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Corrosion behavior of TiZrHfBeCu(Ni) high-entropy bulk
metallic glasses in 3.5 wt. % NaCl
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The corrosion behavior of TiZrHfBeCu(Ni) high-entropy bulk metallic glasses (HE-BMGs) has been investigated. The TiZrHfBeCu(Ni)
HE-BMGs exhibited high corrosion resistance in 3.5 wt. % NaCl solution because of accumulation of ZrO, and TiO, in the passive
film. Ni promoted increases of the ZrO,, TiO,, and HfO, contents and a decrease of the BeO content, which improved the HE-BMG
corrosion behavior. Compared with Zr,; 5Tiy3 gNi;oCu;25Bess s BMG, the high-entropy effect of HE-BMGs can significantly reduce the
atomic mobility, which inhibits outward migration of Cu, reduces the kinetics of the dissolution reaction, and inhibits inward

erosion by CI~, thereby improving the corrosion performance.
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INTRODUCTION

Bulk metallic glasses (BMGs) are characterized by long-range
disordered and short-range ordered structures at the atomic
scale’, and they have a large elastic limit, good magnetic
properties, and high corrosion resistance®>, Similar to traditional
crystalline alloys, most developed BMGs are based on a single
principle element or dual principle elements, such as Zr-, Ti-, Fe-,
Ca-, Pd-, Mg-, and CuZr-based BMGs. In 2004, Yeh et al.* proposed
a concept for alloy composition design, where the alloy is
composed of five or more major elements in equimolar ratio or
nearly equimolar ratio and the concentration of each alloy
element is 5-35 at. %. They defined this type of alloy as high-
entropy alloys (HEAs), which can break through the primitive
limitations of traditional alloys. The characteristics of the multiple
principal elements in the HEAs determine that they have high
mixing entropy, which helps to form a disordered solid-solution
phase, and they have better mechanical and physical proper-
ties>”. With development of HEAs, it has gradually been
discovered that some HEAs form an amorphous structure while
having high mixing entropy. In 2002, Inoue et al.2 prepared a rod
sample of the TiZrHfCuNi BMG with a diameter of 1.5 mm, which
was the first reported HEA capable of forming an amorphous
structure. Wang et al® developed SryoCazoYbaoMga0Znag,
Sr20Caz0Yb20Mg20Zn10CuU,  and  SryeCazgYbaolLiossMgo.as)Znao
BMGs with high mixing entropy in 2011. In 2014, they proposed
the definition of HE-BMGs'®: BMGs containing five or more
elements with the same or similar atomic percentages. Compared
with conventional BMGs, HE-BMGs have relatively high mixing
entropies''. At present, the developed HE-BMG systems include
TiZr(Hf)CuNiBe'?~">, GdTbDyAICo(Ni)'®, ErDyCoAlGd'’, FeCoNi-
MoPB'8, PdPtCuNiP'®, and FeCoNi (B, Si, P, ©)%°. HE-BMGs have
the properties of both the structural characteristics of BMGs and
the compositional characteristics of HEAs, which make HE-BMGs
better than HEAs and BMGs in certain aspects. FeCoNi (B, Si, P, C)
HE-BMGs?°-22 exhibit ultra-high yield strength of up to 3.6 GPa
and good soft magnetic properties with low coercivity of
1.1Am™", whereas the yield strength of the traditional CoCr-
FeMnNi HEA is only 1.18 GPa and its coercivity is 5.7 kA m~12324,

GdTbDyAl (Fe, Co, Ni)'® HE-BMGs show better magnetic refrigera-
tion performance, which differs from HEAs. ErGdYAICo HE-BMGs
have higher viscosities and more sluggish crystallization behavior
than conventional BMGs®°. Compared with CaMgZn BMG (fracture
strength of 354 MPa)?®, CaMgZnSrYb HE-BMGs have better
mechanical properties (fracture strength of 382 MPa)®. TiZrHfBe-
CuNi HE-BMG has higher creep resistance than HEAs and BMGs?’.

The corrosion behavior is one of the most important issues for
structural and functional materials. BMGs do not contain the grain
boundaries, dislocations, and second-class defects found in
traditional alloys, and they also have better chemical uniformity,
so they exhibit better corrosion behavior under normal circum-
stances>?8, At present, investigation of the corrosion behavior of
BMGs is mostly focused on the alloying elements, heat treatment,
and corrosion mechanism. For example, the corrosion current
(leorr) Of FeggCrsMosNb,4B¢ BMG is between 107 and 1077 A cm 2
in 3.5 wt. % NaCl*°. Because the elements partition throughout
crystallization, especially Cr, which leads to a non-homogeneous
structure that preferentially triggers and holds pitting corrosion,
the corrosion current is much lower than that of the crystallized
alloy (107%-10">Acm™2). Yu et al> investigated the corrosion
behavior of (erng3CU16Ni13AI10)100,XYX (x=0, 0.5, 2.5 at. %)
BMGs in 0.5molL™" H,SO,. They found that addition of Y
improves the electrochemical homogeneity of the Zr-based alloys,
but it also facilitates dissolution of Cu, resulting in a slight
deterioration of the corrosion behavior. Research on the corrosion
behavior of HEAs has focused on plastic deformation, heat
treatment, and alloying elements. Luo et al3° investigated the
corrosion behavior of the CoCrFeMnNi HEA in 0.1M H,SO,.
Compared with 304 L stainless steel, which does not show obvious
selective dissolution, Ico, increased from 107> to 10~* A cm~2. Shi
et al3! investigated the Al,CoCrFeNi HEA in 3.5 wt. % NaCl
solution with addition of Al and the effect of heat treatment on
the corrosion behavior. With addition of Al, the phase structure
changed. They found that the structural differences and chemical
separation led to deterioration of the corrosion behavior and
1250 °C heat treatment simplified the microstructure and reduced
elemental segregation, which improved the corrosion behavior of
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the alloy. However, there have been relatively few studies on the
corrosion behavior with both the high-entropy effect and an
amorphous structure, and these need to be further investigated.

