area, cm?;
t is the immersion time, h. Three groups of parallel
experiments were set up for each specimen, taking
the average value to ensure the reliability of
experimental data. The surface morphologies of the
specimens were observed using SEM immediately
after the immersion test.

3 Results and discussion
3.1 Microstructure

Figure 1 shows the XRD pattern and DSC
curve of the Tiz43Zr315CusNissBezs 7 bulk amorphous
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alloy. The XRD pattern in Fig. 1(a) shows two
typical broad diffraction peaks and no obvious
crystal Bragg diffraction peak, indicating that
the Tiss3Zr315CusNissBexs; alloy has a typical
amorphous structure. The DSC curve in Fig. 1(b)
depicts a broad subcooled liquid phase region and
two exothermic crystallization peaks. The obvious
endothermic phenomenon in the curve is
characteristic of the glass transition. The two
crystallization exothermic peaks indicate the
occurrence of secondary crystallization, which
further confirms the amorphous nature of the
Tiz43Zr315CusNis sBeas 7 alloy.

3.2 Electrochemical characterization

Figure 2 shows the potentiodynamic polariza-
tion curves of the Tiz43Zr315CusNissBexss bulk
amorphous alloy in HCI and H>SOs solutions. In
Fig. 2(a), the current density gradually increased as
the wvoltage increased during the anodic
polarization process. The corrosion current density
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Fig. 1 XRD pattern (a) and DSC curve (b) of Tiz43Zr31.5CusNis sBess 7 bulk amorphous alloy
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rapidly increased when the voltage reached a
specific value, indicating pitting [23]. Notably, the
pitting potential decreased with the increasing HCI
solution concentration. In Fig. 2(b), a stable passive
zone was formed after a dynamic activation process,
which remained passive during the anodic
polarization of H>SOy4 solution. This result indicated
the formation of a stable passive film on the surface
of the material. When the voltage was increased
above 1.5 V, the current density increased briefly
and gradually, indicating that slight overall
corrosion may occur on the material surface in the
H,SO4 solution. However, the passive film quickly
reformed after being destroyed. Based on the
polarization curves, the corrosion behavior of the
materials differed between the two acidic solutions.

The polarization curves were further analyzed
using the Tafel extrapolation method [24] to obtain
the corresponding corrosion parameters. Table 1
summarizes the corrosion current density (Jeon),
corrosion potential (@corr) and pitting potential (¢pi)
of the materials in all solutions. The changes in the
corrosion parameters showed that with the increase
in the concentrations of the HCl and H,SOs
solutions, Jeor gradually increases and @corr gradually
decreases. The corresponding concentration of
H,SO4 solution exhibited a lower Jeorr and a higher
@corr compared to the HCI solution. Because Jeorr 1S
related to corrosion rate, a lower J.or indicates a
slower corrosion rate and stronger corrosion
resistance. Moreover, because @gcor is related to the
corrosion tendency, a higher gcor indicates a more
stable material surface and less susceptibility
to corrosion. The Tiss3Zr315CusNissBexss bulk
amorphous alloy showed better corrosion resistance
in the H2SOs solution than in the HCI solution.

The Nyquist and Bode plots (Fig. 3) of the EIS
measurements were analyzed to further investigate

the information on the passive films of the
Tiz43Zr315CusNissBexs;  bulk  amorphous alloy
before polarization. In both the HCl and H,SO4
solutions, the Nyquist plots (Figs.3(a) and (c))
showed a single capacitive semicircle, indicating
that the Tiss3Zr315CusNissBexs; bulk amorphous
alloy has a similar passive mechanism with a single
time constant [14]. The diameter of the capacitance
semicircles decreased as the solution concentration
increased. The Bode plots (Figs. 3(b, d)) depicted a
similar capacitive behavior of the passive films in
the two acidic solutions, which were divided into
the high (10°*~10° Hz)-, medium (10°-10°Hz)-, and
low (1072-10°Hz)-frequency regions. In the
high-frequency region, the phase angle represents
the Ry in the -equivalent circuit. In the
medium-frequency region, the capacitive loop had
the largest phase angle. The closer the phase angle
is to 90°, the closer it is to the ideal capacitance.
In the low-frequency region, |Z| represented the
corrosion  resistance of the material. In
low-concentration acidic solutions, |Z] was clearly
larger, indicating a higher impedance.

