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Tis paper aims to study and evaluate the corrosion resistance of Ni55Nb45 andNi55Nb35Co5Zr5 bulkmetallic glasses (BMGs) in an
environment similar to proton exchange membrane fuel cells. Moreover, the hot compression process was carried out to fnd the
efects of a thermomechanical treatment on the corrosion resistance. Te X-ray difraction (XRD) test indicated that the hot
compression process led to formation of crystalline species in both samples; however, it was more pronounced in the
Ni55Nb35Co5Zr5 alloy. It is suggested that the minor addition of Zr and Co facilitated the crystallization in the material. Te
polarization test unveiled that the hot compression deteriorated the corrosion resistance of the Ni55Nb45 alloy through the
introduction of anomalous chemical interfaces. On the other hand, the hot deformation afected the Ni55Nb35Co5Zr5 alloy in
a positive way, so that the corrosion behavior improved compared with its fully glassy state. It is suggested that the hot de-
formation induces some NiNb crystalline constituencies in the microstructure of Ni55Nb35Co5Zr5 BMG, leading to the en-
richment of glassy matrix from Zr/Co constituencies and the enhancement of corrosion resistance.

1. Introduction

In recent years, a growing interest has been attracted to apply
bulk metallic glasses (BMGs) as the bipolar plates in the
proton exchange membrane fuel cells [1–3]. A wide range of
properties from corrosion resistance to fexural strength is
needed for considering a material as a bipolar plate [4–6].
Among a broad spectrum of alloy compositions in the glassy
systems, Ni-based BMGs are promising alloys with excellent
corrosion resistance, which can be employed as bipolar

plates in the proton exchange membrane fuel cells [7, 8].
Several processes such as annealing, microalloying, and
thermomechanical treatments have been carried out to
improve the corrosion resistance of Ni-based BMGs as much
as possible. For instance, Espinoza Vazquez et al. [9] re-
ported that NiNb amorphous alloy exhibited a superior
corrosion resistance under the presence of chloride ions
when the pH value was in the range of 0–7. On the other
hand, the passive flm got inhomogeneous, and the corrosion
rate increased at pH� 14. Zhao et al. [10] applied cryogenic
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cycling and annealing treatments to improve the corrosion
behavior of Ni62Nb33Zr5 BMG in a 3.5 wt.% NaCl solution.
Teir results indicated that both treatments with optimized
parameters enhanced the corrosion resistance and thermal
stability. After cryogenic cycling, the sample exhibited an
excellent corrosion resistance, which was related to the high
degree of amorphization. In the annealed samples, the fully
crystallized state showed a superior anticorrosion perfor-
mance, which was due to the formation of Nb-rich and Zr-
rich oxides. Poddar et al. [11] demonstrated that the oxi-
dation kinetics of Ni60Nb30Ta10 BMG included a two-stage
parabolic-rate trend under the glass transition temperature.
Moreover, the constant of the parabolic rate enhanced with
the rise of oxidation temperature. Poddar et al. [12] also
characterized the corrosion resistance of thermally oxidized
Ni60Nb30Ta10 in the nitric acid medium and found that the
electrochemical corrosion behavior was consistent with the
type of semiconducting nature of the oxide flm. Reported in
another study [13], it was unveiled that the amorphous
Ni60Nb30Ta10 exhibited a higher corrosion resistance in
comparison with partially crystallized state. Tis was due to
the depletion of the nano α-Ni phase in the system. Jiang
et al. [14] applied NiNb amorphous coatings on the stainless
steel for improving the corrosion resistance. It was unveiled
that the Ni50Nb50 resisted corrosion owing to the creation of
the passive flm with a considerable amount of Nb2O5
species. On the other hand, the Ni60Nb40 amorphous coating
with a high Ni content exhibited weak corrosion resistance
owing to the devastation of the coating structure caused by
the dissolution of Ni cations. Another investigation showed
that the oxidation of Ni50Zr25Nb25 BMG at 400°C led to the
formation of an amorphous oxide flm with species of ZrO2
and Nb2O5, improving the corrosion resistance in the
concentrated nitric acid [15].