HE-BMGs have the characteristics of both the high-entropy
effect and a disordered atomic arrangement, and they are a good
model material for studying corrosion behavior. However, the
development history of HE-BMGs is so short that there are few
systematic studies on corrosion resistance, and only focus on the
measurement of electrochemical parameters3?. Therefore, it is
necessary to conduct systematic and in-depth research on
corrosion resistance.

Among HE-BMGs, TiZrHfBeCu(Ni) is a typical HE-BMG system
that has good glass-forming ability (up to 30 mm)'®, high fracture
strength (2000 MPa)'", and good room-temperature creep resis-
tance?’. Therefore, in this study, we investigated the corrosion
behavior of TiztoonfzoBGzoCUzo (TQ), TizozronfzoBez()CU]()Ni]O
(TCN), and TizozronfzoBezoNizo (TN) HE-BMGs in 3.5 wt. % NaCl.
Furthermore, on the one hand, Zrs;5Ti;3gNi;oCuq25Besss (Vitl)
BMG?>3 has great academic significance and commercial value, so
many scientific researches use Vit1 as a model material. On the
other hand, the design of high-entropy bulk metallic glasses (HE-
BMGs) was based on the principle of substitution of similar
components: in TiZrHfBeCu(Ni) alloys, Ti, Zr, and Hf can be divided
into a class of elements, and the atomic proportion is 60 at. %. Cu
and Ni are one type, and the atomic ratio is 20 at. %. Be is one
type, and the atomic ratio is 20 at. %. The Zr and Ti atoms in the
composition of Vit1 are 55 at. %, the proportion of Cu and Ni is
22.5 at. %, and the proportion of Be is 22.5 at.%. So the atomic
percentages of TiZrHfBeCu(Ni) are very close with Vit1, which are
very suitable for performance comparison with Vit1. Therefore, we
adopt TiZrHfBeCu(Ni) as the research object.

In conclusion, this thesis systematically studies the corrosion
resistance of the specified alloy. And in this paper, the
composition and the high-entropy effect on the corrosion
behavior of HE-BMGs were investigated. The micro-corrosion
mechanism of HE-BMGs is then proposed, which will provide a
theoretical basis for development and application of HE-BMGs.

RESULTS AND DISCUSSION
Amorphous structures and dynamic mechanical analysis

The XRD patterns of the four samples are shown in Fig. 1(a). The
XRD patterns all consisted of only a broad diffraction peak without
any sharp Bragg peaks, indicating that the four samples were all
amorphous structures.

The glass-transition temperatures (Tg) and onset crystallization
temperatures (T,) of the four samples showed the order
Vit1 <TC<TCN< TN (Fig. 1(b)). The HE-BMGs had higher glass-
transition temperatures than Vitl. This shows that the special
properties of the HE-BMGs improved the thermal stability of the
amorphous phase. Compared with Vit1, the HE-BMGs also had
larger atomic configuration densities*,

To further compare the effect of the high-entropy effect on the
alloys at the atomic scale, dynamic mechanical analysis (DMA) was
performed to study the atomic mobility of the samples. For
viscoelastic materials, the flexural modulus can be expressed as

E=o0/e=F +if" M

where the storage modulus E’ represents the elastic response and
the loss modulus E” corresponds to the viscoelastic components>®.
The changes of the normalized storage modulus (E7/E,) or loss
factor (tan &) of the as-cast samples with temperature are shown
in Fig. 1(d). E, represents the unrelaxed modulus at ambient
temperature, and the relationship between the phase lag 6 and
the modulus can be expressed as the loss factor tan §, which is
related to the atomic mobility®®. It is worth noting that tan &
reaches its maximum value at intermediate temperatures. This
stage is considered to be related to the main a relaxation, which is
related to the cooperative movements of the atoms inside the
metals. Related studies have shown that the atomic mobility can
be evaluated by the value of the loss factor tan 6. Qiao et al.>’
used DMA to analyze structure relaxation, plastic deformation, and
crystal-phase formation in TizoZrysNigCugBeg, which reduced the
atomic mobility of the material, and the atomic mobility and tan §
showed a positive correlation. The tan § value of Vit1 was lower
than those of the studied HE-BMGs, which showed that the atomic
mobilities of the HE-BMGs were significantly lower than that of the
traditional BMGs owing to the existence of sluggish diffusion.
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Fig. 1

The structures and dynamic mechanical analysis results of the samples. a XRD spectra, b DSC curves, c relaxation enthalpies, and

d loss factors (tan 6 = E'/E”) with a fixed frequency of 1 Hz and a constant heating rate of 5 K/min.
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Fig. 2 Potentiodynamic polarization test results of the four samples in 3.5 wt. % NaCl at 298 K. a Polarization curves (b) Corrosion
resistance (in terms of the pitting potential and (Rox + Ret) ") as a function of the Ni content.

Table 1.  Electrochemical parameters of the polarization curves of the
four samples in 3.5 wt. % NaCl at 298 K.