The EIS results can be fitted with an
equivalent circuit (Fig. 4), resulting in a series of
resistive elements, where Rs; is the solution
resistance and R is the charge transfer resistance
determined by the passive film resistance. The
curve radius in the Nyquist plot was related to Re.. A
large curve radius meant a large R, indicating the
strong corrosion resistance of the specimen. CPE
stands for the constant phase angle element, which
describes the non-ideal capacitive behavior of the
electrode/electrolyte interface. The mathematical
impedance of the CPE is defined as follows:

Z(CPE)=0Q;'(jw) " (2)

where j=1; w is the angular frequency; Qo is the

Table 1 Corrosion parameters of Tizs3Zr31.5CusNis sBexs 7 bulk amorphous alloy after polarization in acid solutions with

different concentrations

Solution  Concentration/(mol-L™) Jeor/(A-cm™2) @cor(vs SCE)/mV @(vs SCE)/mV
0.1 5.26 (£2.12)x10°8 —256.40 (£2.40) 117.70 (£22.60)
HCI 1 1.87 (£1.70)x1077 —294.97 (£10.50) —=75.70 (£4.70)
3 2.20 (£0.96)x1077 —-306.60 (+£8.62) —149.40 (£12.31)
0.05 3.44 (£1.23)x10°8 —13.19 (£20.02) -
H»S04 0.5 5.61 (£2.58)x10°8 —45.36 (£13.60) -

1.5 1.78 (+0.06)x10”7

~63.76 (£1.54) -
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Fig. 3 EIS results of Tizs3Zr315CusNissBexs 7 bulk amorphous alloy in HCI (a, b) and H2SOj4 (¢, d) solutions with
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Fig. 4 Equivalent circuit for fitting EIS data

constant phase coefficient (a small Oy value means a
dense passive film) [25]; n is the dispersion effect
(0<n<1l). When n=1, the material surface is
considered to have ideal capacitive behaviors.
Table 2 lists the electrochemical parameters. With
the increase of solution concentration, R and #
gradually decreased, whereas Oy gradually increased.
Qo in the HCI solution was smaller than that of the
H>SO4 solution. The results of the comprehensive
impedance test showed that the Tisz43Zr315Cus-
NissBezs; bulk amorphous alloy offers better
corrosion resistance at low concentrations in both
acidic solutions. Moreover, the passive film formed
in the HCIl solution prior to polarization was denser
than that in the H,SOj4 solution.

3.3 Corrosion behavior

We further analyzed the corrosion behavior of
the Tiss3Zr315CusNissBezs; bulk amorphous alloy
in the two acidic solutions by observing the
corrosion morphologies of the specimens after
electrochemical polarization using SEM. Figure 5
depicts the corrosion morphologies of the specimens
after polarization in HCIl solutions with different
concentrations. Panels in Figs. 5(a), (c), and (e) are
the corrosion panorama and the central section of
the samples. Scattered small corrosion pits were
observed on the sample surface in the 0.1 mol/L
HCI solution. The metal matrix in the corroded
areas was destroyed, depicting some loose and
porous attached corrosion products. Local
microscopic depressions were found in the
corresponding central section. Almost all the
surfaces of the sample in contact with the corrosive
solution were corroded in the 1 mol/L HCI solution.
Some corrosion products also fell off. A complete
and rough pit was seen in the corresponding
central cross-sectional view. The sample surface
was completely corroded in the 3 mol/L HCI
solution, and the corrosion products were all
peeled off. An obvious hemispherical depression
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Table 2 EIS parameters obtained by equivalent circuit fitting for Tiz4 3Zr31.5CusNis sBezs 7 bulk amorphous alloy in HCI