In general, the previous works indicated that the NiNb-
based BMGs are promising alloys for application in cor-
rosive environments [16–18]. However, it is possible to
improve the corrosion resistance of this type of alloy through
manipulating the chemical composition and applying me-
chanical or thermal treatments. For example, Wang et al.
[19] unveiled that the heat treatment above the glass tran-
sition temperature signifcantly changed the corrosion re-
sistance of the Zr56Al16Co28 alloy. Zhao et al. [20] also
reported that the corrosion behavior of the deformed
ZrCuNiAl MG after heat treatment is much better than that
of the deformed MG prior to the heat treatment. Figueira
et al. [8] demonstrated that the thermomechanical post-
treatment was an efcient method for improving the cor-
rosion resistance of NiNb-based BMGs. It was also found
that the severe surface deformation led to an alteration of
free volume and enhancement of bio-corrosion resistance in
the BMGs [21]. Xing et al. [22] indicated that the pre-
compression treatment at room temperature induced the
partial crystallization in the MGs and increased the corro-
sion resistance in the seawater solution. In this study, we
added Zr and Co constitutes to the NiNb BMG and also
conducted a thermomechanical process to enhance the
corrosion resistance of NiNb BMGs in an environment
similar to that of proton exchange membrane fuel cells

(PEMFC). In this type of cells, electricity is generated
through a reaction between hydrogen and oxygen, so that
the only by-products are water and heat [23, 24].

2. Experimental Procedure

Te Ni55Nb45 and Ni55Nb35Co5Zr5 alloying compositions
(at. %) were prepared through the arc-remelting process. To
fabricate ingots with a homogeneous composition, high-
purity elemental constitutes (>99.7%) were mixed and
melted for four times. Te alloys were then cast using the
water-cooled coppermold.Te prepared samples were in the
form of plates with dimensions of 40 × 30 × 2mm3. Te
temperature features of samples were characterized by
a Perkin Elmer 6000 diferential scanning calorimeter (DSC)
with heating and cooling rates of 20K/min under a pro-
tective environment. It should be noted that the DSC in-
strument was calibrated through the thermographs of high-
purity Al and Zr elements. To apply thermomechanical
treatment, the hot deformation was carried out at a 0.75mm/
min compression rate at 0.98Tg. Te fnal thickness of
samples decreased about 2% after the hot deformation. Te
X-ray difraction (XRD-EQUINOX 100) test with Cu-Kα
radiation was also carried out to reveal the amorphous
structure or possible crystalline species in the samples.

To measure the electrochemical parameters, an Origa-
Stat200 potentiostat was used along with a saturated Ag/
AgCl electrode as reference and a platinum mesh as
a counter-electrode. To simulate the environment of proton
exchange membrane fuel cells, 2 ppmF+ 1M H2SO4 at 70°C
were prepared [8, 25]. Prior to any measurement, the
working electrode was left at open circuit potential for
2 hours. Electrochemical impedance microscopy was done
with a signal amplitude around the open circuit potential
and the recording rate of 15 points/decade. Te curves of
potentiodynamic polarization were obtained with the scan
rate of 1mV/s. It should be noted that the stainless steel 316L
was considered as a reference material for
comparative study.

3. Results and Discussion

At the frst step, it is required to identify the possible for-
mation of crystalline phases in the samples. Figure 1 illus-
trates the XRD patterns of Ni55Nb45 and Ni55Nb35Co5Zr5 at
the initial and treated states. Considering the broad peak in
the patterns, it is found that the samples at their initial state
exhibit a dominant amorphous structure, implying that the
copper mold casting successfully produced the BMGs. On
the other hand, the thermomechanical process led to the
formation of crystalline species in the samples. Although the
types of crystals are similar for both alloy compositions, i.e.,
Ni3Nb and Nb7Ni6, the peak intensities in the XRD pattern
of Ni55Nb35Co5Zr5 are obviously sharper. Tis result in-
dicates that the minor addition of Zr and Co facilitates the
formation of NiNb crystalline phases under hot compres-
sion. To ascertain the reasons for this event, it is necessary to
evaluate the thermographs of samples. Figure 2(a) represents
the DSC curves prior to the glass transition temperature (Tg)
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up to the end of full crystallization. First of all, it is detected
that the minor addition decreased the Tg value and thermal
stability (ΔTx) in the Ni55Nb35Co5Zr5 alloy (See Table 1).
Moreover, compared to the BMG state, the thermo-
mechanical process leads to a shift of crystallization peaks to
the higher temperatures. Te exothermic peaks of crystal-
lization are also weakened, which is a sign of a decrease in
the enthalpy of crystallization for the treated samples (See
Figure 2(b)). Tis result is consistent with the formation of
crystalline phases under thermomechanical processes, as
also concluded from the XRD patterns. Considering the
inset of Figure 2(b), the enthalpy ratio (ΔHcrys-untreated/
ΔHcrys-treated) of Ni55Nb45 is lower than the Ni55Nb35Co5Zr5
system, approving that that of the crystallization under
thermomechanical process is less pronounced in the
Ni55Nb45 alloy.