Samples Ecorr (V) icorr (“A cmiz) Epit (V) Epit'Ecorr (V)
Vit1 —-0.26+0.03 1.67%0.10 —0.064+0.01 0.086

TC —0.38+0.03 7.25+0.05 —0.15+0.03 0.20

TCN —0.23+£0.02 0.92%0.10 0.015+£0.01 0.21

N —0.16£0.02 0.40x0.10 0.60+0.10 0.82

Electrochemical properties of the samples

The potentiodynamic polarization curves of the as-cast HE-BMGs
and Vit1 in 3.5 wt. % NaCl at 298K are shown in Fig. 2. The
corrosion behavior of all of the alloys in NaCl showed common
characteristics. (1) A short passivation region can be observed in
the anodic polarization zone before pitting corrosion occurred. (2)
All of the alloys showed obvious pitting corrosion. Through
analysis of the potentiodynamic polarization curves, the corrosion
potential (E.oy), corrosion current density (icor), and pitting
potential (E,) are summarized in Table 1. E; represents the
critical state for nucleation of pitting, and it has been widely used
as a electrochemical parameter to estimate corrosion behavior®®,
From Table 1, the different alloys had significantly different pitting
potentials, indicating that the stability and protective ability of the
passive films showed considerable diversity. The pitting potential
of the HE-BMGs as a function of the Ni content is shown in
Fig. 2(b), based on the curves in Fig. 2(a). Therefore, the addition of
elements affected the corrosion behavior of the HE-BMG. When Ni
replaced Cu in the TC alloy, icor, increased from 7.25 x 1076 A cm—2
(TC) to 0.40x 10°° Acm™2 (TN), Eyir increased from —0.15 Vscg (TC)
to 0.60 Vsce (TN), and the passivation region Epi-Ecor increased
from 02V (TC) to 0.82V (TN). Furthermore, for Vitl,
icorr=1.67%107°Acm™2 and Ep=—0.064Vscg, and for TCN,
icorr =167 x 107® Acm™2 and Ep;; = —0.064 Vs, 50 the corrosion
resistance of Vit1 is between TC and TCN.

To evaluate the electronic properties and stabilities of the
passive films, EIS measurements of the as-cast HE-BMGs and Vit1
were performed. The Nyquist and Bode plots of the four samples
in 3.5 wt. % NaCl are shown in Fig. 3. Each Nyquist plot showed a
single capacitive semicircle (Fig. 3(a)), which indicates that the
corrosion process is controlled by the charge-transfer process®.
However, each Nyquist plot had a different radius, and TN
exhibited the largest impedance, which indicated that the
interface had higher resistance data. From the Bode impedance
plots in Fig. 3(b), the higher impedance in the low-frequency
region indicated higher resistance to charge transfer. From the
Bode impedance plots, TN may exhibit higher resistance to charge
transfer. This suggests that the charge-transfer process was more
difficult on the surface of TN, indicating that the passive film

Published in partnership with CSCP and USTB

formed on TN had high stability. This is consistent with the
potentiodynamic polarization results and Nyquist plots.

To further analyze the impedance, the impedance results were
fitted by the equivalent electric circuit (EEC) with two defined time
constants shown in Fig. 3(c). In the EEC, R is the solution
resistance, Rox and R are the resistance of the passive film and
charge transfer, and CPE,, and CPE are the capacitance of the
passive film formed on the surface and the double layer due to
the electrochemical reaction at the solution/electrode interface.
The CPE explains the non-ideal capacitance response because of
the heterogeneous surface. The impedance CPE is given by*°

Z(CPE) = Q" (jw) ™" )

where Qq is a constant phase coefficient, j = v/—1, w is the angular
frequency, and n is the dispersion index (0-1). The fitting results of
the Nyquist plots are summarized in Table 2 The double layer
capacitance (Cy) can be evaluated by Brug’s formula®®:

Ca = Q/"(Rg" + RGH ™ V/m 3)

The capacitance of the oxide film (C,,) was calculated by the
Hsu-Mansfeld equation*':

Cox = Qo)™ /1 (@)

where wp,” is the frequency at which the imaginary part of the

impedance has a maximum. The thickness of the oxide film can be
calculated using the equation of a parallel-plate capacitor**:
&€&

d

where € is the dielectric constant of the passive film, which is
assumed to be 1238, g is the vacuum permittivity
(60=8.85%10""*Fcm™"), and d is the oxide thickness. The fitting
parameters extracted from the EEC are summarized in Table 2.
According to the fitting data in Table 2, the n; and n; values of all
of the samples were <1, indicating that the non-ideal capacitive
behavior of CPE was caused by the uneven current distribution
because of the inhomogeneous surface, such as roughness and
defects*>. The Cy values of the four samples showed the order
TC > Vit1 > TCN > TN. A smaller Cy value means that the corrosion
area of the sample is smaller and the corrosion resistance is better.
The C,x values related to the thickness of the passive layer showed
the order TC > Vit1 > TCN > TN, which means that the passive film
formed on the TC sample with the smallest C,, was thinner and
more sensitive to erosion by CI™*4. The total resistance (Rox + Rct)
was chosen as the criterion for judging the corrosion resistance,
and its change trend showed the order TC < Vit1 < TCN < TN. The
decrease of the total resistance value is related to the decrease of
the stability of the passive film and the increase of defects in the
passive film. The TN sample showed the best corrosion resistance,
which is consistent with the above research results, and the same

Cox = (5)
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Fig. 3 EIS results of the samples under the OCP condition in 3.5 wt. % NaCl. a Nyquist, b Bode plots and ¢ EEC used for fitting the EIS

experimental data.