and H,SOs solutions

Solution Concentration/(mol-L™") RJ/(Q-cm?) R/(Q-cm?) 0u/(107°Q"-cm2-57") n
0.1 57.860 2.367x107 2.829 0.965
HC1 1 6.971 4.628x10° 3.670 0.955
3 3.376 9.113x103 7.596 0.944
0.05 64.940 1.638x10° 6.324 0.972
H>SO04 0.5 8.644 4.853x10° 9.046 0.956
1.5 4.855 6.940x10* 9.440 0.893

\

Cross-sec

Fig. 5 SEM images of corroded surface of Tiz43Zr31.5CusNis sBexs 7 bulk amorphous alloy after polarization in different
concentrations HCI solutions: (a, b) 0.1 mol/L; (c, d) 1 mol/L; (e, f) 3 mol/L

corresponded to a deep and smooth depression in
the cross-section. Figures 5(b), (d), and (f) show
high magnifications of the corroded areas. Grooves
and pitting pits appeared on the sample surface.
With the increase of solution concentration, the

grooves on the substrate gradually became dense,
and the number of pitting pits increased. In the
3mol/L HCI solution, the corroded substrate
surface was almost completely covered with pitting
pits.
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The difference in corrosion morphology of the
specimens  after  polarization in  different
concentrations of HCI solution is explained as
follows: the standard equilibrium electrode
potentials of the five elements in the
Tis4.3Z131.5CusNis sBezs; bulk amorphous alloy are:
-1.529V (Zr/Zr*), —1.628 V (Ti/Ti*"), 0337V
(Cu/Cu?"), 0.25 V (Ni/Ni*"), and —1.70 V (Be/Be*).
Cu had the largest electrode potential of the five
elements, with a large potential difference from the
other four elements. Therefore, valve metals with
low potential (e.g., Ti and Zr) were preferentially
corroded in the HCI solution, implying the
occurrence of selectively dissolved metals. The
inert metal Cu remained on the surface and reacted
with CI” in the solution to form an extremely
insoluble, loose, and porous CuCl layer [26]:

Cu+CI'=CuCl+e 3)

The CI ions in the solution were consumed as
the reaction proceeded. When the surface was
covered with a CuCl layer, the following reaction
occurred [27]:

Cu=Cu'+e @)

The Cu' produced by the reaction passed
through the porous CuCl layer to combine with CI".
The resulting reaction is as follows:

Cu™+CI"=CuCl (5)

With the increase of HCI solution
concentration, CuCl reacted with CI” to form the
soluble complexes CuCl, and CuCl}, which
gradually dissolved the covering layer on the
surface. The reaction is as follows [28]:

CuCl+Cl =CuCl, (6)
CuCl+2CI =CuC12~ (7)

Furthermore, a large number of bubbles were
also observed on the surface of sample during the
test. Brick-red corrosion products were observed in
the electrolytic cell after the test. The color and the
abovementioned reactions indicate Cu,O, which
was further tested and verified below.

Figure 6 shows the corrosion morphologies of
the samples after polarization in H>SOs solution
with different concentrations. There are no obvious
corrosion damages observed on the surface of the
samples. When combined with the analysis of the
potentiodynamic polarization curves, the passive

films formed during the polarization process
strongly protected the samples.

Fig. 6 SEM images of corroded surface of Tizs3Zr315-
CusNissBeys 7 bulk amorphous alloy after polarization
in H>SO; solution with different concentrations:
(a) 0.05 mol/L; (b) 0.5 mol/L; (¢) 1.5 mol/L

In summary, although the passive film formed
by standing in the HCI solution prior to polarization
was denser than that in the H,SO. solution, the
corrosive Cl” caused pitting during polarization,
resulting in severe corrosion damage. However, the
protective passive film was reformed during the
polarization process in the H>SOs solution without
obvious corrosion damage.