Figure 3 demonstrates the polarization curves for all the
samples. Based on the results, the icorr for the amorphous
Ni55Nb45 and Ni55Nb35Co5Zr5 are 0.07 and 0.11 µA·cm−2,
while their Ecorr values are measured at 0.105 and 0.091 VSCE,
respectively. Tis result indicates that the corrosion re-
sistance of amorphous Ni55Nb45 is slightly better than that of
Ni55Nb35Co5Zr5 BMG. However, both amorphous samples

exhibit superior corrosion resistance compared to the
stainless steel 316L with the icorr and Ecorr values of
10.7 µA·cm−2 and −0.25 VSCE. Te polarization curves also
reveal that the thermomechanical process leads to the
conficting efects on the corrosion behavior of amorphous
alloys. For treated Ni55Nb45, the icorr and Ecorr values are
0.58 µA·cm−2 and −01 VSCE, respectively. Tis outcome
implies that the crystallization induces the elemental par-
titioning and increases the anomalous chemical interfaces,
leading to deterioration of corrosion resistance in the alloy
[8]. On the other hand, the treated Ni55Nb35Co5Zr5 alloy
shows excellent corrosion behavior with the icorr and Ecorr
values of 0.05 µA·cm−2 and 0.143 VSCE; however, this sample
also includes the crystalline phases in its microstructure, as
seen in Figure 1.Te improvement of corrosion resistance in
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Figure 2: (a) thermographs of samples in the crystallization region for raw and treated samples, (b) enthalpy of crystallization for the
samples.

Table 1: thermal parameters of samples.

Sample Tg (°C) Tx (°C) ΔTx (°C)
Treated Ni55Nb45 697 726 29
Untreated Ni55Nb45 691 719 28
Treated Ni55Nb35Co5Zr5 668 693 25
Untreated Ni55Nb35Co5Zr5 654 672 18
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Figure 1: X-Ray difraction patterns for raw and treated samples.
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the treated Ni55Nb35Co5Zr5 can be associated to the minor
addition of Co and Zr into the alloying composition, which
will be discussed later. Another point in the polarization
curves is the existence of a passivation plateau for all the
samples with a current density in the range of 3.8-
4.1 µA·cm−2. It is seen that the passive flms exhibit a stable
condition, while the water oxidation occurs near +1.5 VAg/

AgCl [8], leading to rise of current density under the po-
larization. It is worth noting that the criterion for selecting
an alloy as bipolar plates is to have icorr less than 16 µA·cm−2

[26]. Hence, all of the samples, including the BMGs and their
partially-crystalline states, meet the requirements for ap-
plication in proton exchange membrane fuel cells.