Table 2. Equivalent circuit fitting parameters for EIS of the samples in 3.5 wt. % NaCl solution under OCP conditions.
R, (Qcm?)  CPEg4 Ree (kQcm?)  Cq (UF cm™2) CPE,, Rox (Qcm?)  Coy (UF cm™2) d(nm)
n; (0-1) Q (10°° nz (0-1) Q; (10°°
Q's"cm?) Q 's"ecm™?)
Vitl 40.50+0.38 0.86+0.002 8.25%+0.011 4290+0.40 2.26+0.08 0.87 £0.003 8.00+0.007 14.08 +0.03 8.79+0.07 1.75+0.08
TC 20.13+£0.12 0.92+0.002 1.16+0.013 18.29+0.11 6.19+0.20 0.95+0.002 9.23+0.013 3.95+0.01 9.31+0.05 1.48 +0.05
TCN 62.66+0.84 0.91+0.004 0.44+0.010 54.89+0.71 1.78+0.08 0.89+0.002 4.49+0.017 19.69+0.01 4.58+0.09 3.39+0.08
TN 70.12+0.62 0.89+0.01 0.43+0.004 217.04+1.83 1.70+£0.05 0.90 +£0.004 0.97 +0.006 23.54+0.02 1.18+0.06 9.29 +0.06

result can also be seen in Fig. 2(b), where the corrosion resistance
gradually increased with increasing Ni content.

Pit morphology
To investigate the corrosion behavior of the alloys, SEM was
performed to observe the pit morphology after the polarization
test. Visible pits formed on the surfaces of the four samples. The
pits of the samples were randomly distributed, but the
microscopic morphology features were slightly different in Fig. 4.
For TC and Vit1, the pits were mainly circular extending toward
the matrix, and there were obvious micro-cracks at the bottom,
showing the characteristics of dealloying by electrochemical
reaction. To further understand the element distribution of the
pits, EDS were performed to scan the pits. Owing to selective
dissolution of Zr and Ti, Cu was distributed along the pits (Fig. 4(c)
and (I)). There were obvious Cu-rich, Ti-poor, and Zr-poor areas
inside the pits, and the element distribution was not homo-
geneous, so the passive film formed on the surface was relatively
weak and prone to corrosion. For the TCN and TN samples, the pits
mainly showed a long and narrow shape extending toward the
matrix, and dense microscopic cavities formed at the bottom of

npj Materials Degradation (2022) 77

the pits. The element distribution of the TN sample is shown in
Fig. 4(j). The elements were evenly distributed on the surface.

Characteristics of the passive films

The corrosion behavior of an alloy is closely related to the
structure and performance of the passive film. To further explore
the corrosion behavior, Mott-Schottky (M-S) analysis and XPS
were performed to investigate the characteristics of the
passive films.

To further understand the electronic properties of the passive
films, M-S analysis of the passive films formed on the surfaces of
the high-entropy amorphous alloys and Vit1 alloy after soaking in
NaCl solution for 3 h was performed. According to M-S theory, the
relationship between the capacitance (C) of an n-type semicon-
ductor pair and the applied potential can be described by the
following equations**:

1 _ 2 E_E KT ©)
C2~ Npeegg B e

1 2 KT
— = E—Epg—— 7
2 NAesso( F8 e> @)
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Fig. 4 The backscattered electron (BSE) image of the pit morphologies of the four samples. The SEM observations were performed
immediately after the potentiodynamic polarization measurements in 3.5 wt. % NaCl solution. a TC sample, b magnified image of the area
marked by the red square in a, and ¢ EDS element mapping of the test area corresponding to b. d TCN sample, e magnified image of the area
marked by the red square in d, and f EDS element mapping of the test area corresponding to e. g TN sample, (h) magnified image of the area
marked by the red square in g, and i EDS element mapping of the test area corresponding to h. j Vit1 sample, k magnified image of the area
marked by the red square in j, and | EDS element mapping of the test area corresponding to k.

where ¢ is the dielectric constant of the passive film (here,
€=1238), & is the vacuum permittivity constant
(0=8.854x10""Fcm™"), e is the elementary charge
(1.602x 107" C), Np is the donor density of the n-type
semiconductor, Egg is the flat-band potential, K is the Boltzmann
constant (K=8.16x10">eVK™"), and T is the absolute tempera-
ture (K)*°.

The M-S plots of the passive films obtained after immersing the
samples in NaCl for 3 h are shown in Fig. 5(a). All of the specimens
showed a linear region with a positive slope, indicating that the
passive films were n-type semiconductors (i.e, oxygen vacancy
doping type). The Np values for TC, TCN, TN, and Vitl were
456x10%", 0.87x10%, 034x10%", and 3.97x10*'cm~3,

Published in partnership with CSCP and USTB

respectively. A higher Np means that the passive film contains
more oxygen vacancies (V,) and it is easier for solution ions to
adsorb, thereby causing the passive film to become unstable and
the corrosion behavior to deteriorate?’. Therefore, the change
trend of Np from the M-S plots is consistent with the corrosion
behavior trend of the samples mentioned above. In addition, the
flat-band potential Erg can be obtained by M-S plot fitting*®. The
Erg values for TC, TCN, TN, and Vit1 were —1.71, —1.212, —0.77,
and —1.28 V vs. SCE, respectively. A positive shift of Erg means that
the energy barrier is larger and electron transfer is more difficult,
so the stability of the passive film is improved**.