3.4 Formation and corrosion damage behavior of
passive film in HCI solution
According to the electrochemical test, the
Ti34_3ZI’31,5CU.5Ni5_5B623,7 bulk amorphous alloy
forms a passive film after standing in the HCI
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solution for a period of time. Moreover, the pitting
potential of different concentrations of HCI solution
varied during the polarization process. We
speculated that the solution concentration would
have an effect on the stability of the passive films.
Therefore, the difference in surface chemistry in the
composition of the passive films was studied using
XPS. Figures 7 and 8 depict the single-element
deconvolution spectra of the passive films after
10 h of standing in the HCI solution. Figures (a;—as)
present the Ti 2p spectra, including the Ti*" peaks
(located at 458.7 and 464.3 eV), Ti** peaks (located

881

primarily existed in TiO; form, with traces of Ti>O;
and elemental Ti. Ti oxides were synthesized using
the following oxidation reactions [29]:

Ti+H,0=TiO+2H"+2e (8)
2TiO+H,0=Ti,0s+2H +2¢ 9)
Ti,05+H,0=2TiO+2H +2¢ (10)

Figures 7(b1—bs) depict that the Zr 3d spectra
have Zr*" peaks at 182.1 and 184.5eV and Zr°
peaks at 182.6 and 180.6 ¢V. ZrO, has the highest
peak intensity of all. ZrO, was obtained through a
series of oxidation reactions as follows [29,30]:

. 2Zr+H,O0=Zr,0+2H"+2¢ 11
at 457.2 and 462.9¢V) and Ti’ peaks (located : : an
— =+,
at 458.7 and 459.7 ¢V). The XPS peak intensity ~ Z120+H20=2ZrO+2H"+2e (12)
corresponded to the element content of the passive ~ 2ZrO+H,0=Zr,0s+2H'+2e (13)
film. Therefore, the Ti element in the passive films Z1r,05+H,0=2ZrO,+2H+2e (14)
(a) Ti2p TiO, 4 -+ Raw data (a)) Ti2p TiO, & Raw data (a3) Ti2p Raw data
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Binding energy/eV

Fig. 7 Ti2p (ai—as), Zr3d (bi—bs) and Cu2p (ci—cs3) spectra of Tiss3Zr315CusNissBess s bulk amorphous alloy:
(a1, b1, ¢1) 0.1 mol/L HCI; (a2, by, ¢2) 1 mol/L HCI; (as, bs, ¢3) 3 mol/L HC1
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Fig. 8 Ni 2p, Be 1s, and O Is spectral details of Tis43Zr31.5CusNissBeys 7 bulk amorphous alloy: (aj—ci) 0.1 mol/L HCI;

(az—c2) 1 mol/L HCI; (a3—c3) 3 mol/L HCI

Figures 7(ci—c3) present the Cu 2p spectra. The
peaks at the binding energies of 932.2 (2ps) and
952.0 eV (2p12) were Cu® or Cu*, respectively. The
binding energy difference between Cu® and Cu* was
very small and cannot be directly judged by
deconvolution. Thus, it was inferred to be Cu’
based on previous studies [31].

Ni’ was detected at the 852.2 and 869.4 eV
positions in Figs. 8(ai—as). The Bels spectrum
consists of the Be?* and Be® peaks located at 113.1
and 110.3 eV, respectively (Figs. 8(bi—bs)). Be is a
lightweight element with little content, hence, it had
a very large signal noise. Figures 8(ci—c3) present
the characteristic peaks of O 1ls formed by
overlapping O*, OH™ and H>O. Cu and Ni existed
only in the metallic state, indicating that the passive