Figure 4(a) illustrates the electrochemical impedance
spectroscopy for the BMGs and their treated states. In
general, the truncated feature of curves indicates high
corrosion resistance, while the weak corrosion behavior of
material can be defned by greater Z′/Z″ ratios. One can
see that the results are consistent with that detected from
the polarization curves. Te treated Ni55Nb35Co5Zr5
exhibited the highest Z″/Z′ ratio, meaning the best cor-
rosion behavior among the samples. In the following, the
Ni55Nb45 and Ni55Nb35Co5Zr5 BMGs showed the good
corrosion resistance and fnally the treated Ni55Nb45 with
partially-crystalline state stands at the end of list. Te
spectroscopy result of stainless steel 316L is given in the
inset of fgure. To give a quantitative example, it can be
estimated that the Z″/Z′ ratio for the treated Ni55Nb35-
Co5Zr5 at Z′ value of 0.05 × 105Ω·cm2 is 12 times higher
than the stainless steel, showing the superior corrosion
resistance in the glassy systems. Te graphs of the fre-
quency response (Bode plot) for the samples are given in
Figure 4(b). It is unveiled that the hot compression leads
to increase of |Z| value at the minimum of applied fre-
quency for Ni55Nb35Co5Zr5, which is 9 times higher than
its glassy state. On the other hand, the treated Ni55Nb45

exhibited a low |Z| value (11 times smaller than its glassy
state), showing that the thermomechanical process does
not afect the corrosion behavior of amorphous alloys in
the same way.

As described above, the response of BMGs to the hot
compression strongly depends on the chemical com-
positions. In the Ni55Nb45 alloy, the treatment is ac-
companied with partial crystallization in the
microstructure and the deterioration of corrosion re-
sistance through the introduction of anomalous chemical
interfaces. On the other hand, the hot deformation afects
the Ni55Nb35Co5Zr5 BMG in a positive way so that the
corrosion behavior improves compared with the glassy
states. It is suggested that the presence of Zr and Co into
the BMG is the main reason for this event. Zhang et al.
[27] unveiled that the creation of a stable passivation
layer can be expedited with the addition of cobalt to a Zr-
based glassy alloy. Using the Co microalloying process on
the high-entropy BMGs, it is found that the anticorro-
sion property signifcantly increases under the harsh
marine environment [28]. Considering the ZrCuAl
BMG, the Co minor addition depletes the copper in the
surface flm and decreases the corrosion current density
[29]. Inoue et al. [7] also reported that the Zr addition
into the NiNb glassy system declines the corrosion rate.
Another investigation showed that the Zr addition to the
NiNb BMG efectively decreases the metallic state Ni
content in the surface flms, leading to a reduction in
passive current density in the corrosion test [30]. In our
work, the hot deformation induces some NiNb crystal-
line constitutents in the microstructure of Ni55Nb35-
Co5Zr5 BMG, leading to the enrichment of the glassy
matrix from the Zr and Co, compared to the full glassy
state. As a result, the efects of the minor addition were
intensifed, and the anticorrosion property was markedly
improved in the Ni55Nb35Co5Zr5 alloy.
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4. Conclusion

Te corrosion resistance of Ni55Nb45 and Ni55Nb35Co5Zr5
BMGs and their hot-compressed states was characterized in
an environment similar to proton exchange membrane fuel
cells. Te main outcomes are as follows:

(i) Te XRD results demonstrated that the hot com-
pression process led to formation of crystalline
species, i.e., Ni3Nb and Nb7Ni6, in both of Ni55Nb45
and Ni55Nb35Co5Zr5 alloys; however, it was more
pronounced in the Ni55Nb35Co5Zr5 sample.

(ii) Te DSC curves indicated that the Co and Zr minor
additions decreased the Tg value and thermal sta-
bility (ΔTx) of the NiNb-based alloy from 691°C and
28°C to 654°C and 18°C, respectively. Moreover, the
thermomechanical process leads to the shift of
crystallization peaks to the higher temperatures.

(iii) Te polarization test exhibited that the hot com-
pression deteriorated the corrosion resistance of the
Ni55Nb45 alloy through the introduction of anom-
alous chemical interfaces. On the other hand, the
hot deformation afected the Ni55Nb35Co5Zr5 alloy
in a positive way, so that the corrosion behavior
improved compared with its fully glassy state. Te
quantitative analysis showed that the Z″/Z′ ratio for
the treated Ni55Nb35Co5Zr5 at Z′ value of
0.05 × 105Ω·cm2 is 12 times higher than the
stainless steel, showing the superior corrosion re-
sistance in the glassy systems.

Data Availability

Data are available upon reasonable request to the corre-
sponding author.
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