To investigate the passivation behavior, XPS was performed to
analyze the chemical compositions of the passive films on the

npj Materials Degradation (2022) 77
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Fig. 5 M-S results of the samples after immersion in 3.5 wt. % NaCl for 3h at 298 K. a M-S curves (b) Donor densities (Np) in the

passive films.

outermost surfaces after immersion in NaCl solution for 2 days.
The XPS spectra of Ti 2p, Zr 3d, Hf 4f, and Be 1s distributed on the
outermost surfaces of the alloys are shown in Figs. 6 and 7. For all
of the samples, Ti, Zr, Hf, and Be exhibited very similar elemental
valences, and the types of elemental valence showed no distinct
differences. The Ti 2p spectra were composed of 2p;,, peaks
(464.4eV) and 2ps,, peaks (458.6¢eV) of Ti*", and 2p,, peaks
(458.9 eV) and 2ps,, peaks (452.3 eV) of Ti%. The Zr 3d spectra were
composed of 3ds/, peaks (184.8 eV) and 3ds,, peaks (182.4 eV) of
Zr**, and 3d;/, peaks (180.9 eV) and 3ds,, peaks (178.5 eV) of Zr°.
The Hf 4f spectra were composed of 4fs,, peaks (18.7 eV) and 4f;,,
peaks (17.0 eV) of Hf*". The Be 1s spectra were mainly composed
of Be?* 1s peaks. The O 1s is mainly composed of H,O, OH™ and
0?7, and the corresponding binding energies are 532.4eV,
531.4 eV and 530.5 eV respectively**°,

Ti and Zr in the alloy can be easily oxidized to stable TiO, and
ZrO, in a neutral or oxidizing environment®’. The highly
chemically stable TiO, and ZrO, contribute to formation of a
protective passive film, thereby delaying the occurrence of
corrosion®’. However, the alloying elements will affect the
contents and stabilities of the oxides, especially for replacement
of Cu with Ni. An increase of Ti**, Zr**, or Hf** is accompanied by
a decrease of Cu®** and Be®". To a certain extent, this indicates
that the alloying elements will affect the contents of the other
elements and the characteristics of the passive film.

The corrosion behavior and passivation behavior of metals are
closely related to the characteristics of the alloying elements.
Therefore, to further investigate the influence of Cu and Ni on the
corrosion behavior and passive film, Ar ions were used to etch the
surfaces of the samples for 240 s after immersion, and the samples
after etching were analyzed by XPS. The XPS spectra of Cu and Ni
on the surfaces and underlying surfaces of the samples are shown
in Fig. 8; this helps to clarify the origin of the differences. The
results showed that there were large differences in the distribu-
tions and contents of the elements on the surfaces and underlying
surfaces of the four samples. (1) For the samples containing Cu,
Cu?" and Cu® were detected on the surface and underlying
surface. The Cu element was mainly in the form of Cu?*, but the
content of Cu° significantly increased in the underlying surface. (2)
For the sample containing Ni, the surface of the sample contained
almost no Ni, while Ni?* and Ni® were detected in the underlying
surface, and Ni° was dominant. Combined with related studies, the
presence of Cu in the sample will lead to deterioration of the
corrosion behavior, and addition of Ni can improve the corrosion
behavior in NaCl solution. However, from XPS analysis, the passive
films did not contain much Ni.

To further investigate the distributions of the elements and the
stabilities of the passive films, according to the integrated
intensities of the XPS spectra, the relative concentrations of the
cations are summarized in Fig. 9. When Ni replaced Cu, from TC to
TN, the Ti element content increased from 7.37 to 24.55%, the Zr
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element content increased from 11.69 to 31.69%, and the Hf
element content increased from 11.74 to 38.55%, but the Be
content decreased from 65.04 to 5.22%. The changes in the
contents of the alloying elements Cu and Ni mainly caused the
changes in the other elements in the passive film, which may be
the main reason for the difference in the corrosion behavior.

To further investigate the variation in the passive film thickness
and analyze the roles of Cu and Ni in the passivating process and
passive film, we directly observed the passive films of the TC and
TN samples. Cross-sectional TEM images and the element
distributions of the samples are shown in Fig. 10. The passive
film generated by the TC sample (3 nm) at the OCP for 3600 s was
thinner than that of the TN sample (10 nm), indicating that the TN
sample also had higher corrosion resistance, which is similar to the
electrochemical test results. In addition, the element distribution
showed that the passive film of the TC sample contained large
enrichment of the Cu element. However, for the TN sample, there
was almost no Ni in the passive film, which may be caused by
preferential dissolution of Ni, which is consistent with the XPS
measurement.

Through analysis of the above results, the following interesting
results were obtained. (1) Addition of Ni affected the composition
and content of the passive film, thereby affecting the corrosion
behavior. (2) Compared with the common Vitl, there were
obvious differences in the corrosion behavior. In the next section,
we will focus on the following issues: (1) the mechanism of the
effect of Ni on the corrosion behavior of HE-BMGs, (2) the
advantages of HE-BMGs owing to the special composition
characteristics compared with the traditional Vit1, and (3) the
corrosion mechanism of HE-BMGs.

Corrosion behavior and mechanism of the HE-BMGs

The corrosion behavior of an alloy is usually related to the passive
film on its surface. In this study, the corrosion behavior of the HE-
BMGs mainly improved by adjusting the material composition,
and the composition directly affected the passive film composi-
tion. Thus, this improvement can be considered from the
perspective of the passive film composition. The passive films of
the HE-BMGs mainly consisted of ionic components (Ti**, Zr*+,
Hf**, Be?*, and Cu?") and metallic components (Ti° Zr°, Be®, and
Cu®), and the formed film containing highly stable TiO, and ZrO,
was highly protective. However, the specific situation may be
slightly different. On the one hand, with addition of Ni, the passive
film on the outermost surfaces was rich in Ti, Zr, and Hf with a
large decrease of the Be content (Fig. 6). On the other hand, the
passive film on the outermost surfaces contained little Ni (Figs. 8
and 10). According to the formula (8)-formula (13), the standard
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Fig. 6 XPS spectra of the outermost surfaces (without Ar-ion etching) of the samples after immersion in NaCl solution for 2 days. a-d TC
sample, e-h TCN sample, i-1 TN sample, and m-o Vit1 sample.
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electrode potentials of Ti, Zr, Hf, Be, Cu, and Ni are:

Ti =Ti*" 4+ 4e” — 1.902V/SCE (8)

Zr = Zr*" +4e” — 1.692V/SCE 9

Hf = Hf*" +4e” — 1.792V/SCE (10)

Be = Be®™ + 2e™ —2.089V/SCE (1)

Cu = Cu*" 4 2e70.098 V/SCE (12)

Ni = Ni** +2e~ — 0.492V/SCE (13)

According to the standard electrode potentials®?, the electrode
potentials of these elements are lower than the tested E,,,, except
for Cu, indicating that these elements probably spontaneously
passivate to form a protective passive film or preferentially
dissolve to form free ions (e.g., Ni). In addition, according to the
element thermodynamics, for Ti, Zr, Be, and Hf in 3.5 wt. % NaCl
solution (pH = 6.4), their Pourbaix diagrams show that TiO,, ZrO,,
HfO,, and BeO are oxidized at a given potential and pH
value>5233, This is consistent with the passive film composition
obtained by XPS measurement, but it is completely opposite to Cu
and Ni*3. Under this condition, Ni is considered to preferentially
dissolve®®. Therefore, the absence of the Ni component in the
passive film is caused by preferential dissolution of Ni°3,

From the above EIS and M-S test results, the traditional point
defect model (PDM) can be used to describe corrosion of the HE-
BMGs in NaCl solution to explain the corrosion mechanism of the
alloy from the perspective of kinetics>>>®, Reaction (14) shows that
cation vacancies are generated from the metal cations Ti, Zr, Be,
Hf, Ni, and Cu at the film/solution interface and migrate to the
matrix/film interface. Through Reaction (15) at the matrix/film
interface, the cation vacancies are then consumed by combining
with metal atoms, which represents the dissolution process of the
passive film. Reactions (16) and (17) indicate that the anion
vacancies are generated at the matrix/film interface and
consumed at the film/solution interface, which indicates the
formation process of the passive film. Reaction (18), which is
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related to dissolution, eventually causes destruction of the film.

My — MZS + Vi + (8 — n)e (14)

m+ Vg — Mm + Vi + né’ (15)

m — Mw + (n/2)Vy + née (16)

Vy + Hy0 — Og + 2H* (17)

MO, /3 + nH™ — M°* + (n/2)H,0 + (6 — n)é

where M, is a metal cation, m is a metal atom, O is an oxygen
ion, Vy, is a cation vacancy, and Vg is an anion vacancy. Based on
analysis with the PDM, a schematic of the evolution of the passive
film is shown in Fig. 11. According to the PDM model, formation of
the passive film at the matrix/film interface and the dissolution
process of the passive film at the film/solution interface will reach
a dynamic equilibrium, which is determined by the transfer
process of electrons, metal cations, and vacancies at the
interface®>°%, Formation of the passive film depends on the
chemical stability of MO,,, in NaCl. However, when the obtained
hydroxides are dense and stable, hydrolysis of the free metal
cations also has a positive effect on formation and growth of the
passive film3. Thus, the thermodynamic stability of the alloying
elements in the electrolyte solution has an important influence on
the characteristics of the passive film.

The difference of the corrosion behavior of the three HE-BMGs
comes from the difference in the Ni and Cu contents. The effect of
Ni on Ti- and Zr-based BMGs has been discussed in previous
studies. Li et al>’ studied the pitting corrosion kinetics of
eroNizsAhs and Zr60CUZ5A|15 in NaCl SO|ution, and under their
test conditions, the three components of ZrgoNiysAl;s were all
present in the active dissolution state. In contrast, for ZrgoCuysAl;s,
only Zr and Al were in active dissolution, so the difference
determines whether selective dissolution occurs. Gu et al.>3
studied the effects of Ni, Al, and Fe on the corrosion behavior of
Ti-Zr-Be BMG, and Ni was not detected on the surface of the
passive film. They suggested that Ni preferentially dissolves at the
film/solution interface to promote formation of cation vacancies
and promote formation of a stable passive film. This is consistent

(18)
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Fig. 8 Comparison of the XPS spectra of the alloying elements distributed on the outermost surfaces (without Ar-ion etching) and
underlying surfaces (with Ar-ion etching, 240 s) after immersion in NaCl solution for 2 days. a Cu 2p spectra of the TC sample. b Cu 2p and
¢ Ni 2p spectra of the TCN sample. d Ni 2p spectra of the TN sample. e Cu 2p and f Ni 2p spectra of the Vit1 sample.

with the result that Ni was not detected on the outermost surface
by XPS (Fig. 8) and the TEM test (Fig. 10). According to the
preferential dissolution process of Ni described in the above
discussion, it will promote formation of cation vacancies and
contribute to generation of metal cations, leading to enrichment
of Ti and Zr in the passive film. Conversely, because addition of Ni
will result in a decrease in the Be content in the passive film, while

Published in partnership with CSCP and USTB

Be and BeO will decrease the stability of the passive film in NaCl
solution, the decrease of the Be content will improve the corrosion
behavior®>8,

According to the Pourbaix diagram, Cu can also form CuO in the
passive film>2. This is consistent with the XPS test results in Fig. 9,
which means that Cu will fiercely compete with the other metals
for the cation vacancies and bonding with oxygen. As shown in
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Table 2, the R, value reflects the migration resistance of the cation
and anion vacancies®>. In this HE-BMG system, the atomic radius
of Cu (0.128 nm) is significantly smaller than those of the favorable
elements Ti (0.146 nm), Zr (0.160 nm), and Hf (1.58 nm), which
means that Cu more easily migrates and combines with oxygen.
This enhances the competitiveness of Cu>3, but it also aggravates
dissolution of Cu and deteriorates the corrosion behavior. With
increasing Cu content, the R, value gradually decreases, which
indicates deterioration of the corrosion behavior.