films formed by preferentially oxidized active
elements (i.e., Zr, Ti, and Be) isolated the external
oxygen and inhibited the oxidation of Cu and Ni.
The analysis showed that the passive films in
the HCI solutions were composed of the oxides
TiO,, Ti203, ZrO,, and BeO, as well as Ti, Zr, Cu,
Ni, and Be. Therefore, further analysis of the peak
area was performed to study the difference in the
contents of various valence elements in the passive
films. Table 3 lists the element contents. The
contents of Ti*" and Zr*" were the highest in the
0.1 mol/L HCIl solution, respectively. As the
solution concentration increased, these contents
gradually decreased, while those of Ti**, Ti’ and
Zr° increased. The high-valence oxides TiO, and
ZrO, were more stable than the intermediate oxides
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and metal elements. Therefore, the passive film
formed in a 0.1 mol/L HCI solution has the best
stability. The passive film stability decreased as the
solution concentration increased, indicating that its
pitting resistance was weakened, decreasing the
pitting potential.

XPS tests were performed on the polarized
surface of sample to further analyze the corrosion
failure behavior. Figure 9 shows that except for a
very small amount of metal Ti and Zr detected in
the 0.1 mol/L HCI solution, only TiO, and ZrO,
were detected in the passive film at other
concentrations because of the incomplete reaction
of Ti and Zr in the polarization process at a lower
concentration. The elemental Cu existed as Cu,O,
confirming that the brick-red corrosion product
observed in the electrolytic cell was Cu,O formed

by CuCl hydrolysis as the potential increased. The
reaction is as follows [26]:

2CuCl+H,0=Cu,O+2ClI'+2H" (15)

At the applied potential that was higher than
the hydrogen evolution potential, the above reaction
was accompanied by hydrogen evolution. The
hydrogen bubbles corroded the sample surface,
resulting in peeling corrosion [27]. Thus, Cu,O
flaked off and precipitated in the electrolytic cell.
Despite the large signal noise, it can still be seen
that the characteristic spectral peaks of metallic Be
disappeared, leaving only BeO. The characteristic
peak of Ni exceeded the detection limit. The
phenomenon of Ni deficiency in passive films of
Ni-based alloy and bulk amorphous alloy has been
reported in the literature [32].

Table 3 Element concentrations on passive film surface in different HCI solutions (at.%)

Concentration/(mol-L™")  Ti* Ti** Ti¢ Zr+ Zr° Cu’ Ni° o* OH- H,O
0.1 9.65 2.34 1.38 8.01 1.74 0.82 0.56 41.39  31.09 2.97
1 8.46 2.62 1.64 7.81 2.08 0.68 0.67 36.20  36.59 3.21
3 6.63 2.30 2.08 7.72 2.07 0.56 0.47 42.06 27.29 8.78
(a) Ti 2p TiO, - (b) Zr 3d 710,
. § Zr0,
¥E)_1AA‘I/EHCI s & g _Tl ______ - Zr Zr
-1 mo TiO, aw data 041"mol/L HCI o 7 ) o
/5 ’ Cumulative 7:0 AVrOZ """" Raw data
. fit 12 . Cumulative fit
TiO, Ti% \, / Zr
vttt , ;..__,..;,--~;.\v_.;-.-~-7 = Tlo Zro
! mol/L HCI TiO, ; T | mol/L HCI ZrOé e
/ Zr0O, &
TiO, N
ﬁBi?[lﬁél"" "I'“’:“t"' N R (3 mollL HC) . s

468 466 464 462 460 458 456 454 452 188 186 184 182 180 178 176

Binding energy/eV Binding energy/eV
(c)Cu2p Raw data (d)Be 1s BeO;.
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Cu,0 Cu* Cl}ao .
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Fig. 9 XPS spectra of elements in different HCI solutions after polarization: (a) Ti 2p; (b) Zr 3d; (c) Cu 2p; (d) Be 1s
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The XPS results showed the evolution process
of the sample surface from static to polarized stages.
The point defect model [33] was used to discuss the
growth and destruction behavior of the passive
films based on the evolution results. The
phenomenon of different pitting potentials in
different HCl solutions was also studied. The
reaction is as follows:

M, = M’ (aq) + V}; +(5—n)e (16)
m+Vy —M,, +ne (17)
m—> M, +§V§,’ +ne (18)
V5" +H,0 >0, +2H" (19)
MO, +nH" —>M" +%H20+(5—n)e (20)

where My is the metal cation located in the cation
position; m is the metal atom; V;; is the cation
vacancy; V7~ is the anion vacancy; Oo is the
oxygen anion located in the anion position. Cation
vacancies were formed at the membrane—solution
interface via Reaction (16), migrated to the metal—
membrane interface and consumed by binding to
metal atoms (Reaction (17)). Meanwhile, anion
vacancies were formed at the metal-membrane
interface by Reaction (18), migrated to the
membrane—solution interface via the electric
potential and annihilated by H,O (Reaction (19)) to
form Oo. Reaction (18) showed that the growth
process of the passive film is destroyed by the
dissolution Reaction (19) [25]. Figure 10 presents a
schematic diagram of the evolution of the passive

Dissolution of Be

Electrolyte

Passive film 0,

H

&

film. Erosive Cl” ions showed a strong affinity for
metals in the HCI solution, replacing oxygen at
specific passive film positions [34] and resulting in
preferential adsorption. The reaction rate of CI
with metal was high after completion with oxygen.
The activation energy required for the reaction was
low. Therefore, unlike oxygen adsorbing to the
metal surface, it increased the dissolution rate of the
oxide layer in these locations. Consequently, the
oxide layer thinned until it was dissolved, causing
pitting. The CI” ions replacing oxygen increased as
the concentration of HCI solution increased,
accelerating metal—ion transfer into the solution,
and decreasing pitting potential.

3.5 Corrosion resistance comparison between
Ti343Zr31.5CusNissBezs.; bulk amorphous alloy
and other metals

3.5.1 Electrochemical corrosion performance

The abovementioned and previous studies
indicated that metals have high corrosion resistance
in the H,SOs solution [35]. Therefore, the
experiment conducted here used the HCI solution as
the corrosion medium to compare the corrosion

resistance of different metal materials. Figure 11

shows the potentiodynamic polarization curves and

Nyquist plots of materials: Tizs3Zr31.5CusNissBezs.s

and Tis2.8Zr302CugFes 3Ber s bulk amorphous alloys,

Ti—6Al-4V alloy and 316L stainless steel.

Figure 11(a) shows that the current density of the

two bulk amorphous alloys sharply increased

during the anodic polarization process when the
voltage reached a specific value, implying pitting.

No pitting was observed for the Ti—6Al-4V alloy or

@

Generate surface attachments

TiO, and ZrO,
from a protective passive film

Fig. 10 Schematic diagram of passive film evolution of Tiz43Zr31 5CusNis sBe»s 7 bulk amorphous alloy in HCI solution



Liang YANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 8§74—889 885

the 316L stainless steel in the HCI solution. Notably,
the passive current density of the Ti—6Al-4V alloy
was significantly lower than that of the other alloys.
The passive current density was used to evaluate
the stability of the passive film [30]. A lower
passive current density indicates the formation of a
uniform passive film on the material surface.
Therefore, compared with the other alloys,
Ti—6Al-4V can form a more stable passive film
after polarization in the HCI solution. Table 4 lists
the specific corrosion parameters obtained by Tafel
extrapolation. The Jeorr 0of the two bulk amorphous
alloys was similar and lower than that of the other
two alloys, with 316L stainless steel having the
largest Jeorr. The bulk amorphous alloy was the most
corrosion resistant, whereas 316L stainless steel
was the least corrosion resistant among the four
metal materials.