Owing to the difference of the elements in the passive film, the
affinity with CI~ may also be different. For example, Ti, Zr, and Hf
do not greatly react with CI~ in neutral solution, and they can only
form solid complexes, such as ZrCl,, TiCl,, and HfCl, complexes. By
contrast, Cu readily reacts with CI~, forming large amounts of
soluble and insoluble precipitates and complexes®®. Cu generates
the chlorinated complex CuCl>~%%, which directly results in
instability and thinning of the passive film. In addition, previous
studies have found that, especially during growth of the pits or
when a passive film with a weaker material grows on physical
defects and uneven areas??, local selective dissolution of Ti and Zr

- | e [
C i) | B B | cu
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Be Zr
N
s
=
£ Hf
<
<
= . Zr|
g 30 . Zr .
£ Hf, . Ti
5 . Tilm B¢ X .
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) H m . N i . E Ni
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Fig. 9 Cation fractions in the passive films of different alloy
samples obtained by XPS analysis. The adopted samples were
immersed in 3.5 wt. % NaCl solution for 2 days.

" Passive film

Substrate

makes the surface locally rich in Cu, which easily interacts with CI~
to generate CuCl complexed species that easily hydrolyze in the
pits to form Cu,O, which is then deposited inside the pits®°.
However, the formed oxides are porous and have no protective
effect, and dissolution of the material and spreading of the pits
will continue, leading to an autocatalytic reaction with CI=°,
Schematic diagrams of the pitting mechanisms on the TC and TN
samples during potentiodynamic polarization in 3.5 wt. % NaCl
solution are shown in Fig. 12.

In summary, addition of Ni makes the atoms in the passive film
rearrange and causes the film to be more stable and denser,
thereby improving the corrosion behavior.

Influence of the high-entropy effect on corrosion behavior

Compared with the traditional Vit1 BMG, the HE-BMGs showed the
obvious characteristic of the high-entropy effect. In this paper, we
have discussed the advantages of HE-BMGs and the traditional
BMG. Therefore, we compared the corrosion behavior of the
TiZrHfBeCu(Ni) HE-BMGs and traditional Vit1 BMG in 3.5 wt. %
NaCl solution in this section, and we then compared the influence
of the high-entropy effect on the corrosion behavior.

We focus on the specific effect of the high-entropy effect on the
corrosion resistance of the alloys. According to the Fig. 1(d) and
the previous analysis, the corrosion behavior of the HE-BMGs also
seemed to have a certain relationship with the sluggish diffusion.
The existence of Ti and Zr is the main reason for passivation of the
samples, and dissolution of Cu will cause dissolution of the passive
film. Therefore, dissolution of Cu and passivation of Ti and Zr are in
a competitive relationship®>©'. From the DMA results, Vit1 showed
higher atomic mobility, and all of the elements were more active
than those of the HE-BMGs. In addition to inhibiting migration of
the passivation elements, the high-entropy effect can also inhibit
migration of Cu. For TC, the Cu and strong passivation element
contents in the alloy were 20 and 40 at. %, respectively, and the
change caused by the high-entropy effect was minimal because
the Cu content was too high. For TCN, the alloy did not contain Cu,
so the formed passive film was relatively stable. However, for Vit1
and TCN, the Cu/(Ti+Zr) ratios were (12.5 at. %)/(55 at. %) and (10
at. %)/(40 at. %), respectively, but the TCN corrosion behavior was
better than that of Vit1. Contrary to the study of Tang et al.*, this
is because the proportion of Cu for TCN was higher than that for
Vit1, and dissolution of Cu was dominant in the competitive

Fig. 10 TEM images of the passive films of the samples at the OCP in 3.5 wt. % NaCl solution for 3600 s. a TC sample. b, ¢ EDS mapping
images of the test area corresponding to a. d TN sample. e, f EDS mapping images of the test area corresponding to d.
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Fig. 13 Pitting mechanisms for different alloy samples during potentiodynamic polarization in 3.5 wt. % NaCl. a TCN and b Vit1.

process of formation of the passive film. Thus, the TCN alloy with a
higher proportion of Cu can reduce the defects of the passive film,
inhibit migration of Cu, and inhibit formation of cation vacancies
through sluggish diffusion, thereby improving the corrosion
behavior. The pitting mechanisms of the TCN and Vit1 samples
during potentiodynamic polarization in 3.5 wt. % NaCl, especially
the influence of the high-entropy effect on migration of Cu, which
can easily explain the influence of the high-entropy effect on the
corrosion behavior, are shown in Fig. 13. The dissolution process
of the passive film involves migration of ions, electrons, and cation
vacancies, and the mobility also affects the speed of the chemical
reaction during the dissolution process. In the chemical reaction,
the sluggish diffusion of the HE-BMGs leads to a decrease in the
migration ability of the atoms, which in turn affects the chemical
reaction process®2. The existence of Cl~ is the main cause of
pitting corrosion, and the existence of the high-entropy effect can
inhibit diffusion of CI~ to the passive film and matrix, thereby
improving the corrosion behavior of the HE-BMGs. The cocktail
effect of HE-BMGs also plays a positive role in the process of Ni
replacing Cu.