Figure 11(b) shows the Nyquist plot obtained
by the EIS test, where the radii of the Ti—-6Al-4V
alloy and 316L stainless steel are small and difficult
to distinguish. Accordingly, the inset clearly shows
their curves. The Tiss3Zr315CusNissBexss bulk
amorphous alloy had the largest radius, followed by
the Tis»sZr30.CuoFessBex 7 bulk amorphous alloy
and 316L stainless steel. Table 4 presents the R
values. R of 316L stainless steel was the smallest.
In summary, the decreasing order of corrosion
resistance of the four alloys is Tizs3Zr31.5CusNis s-

1 (a)

_2 -

-4 \

— Tiy 3713, sCu;sNis sBeys 7
Tis, sZr30,CugFes ;Bey; 5
Ti—6Al-4V

316L
-12

10 05 0 05 10 15 20
o(vs SCE)/V

lg[J(A-cm™)]
&

-8+ \

_10 -

Z"/(kQ-cm?)

Bess 7 bulk amorphous alloy > TissgZr3o2CuoFes 3-
Bex,7 bulk amorphous alloy > Ti—6Al—4V alloy >
316L stainless steel.
3.5.2 Immersion corrosion performance

The four materials were immersed in a 5 mol/L
HCI solution for 16 d to verify their corrosion
resistance and obtain sufficient corrosion data.
Figure 12(a) shows the mass loss of the four
materials. Among them, the mass losses of the two
amorphous alloys were small and almost
coincidental. Another illustration was added to the
figure to reflect the mass loss. Figure 12(b) presents
the corrosion rates of the four materials. The mass
losses of the Ti34,3ZI‘31_5CL15Ni5_5B623_7, Ti32_gZI‘3o_2-
CuoFes3Bex7 bulk amorphous alloys, Ti—6A1-4V
alloy, and 316L stainless steel after the immersion
test were 0.16584, 0.48425, 19.40962, and
326.699 mg/cm2, respectively. Their corrosion
rates are 7.22x1073, 1.94x1072, 0.98, and 9.34 mm/a,
respectively. In accordance with the electro-
chemical results, the corrosion resistance of the four
materials in the immersion test was compared as
follows: Ti34,3ZI‘31_5CU5Ni5_5B623,7 bulk amorphous
alloy > TiznsZr30.CusFessBexn s bulk amorphous
alloy > Ti—6Al-4V alloy > 316L stainless steel,
consistent with the electrochemical results.

Figure 13 depicts the corrosion morphologies
of the four materials after immersion. The surface
flatness of the bulk amorphous alloys after corrosion

-/
1200 /

1600

(b)

— N W A »

Z"/(kQ-cm?)

/ ;
ook / ' ko |
"
_/'/ —=— Ti3y 3713, sCusNis sBe,; 7
400+ Tiz, gZ13 ,CugFes ;Bey, 7
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i 316L
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Z'I(kQ+cm?)

Fig. 11 Comparison of polarization curves (a) and EIS results (b) of four alloys

Table 4 Electrochemical corrosion parameters of four metal materials after potentiodynamic polarization in 5% HCI

solution
Alloy Jeor/(A-cm™?) Peor(vs SCE)YmV  gpir(vs SCE)/mV R/(Q-cm?)
TisusZrs1 sCusNis sBess.s (3.40.7)x10° ~307.9+8.5 51.9+7.5 (5.889::0.328)x106
Tiz2.8Z1302CuoFes 3Bess 7 (4.3£0.8)x10°8 —308.0+7.1 —178.8+5.1 (1.973+£0.182)x108
Ti—6Al-4V (7.40.4)x10°6 ~708.8+9.9 - (4.351:0.141)x10°
316L (1.9+0.4)x107* —436.4+3.5 - (2.220+0.080)x10?
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Fig. 12 Immersion test results of four alloys in 5 mol/L HCI solution for 16 d: (a) Mass loss; (b) Corrosion rate

¢

U 34 Pt gL
Fig. 13 SEM images of four alloys immer

sed in 5 mol/L HCI solution for 16 d: (a) Tiz4.3Zr31 5CusNis sBess 7 bulk

amorphous alloy; (b) Tizz 3Zr302CugFes 3Bex 7 bulk amorphous alloy; (c) Ti—6A1-4V alloy; (d) 316L stainless steel

was better than that of the ordinary alloys. During
the immersion process, localized corrosion occurred
on the bulk amorphous alloy surface. The
Tiz43Zr31.5CusNissBexs;  bulk  amorphous alloy
surface showed some “feather-like” and tiny conical
corrosion pits, while the surface of Tiss 3Zr302Cus-
FessBex s bulk amorphous alloy surface showed
few large conical corrosion pits. The Ti—6A1-4V
alloy surface was covered with uniform corrosion
pits. The most severely corroded stainless steel was
316L, which lost its original matrix shape due to
large and deep corrosion pits. The difference in
corrosion morphology was mainly related to the
structure and composition. Corrosion preferentially

starts at the grain boundaries or structural defects.
Bulk amorphous alloys have strong corrosion
resistance as they lack grains, grain boundaries, and
dislocation defects. The Ti—6Al—4V alloy was more
corrosion resistant than 316L stainless steel because
of its high Ti content, forming a stable passive film
to protect the internal matrix from damage.

4 Conclusions

(1) Although the Tiz43Z1315CusNissBeas s bulk
amorphous alloy formed a relatively dense passive
film after standing in the HCIl solution, pitting
occurred during the polarization process due to CI™
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ions. The pitting potential decreases with the
increasing solution concentration. The corrosion
damage progressed from scattered small corrosion
pits to a large and deep corrosion pit, eventually
forming a nearly spherical cap corrosion pit.
However, a passive film formed in the H,SO,
solution during the polarization process depicted no
pitting damage. Almost no corrosion damage was
observed by SEM, indicating that the material has a
good corrosion resistance to HoSOa.

(2) The results of the XPS test explained that
the pitting potential decreased as the HCI solution
concentration increased. On the one hand, the
reduction of high-valence oxides (e.g., ZrO, and
TiO») in the passive film reduces the passive film
stability, resulting in low pitting resistance. On the
other hand, the increase of the number of CI™ ions
that replaced oxygen in the passive film accelerated
the metal ions transfer into the solution, decreasing
the pitting potential.

(3) The electrochemical and immersion
corrosion tests in the HCI solution demonstrated
that the Tis437Zr315CusNissBess 7 and Tizn.sZr302Cuo-
Fes3Bex 7 bulk amorphous alloys, Ti-6A1-4V alloy,
and 316L stainless steel have different corrosion
properties. The Tizs3Zr315CusNissBexs;  bulk
amorphous alloy had the best corrosion resistance
of the four metal materials, with a corrosion rate of
7.22x107 mm/a, which was approximately 1/1294
that of 316L stainless steel.
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8 E: WA Tiza3Zrs1.5CusNissBexs s BUKIE R A & 7EAFWKE HCl 1 HaSO4 &R FIFE AT . B2k s
HFi T BB TR, RS RES, CIBEF/E HCl A 51 R s ol 5, a5 ok i 6 ¥ V00 FE F 386 K T
BEARG, o JE PR T (453 1 2 U 5 Y VRV B 2 IEAH DG . E HaSOu IR AR RL R T W A BIAL IR, R H R 4 (R 4ok
PEo X SFEOCHTREE TR, BEE HCLVE IR BN, PO AR e PE MG, IR B SLE0 45 3 4 FhbbEL
R hid R . 45 REIR, TisasZrsisCusNissBexs s HUAIE S & G 1E HCL P VI 5 it R de e, R hidt 2y
7.22x107 mm/a, 224 3161 ANEEAREE K 1 1/1294.,
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