Besides, in HE-BMGs, the cocktail effect is also emphasized
majorly because at least five major elements are used to enhance

Published in partnership with CSCP and USTB

the properties of the materials. Specifically, various elements of
the alloy have different properties, and the interaction between
different elements makes the alloy show a composite effect, which
emphasizes that some properties of the elements will eventually
reflect the impact on macroscopic properties of the
alloys*>106364 |n this paper, the cocktail effect of HE-BMGs also
plays a positive role in the process of Ni replacing Cu.

Based on the above discussion, it can be inferred that the high
corrosion resistance of the HE-BMGs is because of sluggish
diffusion and the cocktail effect. That is, reduction of the atomic
mobility caused by sluggish diffusion. First, it will inhibit diffusion
of Cu in the HE-BMGs, thereby reducing formation of passive film
defects and active dissolution of Cu. Second, it can reduce the
dissolution reaction kinetics. Third, it can inhibit inward diffusion
of CI™. A series of electrochemical measurements confirmed this
conclusion. Therefore, this study provides a mechanism to explain
the corrosion behavior of HE-BMGs. However, attention needs to
be paid to the corrosion mechanism in the actual corrosion
process, which is more complicated. The high-entropy effect
affects the corrosion behavior of alloys, but it does not play a key
and decisive role®?, so it requires more extensive investigation.
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METHODS

Preparation of samples

Metal ingots with purity of 99.9 wt. % were used as the raw
materials. The master alloy ingots were prepared in a water-cooled
copper mold crucible under an argon atmosphere using a high-
vacuum arc induction arc melting apparatus. The ingots were re-
melted five times to ensure chemical homogeneity. The HE-BMGs
TizozronfzoBez()CUZO (TO), TiztoonfzoBEzoCLhoNi]O (TCN), and
TizozronfzoBezoNizo (TN), and the traditional BMG Vit1 Zraq 5Ti38-
Ni;oCuq2.5Beys s with diameter of 10 mm were prepared by copper
mold casting.

Microstructure characterization

The microstructures of the as-cast samples were determined by
X-ray diffraction (XRD-7000S, Cu-Ka radiation). The target material
was a copper target, the scanning range (26) was 10°-90°, and the
scanning speed was 15°/min. In this study, differential scanning
calorimetry (DSC; NETZSCH STA 449C) was performed to analyze
the thermodynamic parameters of the alloys. Under protection of
an argon atmosphere, the alloy was heated from room

temperature to 873 K at a heating rate of 20 Kmin~".

Dynamic mechanical analysis

To investigate the atomic mobility of the samples, dynamic
mechanical analysis (DMA; TA DMA Q800) was performed under
sinusoidal stress with a fixed frequency of 1 Hz to the sample and
heating from room temperature to 873K at a heating rate of
5Kmin~". The size of the sample was 30 mm x 1 mm x 0.5 mm,
and all of the tests were performed under an argon atmosphere to
prevent oxidation.

Electrochemical characterization

For electrochemical measurement, the sample was cut to a
diameter of 10 mm and a thickness of 5 mm. The surface of the
sample was then polished with #400-#2000 silicon carbide
sandpaper, polished with aluminum oxide, cleaned with acetone,
ethanol, and de-ionized water, and finally dried in a drying oven
for 3 h. All of the electrochemical measurements were performed
with an electrochemical workstation (CS 310H, Corrtest) using a
traditional three-electrode electrochemical system with platinum
mesh as the auxiliary electrode, a saturated calomel electrode
(SCE) as the reference electrode, and the sample as the working
electrode. The electrolyte was 3.5 wt. % NaCl solution, and all of
the electrochemical measurements were performed at room
temperature. Before any of the electrochemical measurements
were taken, the working electrode was reductively polarized at —1
Vsce for 3min to clean the surface of the alloy. Before the
electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization tests, the sample was first immersed in the
solution for 30 min to obtain a stable open-circuit potential (OCP).
The frequency range of EIS was 0.01-10°Hz, and the tested
voltage was the stable voltage value after 30 min of OCP
stabilization. The voltage range of the potentiodynamic polariza-
tion test was —0.5-1.2 Vscg, and the scanning speed was 1 mVs~'.
To investigate the properties of the material’s passive film, the
sample was first soaked in the solution for 3h, and then a
Mott-Schottky test of the sample was performed at a frequency of
1000 Hz. To ensure the accuracy of the test, each electrochemical
measurement was repeated three times.

Surface morphologies

Scanning electron microscopy (SEM; JSM-7600F) was performed to
observe the surface morphology of the sample after EIS. The
energy spectrum analyzer (EDS) that came with the instrument
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was used to perform element detection before and after
corrosion.

Characterization of the passive film

X-ray photoelectron spectroscopy (XPS; Axis-ultra DLD-600W,
SHIMADUS) was performed to obtain information about the
passive film. The samples were immersed in the solution for 2 days
to form a stable passive layer on the surface of the sample. Before
the tests, absolute ethanol and de-ionized water were used to
remove the residual corrosion liquid from the surface, and Ar"
(30s) was used to remove the surface contaminants. The charge
correction method is corrected by the charge neutralization gun
built into the gold conducting device, and the band pass energy is
40 eV. XPSPEAK software was used to fit the XPS curves of the XPS
test results. The cross-sectional structure of the passive film
formed by the sample at a stable OCP for 3600 s was observed by
high-resolution transmission electron microscopy (HRTEM, FEI
Titan G260-300). The TEM samples were fabricated by focused ion
beam (FIB, FEI Helios 450S).
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